California State University, Monterey Bay

Digital Commons @ CSUMB

Capstone Projects and Master's Theses

2009

Carmel Bay : oceanographic dynamics and nutrient transport in a
small embayment of the central California coast

Dustin Carroll
California State University, Monterey Bay

Follow this and additional works at: https://digitalcommons.csumb.edu/caps_thes

Recommended Citation

Carroll, Dustin, "Carmel Bay : oceanographic dynamics and nutrient transport in a small embayment of the
central California coast” (2009). Capstone Projects and Master's Theses. 69.
https://digitalcommons.csumb.edu/caps_thes/69

This Master's Thesis is brought to you for free and open access by Digital Commons @ CSUMB. It has been
accepted for inclusion in Capstone Projects and Master's Theses by an authorized administrator of Digital
Commons @ CSUMB. Unless otherwise indicated, this project was conducted as practicum not subject to IRB
review but conducted in keeping with applicable regulatory guidance for training purposes. For more information,
please contact digitalcommons@csumb.edu.


https://digitalcommons.csumb.edu/
https://digitalcommons.csumb.edu/caps_thes
https://digitalcommons.csumb.edu/caps_thes?utm_source=digitalcommons.csumb.edu%2Fcaps_thes%2F69&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.csumb.edu/caps_thes/69?utm_source=digitalcommons.csumb.edu%2Fcaps_thes%2F69&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@csumb.edu

CARMEL BAY: OCEANOGRAPHIC DYNAMICS AND
NUTRIENT TRANSPORT IN A SMALL EMBAYMENT OF
THE CENTRAL CALIFORNIA COAST.

A Thesis Presented to
The Faculty of Moss Landing Marine Laboratories
California State University Monterey Bay

In Partial Fulfillment
of the Requirements for the Degree

Master of Science

by
Dustin Carroll
March 2009



© 2009
Dustin Carroll
ALL RIGHTS RESERVED



APPROVED FOR MOSS LANDING MARINE LABORATORIES

™

S b s

Dr. Erika McPhee-Shaw, Assistant Professor

Dr. Michael H. Graham, Associate Professor

\//%%P/z},w

Dr. John Ryan, Monterey Bay Aquarium Research Institute



ABSTRACT

CARMEL BAY: OCEANOGRAPHIC DYNAMICS AND NUTRIENT TRANSPORT
IN A SMALL EMBAYMENT OF THE CENTRAL CALIFORNIA COAST.
By Dustin Carroll

Using an extensive mooring time series from the outer edge of Stillwater Cove, this study
investigated the oceanographic dynamics and their contribution to nutrient delivery in
Carmel Bay. Carmel Bay is small embayment located at the northern end of the Big Sur
coast, and it is distinguished by having a submarine canyon within extremely close
proximity to the beach. This embayment is open to open ocean coastal California Current
conditions; however, it also provides a sheltered environment from wind and swell. No
previous studies have been conducted on the circulation features of Carmel Bay and
Stillwater Cove, and HF radar coverage does not extend into Carmel Bay. Point source
mooring time series measurements were used to explain in great detail the temporal
variability of hydrographic conditions and nutrient delivery to Stillwater Cove and
Carmel Bay. A model was developed to estimate the annual nutrient delivery budget in
Stillwater Cove due to internal waves, upwelling, and terrestrial sources. Consistent
internal waves were observed in Stillwater Cove during stratified conditions, and vertical
velocities due to internal tidal pumping in Carmel Canyon were 15 m/hr. The spatial
variability of the internal tide at locations spanning the greater Monterey Bay was also
examined. Locations within close proximity to submarine canyons had an additional
source of nutrients via internal waves, while locations on the shelf lacked this mechanism

and had to rely on upwelling alone.
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1.1 Carmel Bay

Carmel Bay is a small embayment located on the@erast of California. The
mouth of the bay faces directly westward and isosep to open ocean coastal California
Current conditions; however, it is also possiblfuenced by smaller scale topographic
effects such as wind and wave sheltering (Figur€a)mel Bay also has a unique
bathymetric gradient, as the Carmel Submarine Qais/tocated within close proximity
to the near-shore environment within the bay. Atsbuth end of Carmel Bay, the 100-m
isobath is located ~ 500 m from shore. Stillwatew€is a small semi-enclosed basin

located directly inside of Carmel Bay.

Santa Cruz

§

Monterey
_Stillwater Cove

Figure 1: Monterey Bay and Canyon System, MBARpena



The coastal waters surrounding this region areuiatly exposed to strong winds
and large winter swells. Several large harborsgtbe coast provide shelter for
watercraft; however, Stillwater Cove is one of tb& non-manmade shelters along
central California where mooring a boat is possiBldlwater Cove also provides a
habitat for a large Giant kefmpulation. TheMacrocystis pyrifera&canopy inside of
Stillwater Cove exhibits unique temporal dynamind &as been found to have annually
peaked and declined earlier than other nearby afezentral California, including
nearby Carmel Point (Donnellan, 2004).

Stillwater Cove lies directly adjacent to the PebBeach golf course and housing
community, which supplies a significant source olffytion and nutrients directly into
the nearby cove via multiple terrestrial sourca2003-2004, Stillwater Cove and the
Pebble Beach Tennis Club beach had thei@rst dry-weather bacterial water quality of
all sampled California beaches (Heal the Bay, 20B#Hm 1995 to 2002, the mean NO
concentrations in Pebble Beach watersheds ranged4rl to 13.2 mg/l, with Stillwater
Cove being the location of highest mean detecfr@bble Beach Company, 2004). This
data suggests that terrestrial runoff from the ReBleach golf courses and residential
development may be strongly contributing to nutrieading in Stillwater Cove;
however, Stillwater Cove has a tiny spatial scalmgared to the California coast, and
coastal oceanographic variability scales are likelich larger than the cove. The
southward facing mouth of the cove is approximatekm wide, while the vertical
length of the cove ranges from 400 to 700 m. Liglknown about oceanographic
variability on 1 km scales or coast wide along-t@asiability in onshore transport of

nutrients. No previous studies have been condumtdte circulation features of Carmel



Bay and Stillwater Cove. Monterey Bay has beersiteeof High-frequency (HF) radar
measurements for a number of years, yet coveragemmt extend into Carmel Bay. It is
still not known how Stillwater Cove’s behavior muggsithe oceanographic dynamics of
the Monterey Bay. Specifically, are there oceanplgi@similarities or does Carmel Bay
have distinct oceanographic features?

In the coastal environment, nutrient exposurekisyafactor in the growth of kelp
and primary production. The transport of nutrigotshallow areas (< 20 m) is essential
for the health oM. pyrifera(Jackson, 1977, Wheeler and North, 1980), wittatet
being the limiting nutrient in kelp growth (Jacksd®77, Zimmerman and Kramer, 1984,
Framet al.,2008). Onshore transport of deep water provides wiitrients to the coastal
ecosystem; however, little research has quantifiedspatial variability of cross shelf
nutrient transport to the near-shore ecosystenygatom California coast and many
guestions still remain unanswered. What is thei@padriability of the nutrient field
along the California Coast? How does the nutriehtl fvary across bathymetric
gradients? How do the oceanographic dynamics thdtibute to cross-shelf transport
vary spatially and temporally?

Understanding nutrient exchange across the inredf isidifficult because
continental shelf dynamics (alongshelf currents asgbciated Ekman transport, fronts,
internal waves, sub-mesoscale eddies, coastalddappves), near-shore dynamics
(breaking surface waves and alongshore drift),tarréstrial runoff are all potentially
important processes (McPhee-Shetval.,2007). Due to the multitude of oceanographic
dynamics that may contribute to cross-shelf trartsjtas vital to construct a method that

can isolate specific cross-shelf dynamics, and gfiyaheir contribution to near-shore



nutrient delivery. ldentifying and quantifying thleesross-shelf transport mechanisms is
essential to understanding near-shore ecosysteink Wwhavily rely on deeper, offshore
water for input of nutrients, larvae, and bioggpécticles Bassinet al, 2005). This
project sought to use the framework provided ingiearet al. (1993) to separate
oceanographic dynamics into separate frequencysbdadgieret al. (1993)examined
subtidal circulation over the Northern Californtee$f, and separated their respective time
series into four distinct frequency bands: theltidand (< 24 hrs), the wind band (days to
weeks), the mesoscale band (weeks to months) herahihual band (yeaBassinet al
(2005) suggested that sub-mesoscale eddies angpantant transport mechanism for
nutrients and biogenic particles in Southern Catifo within the wind and mesoscale
frequency band. McPhee-Shatval. 007) followed the approach in Largetral.
(1993) and investigated cross-shelf transport triients to the kelp forests of the Santa
Barbara Channel within the synoptic (2 to 10 daysj diurnal frequency bands (< 24
hrs). This study provided a first-order budgettfoe nutrient exposure to the inner-shelf
kelp forests in the Santa Barbara region. Thenlysassessed that the primary method of
nutrient delivery for the Santa Barbara inner-shelé spring and summer upwelling of
cold sub-nutricline water and “synoptic-scale” uflimg events during fall and winter.
Internal waves during stratified summer conditiand terrestrial input during winter
runoff events were"4contributor sources of nutrients.

For the scope of this project, | was interested@mtifying cross-shelf nutrient
delivery to the near-shore ecosystem from the aographic dynamics associated with a
wind and tidal band described in Largetral. (1993). We used the same approach as

McPhee-Shavet al. (2007) in a spatial region along the Californiasiothat has not been



previously studied. Although studies examining srekelf transport have been
conducted in southern and northern Californidelig known about the spatial variability
of the nutrient field along the California coasedently deployeéh-situ instrumentation
in Stillwater Cove by the Center for IntegrativeaStal Observation, Research, and
Education (CICORE), provided the opportunity talstautrient delivery to the near-shore
environment. This study was first motivated by @ipéing to identify and describe
hydrographic conditions that lead to transportadanographic nutrients into the
Stillwater Cove ecosystem. The near-shore physizaronment is responsible for both
long and short-term effects on the dynamics ofither-shelf ecosystem. Understanding
these oceanographic processes can provide a kgitihs the factors that control
ecosystem variability and drive the complex nearslenvironment. Specifically this
project focuses on understanding nutrient deliveyheM. pyriferakelp population
located inside the cove, whose dense strands mrdnbitats for numerous other species
(Dayton, 1985).

Knowledge of the physical processes surroundingdcétie ecosystem is essential
in order to accurately describe nutrient delivepore dispersal, and overall kelp
population dynamics. The CICORE Stillwater Cove nmapprovided a high resolution
year-long time series of currents and vertical terafure profiles. This dataset allowed
for the analysis and interpretation of the seasandlintra-seasonal oceanographic
variability of the cove and Carmel Bay. A thoroughestigation of near-shore
circulation, barotropic and baroclinic currentsyaiing, and internal waves was
undertaken. Once the primary oceanographic dynaamdsorresponding frequency

bands were identified, this project sought to ustérd how both oceanographic and



terrestrial processes deliver nutrients into thigquem Stillwater Cove ecosystem. This
project compared oceanographic nutrient inputstonates of nutrient supply from
terrestrial sources. The seasonal variability ithlmreanographic and terrestrial nutrient
sources was assessed. Using multiple sourdessitiu oceanographic and terrestrial data
from Stillwater Cove, several questions were ingaséd: 1.) What are the general
oceanographic dynamics of Stillwater Cove, and dowhese processes contribute to
nutrient delivery? 2.) How does terrestrial runfoéim the Pebble Beach golf course and
community contribute to nutrient loading in Stilliga Cove? 3.) How does the estimated
oceanic nutrient delivery budget in Stillwater Camoenpare with locations within the
greater Monterey Bay and along the California Cdast

A major component of this study is also to undemdttne role of internal waves /
tides in transporting nutrients to near-shore @astosystems, specifically in shallow
regions (< 20 m). Recently developed numerical risokave suggested that the nearby
Carmel Submarine Canyon may also be a strong tocétr internal tide generation
(Jacheet. al, 2006). Internal waves propagating directly friiva Carmel Submarine
Canyon or from further offshore may transport rarttirich water into Stillwater Cove
during stratified summer conditions. Shea and Bkoen(1982) also demonstrated that
the interaction of the internal tide with a submarcanyon can cause an overspill of cold
bottom water above the canyon rim. Transects notontde Monterey Submarine
Canyon showed a 20-m thick lens of 12 °C water ngpwiorthward out of the Canyon
during high internal tide (Shea and Broenkow, 1988 overspill from the interaction
of the internal tide and Carmel Canyon may alsa pessible mechanism of nutrient

delivery into Stillwater Cove. Although numerousdies of internal waves have been



conducted in the Monterey Bay Submarine Canyoroarttie Inner Monterey Shelf, the
spatial variability of internal waves as a functafrsubmarine canyon proximity has not
been fully described. Motivated by the consisteaspnce of internal waves during
stratified conditions in Stillwater Cove observadhe CICORE mooring data, this project
sought to investigate and characterize the spatiability of internal tides / waves in the
greater Monterey Bay. Datasets from both Monterey@armel Submarine Canyons and
locations on the Monterey Shelf were used. Spatigicthis study focused on the
relationship between internal tide generation rivdewaves, and the proximity to
submarine canyons. Using multiple sourcem«Hitu oceanographic data at locations that
spanned the greater Monterey Bay, several questiersinvestigated: 1.) How does the
presence of the internal tide and internal waveg sjatially at locations within close
proximity to submarine canyons and at locationghershelf? 2.) How does the strength of
the diurnal and semi-diurnal tidal signal vary thighout the water column at these
locations? 3.) Are the observed internal wavesasp with the diurnal and semi-diurnal

tide, and does the phase vary with distance frdtmauine canyons?

1.2Background and Theory

The continental shelf of California is charactetiby a system of steep shelves
with a very narrow width. The California Currentsggm (CCS) is one of the most
productive coastal ecosystems in the world (Baalper Smith, 1981). The CCS is an
Eastern Boundary System of currents from Oregdgja California and extends up to
1000 km offshore. It is composed of the southwaednaering California Current at the

surface, a poleward California Undercurrent, armfbse countercurrents including the



Davidson Current. The CCS has high biological potigiity and is the major source of
nutrient rich water that is upwelled to the coastatine ecosystem. First, let us consider
the primary mechanism of cross-shelf transporhéwind frequency band (days to
weeks). Consider a hypothetical eastern boundattyeitNorthern Hemisphere under
strong equatorward wind stress. Winds blowing pelréd the coast produce a surface
Ekman layer within a timescale off {wheref is the Coriolis factof=2Q sin(latitude))
that causes transport 90° to the right of the vaind results in the offshore transport of
surface water. This convergence of water offshackthe associated divergence at the
coastal boundary results in a horizontal presstadignt. Transport is towards the coast
in the frictional Ekman boundary layer at the bottd’he onshore transport in the Ekman
bottom boundary layer balances the offshore flothensurface Ekman layer and results
in cross-shelf transport of nutrient rich bottomt@aMacronutrients such as nitrate,
phosphate, and silicic acid essential to primaodpctivity are thus brought to the
surface layer. Typically freshly upwelled watanghis region can have temperatures on
the order of 8°C -11°C, nitrate concentrations®8%4M , phosphate concentrations of
1.3 - 2.6uM , and silicic acid concentrations of 15499 (Brulandet al.,2001). The

most intense coastal upwelling along Californigeserally restricted to a relatively
narrow band within 10 km of the coast and is enbdrsouth of prominent points of land
such as Point Arena, Point Reyes, Ailo Nuevo analt Bair (Huyer, 1983). This
upwelling is a primary source of the nutrient-righter that drives Monterey Bay’s high
biological productivity. During the spring and suemmonths, upwelling brings cool
nutrient-enriched water from depth. Upwelling irssehd around Monterey Bay may

occur as: a result of coastal upwelling due to wdnden Ekman transport of coastal



surface water offshore, open ocean upwelling dymsitive wind stress curl within the
bay, or bathymetrically induced upwelling due waflover the steep submarine canyon
walls (Breaker and Broenkow, 1989; Graham and leaydi997). Moving on to the tidal
frequency band (< 24 hrs), we will examine the @fef the barotropic tide on cross-
shelf transport. The barotropic tide is a largdeseaave with a wavelength of ~ 6000 km
that propagates around the ocean basins, forcéuelyravitational forces of the moon
and sun. Since barotropic tidal currents slosh laaxckforth, there is no significant net
cross-shelf transport onshore or offshore. Baratrogal currents do not contribute to
net cross-shelf transport; however, barotropid fiilda across rough bottom topography
can cause barotropic to baroclinic energy convardtmergy from the barotropic tide is
transformed into to the displacement of isopycundlexes and forces oscillations in the
density field. The most effective transmission éigy from the barotropic to baroclinic
tide occurs in regions where the shelf topogragturitical to the semi-diurnal internal
tide. The critical angle occurs where the sloptheftopography approximately equals
the critical anglee determined by the semi-diurnal internal tide (®émceet al.,2002).
As a result, internal waves are radiated outwarnda@sed rays.

These generated internal waves are gravity wasgptbpagate within the ocean
along strong density gradients. Internal wavesdall frequency are termed internal tides.
Internal waves can be also be generated by atmospbecing (Hosegood and Van
Haren, 2004), but the majority of internal wavergyes generated from the barotropic
tides interaction with bottom topography. As intdrwaves propagate inshore, the
thermocline is vertically displaced and cold nuttigch water is advected upwards. This

mechanism can bring vital nutrients up to the sigfaspecially when coupled with



periods of upwelling. McPhee-Shaw et al. (2007 ntbthat over the course of a two-year
period in the Santa Barbara channel, 9-12% ofdted hitrate delivery to the inner shelf
was due to internal waves. Internal waves can bmpartant net source of nutrients for
inner-shelf ecosystems such as kelp forests (Jad&®3, Zimmerman and Kremer,
1984). Internal waves have been previously observéte nearby Monterey Bay, with the
majority of the studies focused on the Montereyy@arat depths greater than 100m
(Broenkow and McKain, 1972; Shea and Broenkow, 18#hrd, 1992; Petruncit al.,
1998; Kunzeet. al, 2001, Cazenave, 2008). Observations in the Meyntsubmarine
Canyon head have shown the presence of strongahtates along the axis of the canyon
(Rosenfeld, 1999). Data from two shipboard expemisien 1994, designed to observe the
semi-diurnal internal tide in Monterey Canyon, mged semi-diurnal currents an order of
magnitude larger than the estimated barotropit ¢igk@ents. These currents were caused by
a highly energetic internal tide propagating updaweyon (Petrunciet al, 1998). Several
recent studies have focused on studying the dysamhiaternal waves on the inner shelf

region of Monterey Bay (Storlazet al, 2003; Carteet al, 2005; Cazenave, 2008).

1.3 Objectives

Carmel Bay is a embayment along the Central Cdasalifornia, and it contains
a unique environment constrained within a very $spatial scale. Located within the
bay is Stillwater Cove, a small semi-enclosed b#sh contains a largd. Pyrifera
population. The near-shore environment within thg is exposed to open ocean coastal
California Current conditions, and due to the clpszimity of Carmel Canyon it may
be strongly influenced by submarine canyon dynamicsassociated internal tides.

Terrestrial runoff from the nearby Pebble Beach golirse may also be contributing to
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nutrient loading to the near-shore ecosystem. Mw@ipus studies have been conducted
on the circulation features of Carmel Bay and 8éter Cove. It is still not known if
Carmel Bay's behavior functions separately or mgiee oceanographic dynamics of
the outer coast. | seek to understand how the ogeaphic dynamics and nutrient field
in Carmel Bay compares to surrounding regions. grivaary objective of this project is
to characterize the spatial variability of the rerit field across the Monterey Bay by
guantifying cross-shelf nutrient transport in th@dvand tidal frequency bands.

An important goal of this project is to understdnmv nutrient contributions from the
tidal frequency bands vary as a function of distainom submarine canyons.
Specifically, how do tidal band nutrient budgetswpare from locations out on the shelf
to locations within close proximity to submarinagans? Is along-coast variability in

the semi-diurnal internal tide set by the distafnoen a submarine canyon head?

2. OBSERVATIONS
2.1 Stillwater Cove Study Site

Stillwater Cove faces directly southward along @&ifornia coast, and is
sheltered from winter swells and northwesterly wginduring summer conditions, south
swells are blocked by nearby Point Lobos to theétsddue to the combined shadowing
of both north and south swells by the cove’s unigeegraphic location, only large
winter northwest swells can refract around Pes@aBeint and propagate into the cove’s
sheltered environment. The inside of the cove adquted by Pescadero Point to the west
and Arrowhead Point to the east, with Pescadetksreeparating the cove in the center

(Figure 1). The depth of the cove ranges from ~® ml4 m, with a depth of ~12 min
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the region directly surrounding the Pescadero rotke California Coastal Commission
has declared Stillwater Cove and Carmel Bay andAxeSpecial Biological
Significance” (ASBS) (Brown, 2001). The Carmel B&$BS lies entirely within the
Monterey Bay National Marine Sanctuary, and costéime Carmel Bay State Marine
Conservation Area. Carmel Bay has the second langesber of pollutant discharges of
an ASBS in the state, a total of 348 direct disgbarncluding polluted runoff from
streets, highways, golf courses, and private hdiBesvn, 2001). The location of
Stillwater Cove also presents the unique oppomngunistudy the effects of submarine
canyon dynamics on a sheltered near-shore envinatniecated to the south of
Stillwater Cove (< 1 km), the Carmel Submarine Gamig a local source of nutrient-rich
cold bottom water. Carmel Canyon is a relativetgight arm of the Monterey Canyon
system and contains three distinct heads (Figurév) of the Carmel Canyon heads are
located inside Carmel Bay, one at the shoreline@sigp San Jose Creek and the other
offshore ~3 km from the mouth of the Carmel Riv@rden, 1977). The third head
extends along-trend with the north-south orienteihncanyon form, approximately 3km

past the intersection of the two other he@i®en, 1977).
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Figure 2: Map of Stillwater Cove, California.

2.2 Moored Physical Oceanographic Observations

A multitude of moored instruments provided a yearg time series of
oceanographic and meteorological conditions inviater Cove and the greater
Monterey Bay region (Figure 3). The CICORE Stillera€ove mooring is located at°36
33" 30" N /12T 56’ 40" W in 20 m depth. This location is ~200 imedtly south of
Stillwater Cove, at the extreme north end of CarBagl. Geographically, this is an
appealing location as the mooring is able to captive oceanographic dynamics of
Stillwater Cove and provides valuable insight tor@al Bay. The mooring was deployed
and maintained from June 2006 to February 2008.IBORE mooring was equipped
with a multi-beam bottom mounted acoustic Dopplerent profiler (ADCP) (RD
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Instruments, 600kHz) at ~20m depth. Data were @esranto 1-m vertical bins. Velocity
profiles were measured at a 15-minute sampling aate then averaged to hourly
records. The mooring was also equipped with SeaB8H 39 Thermistors located at 6
m, 9 m, 12 m, 15 m, and 18 m depths. This thermet@y was synchronized at a 2-
minute sampling rate, and provided a high resafutiime series of the vertical
temperature gradient. Four additional high resotu®BE 39 thermistors were added to
the mooring from October to December 2007 to previdther insight to vertical mixing
and turbulence. These thermistors were deploy8dhatll m, 14 m, and 16 m depths
with a 10-second sampling rate.

Additionally, eight near-shore moorings (< 30 gttspanned the greater
Monterey Bay were chosen for this study to proddpatial comparison to Stillwater
Cove (Figure 3). These moorings had a combinedyadoast spatial scale of ~ 70 km.
Seven of these long term moorings were deployedvadtained by the Partnership for
Interdisciplinary Studies of Coastal Oceans (PISd®G¢ Moss Landing Marine
Laboratories (MLML) Seawater System is locatedalyeat the head of the Monterey
Submarine Canyon at 36° 48' 9" N / 121° 47' 29\8GHh 20 m depth. Three of the
moorings were located within close proximity (<hkto a submarine canyon head: the
MLML Seawater System, the PISCO moorings at WeB&ech and Sunset Point. Two of
the moorings were located on the inner Montereyf@ha greater distance (> 7 km) from
a submarine canyon: the PISCO moorings at Poinkddé_overs' Point. The last two
moorings were located on the shelf at a significkstance (> 14 km) from any major
submarine canyons: the PISCO moorings at PoinagdiiSoquel Point. The PISCO

moorings were equipped with StowAway Tidbit andvBsway XTI Thermistors located
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at four evenly spaced depths throughout the waltenm. For the purposed of this project,
only thermistor data from near-surface and neawebotepths were used. Six of the
PISCO mooring thermistor arrays were synchronizedZaminute sampling rate, while
one location (Lovers’ Point) was synchronized 4trainute sampling rate. The MLML
Seawater System is equipped with a Weed Instrub#0p0A1 temperature sensor, and an
Oxyguard 840 dissolved oxygen sensor. Both instrisn&e synchronized at a 5-minute
sampling rate. For this study, all PISCO and MLMmperature mooring data were re-

gridded onto a 2-minute time interval.
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Figure 3: PISCO, MLML, and MBARI mooring locations.
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Data from the Monterey Bay Aquarium Research lasgi{MBARI) MO, M1, and
M2 moorings were used to compare the seasonal tatupe variability of Monterey Bay
to Stillwater Cove and the calculate temperatuteatd relationships. The M1 and MO
moorings are located inside the Monterey Bay at4%0" N / -122° 1' 48" and 36° 49'
47.9" N /-121° 54' 0" W, while the M2 mooring &chted outside the Monterey Bay at
36°42' 0" N /-122° 23' 24" W. Preliminary work tire CICORE time series from
summer 2006 showed that Stillwater Cove followezlgsame seasonal regime shifts in
temperature and is subject to similar upwellingdibons as Monterey Bay. Year-long
thermistor datasets from both 1-m and 20-m dep#re wsed to examine the relationship
between seasonal patterns, trends, and variainli@armel Bay and the greater
Monterey Bay. Temperature-nitrate relationshipsiftbe MO, M1, and M2 moorings
were calculated over a year-long period, usinges@temperature and nitrate data from
the MBARI In-Situ Ultraviolet Spectrophotometer (US). The National Data Buoy
Center (NDBC) station 46042 located 27 nm west ohMrey Bay provided a time
series of wave height and period. This datasetusad to correlate strong winter storms

to vertical mixing in Stillwater Cove.

2.3 Hydrographic Observations

CTD (conductivity, temperature, and density) pediand seawater samples for
from Carmel Bay were collected during three crumeshe R/V John Martin. A single
CTD profile was made on October"2006 for a preliminary investigation of the

Carmel Bay water column, and three separate CTDBigg@long with seawater samples
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from Niskin bottles at near-surface, 30 m, and 6@epths were made on May"™8007.
During October 312007, CTD casts were conducted every hour oveigirt-hour

period from the peak semi-diurnal low tide to tlealp diurnal high tide. This repeated
CTD survey was conducted in order to observe tiica¢ excursion of the internal tide
in Carmel Bay during the rising diurnal tide. Aetbnd of the survey, seawater samples
were taken at 60 m, 100m, and 180m depths. The {@ifperature data and nitrate
concentrations from the May 18007 and October 2007 cruises were used to
calculate a temperature-nitrate relationship fom@d Bay. The seawater samples were
analyzed for nitrate and phosphate concentratismga LaChat Instruments
QuickChem 8500 Series flow injection analyzer pded by California State University
Monterey Bay (CSUMB). The auto sampler runs a meaisportion of the sample
through each channel, where it is then mixed wWithdorresponding reagent and heated
to form a color reaction. The color was then meagyhotometrically to obtain a
concentration of the analyte. Nitrate is quantreii reduced to nitrite by passage of the
sample through a copperized cadmium column. Thigeniwas then determined by
diazotizing with sulfanilamide followed by couplingth N-(1-naphthyl)
ethylenediamine dihydrochloride. The resulting wai@uble dye has a magenta color
which is read photometrically at 520 nm. The pha$pheacts with ammonium
molybdate and antimony potassium tartrate undeli@conditions to form a complex.
This complex is reduced with ascorbic acid to farmiue complex which absorbs light at
885 nm. The absorbance is proportional to the aaraton of phosphate in the sample.
In order for the QuickChem 8500 to detect the catreéions of the samples, standards

with known concentration were made. The standaete then used to compare the
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unknown concentration of the sample to the knowrceatration of the standard. In
order to verify that the standards were corresteis quality check solutions with

known concentrations were run through the QuickCB&60.

2.4 Meteorological Data

The MLML weather station hourly wind dataset wasdito correlate identified
upwelling events in Stillwater Cove to strong pdemf seasonal northwest winds in the
Monterey Bay region. Terrestrial runoff events wiglentified by the MLML weather
station daily rainfall dataset. National Oceanid &tmospheric Administration (NOAA)
hourly tidal height from Monterey Bay was used torelate temperature and currents

with tidal data.

2.5 Watershed Data

The proximity of Stillwater Cove to the Pebble Beaevelopment presented a
unique opportunity to study the effects of teriastmutrient runoff into a small semi-
enclosed basin. Hydrological data on storm drascithrge and nutrient concentrations
were used to calculate a daily wet / dry bulk t&nial nutrient input into Stillwater Cove.
To estimate the bulk terrestrial nutrient inpubittie cove, this project followed methods
described in McPhee-Shaat al. (2007). Terrestrial runoff discharges into Staber
cove via the two stormwater drains near the PeBbbleh Club pier and Stillwater creek
(Figure 4). The stormwater drains are ~ 30 inchefiameter and have an area of ~ 706

inches squared.
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Figure 4: Stillwater Cove terrestrial runoff locatis.

Both locations were sampled during the 2007 sunbaseflow and winter
stormflow during several significant rain stormsidg the winter season. A Global
Water Instrumentation hand-held flow meter was useatirectly measure the discharge
rate and the mean water level in the storm dras neeorded. The recorded flow rates

and nutrient concentrations of Stillwater creekevextremely low (< 1.6M ) and the

effects of nutrient input via the creek were igrbfer this project. The winter
hydrological dataset was averaged to provide alstanwinter discharge rate for
significant storm events. The measured dischargs end nutrient concentrations were
assumed to be constant for the entire day on wsdaatpling is conducted. Manual
samples of storm drain water were collected belmsurface of the thalweg and

analyzed for N@Qand PQ concentrations. The storm drain samples were dhaiyzed
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for nitrate and phosphate concentrations usingré#nods described in Strickland and

Parsons (1972). A mixing reagent composed of 1®mh#4 M ammonium molybate,
25 mL of 2.5uM sulphuric acid, 10 mL of 0.8M ascorbic acid and 5 mL of Ot
potassium antimonyl-tartrate solutions was use¢k Bitandards ranging from 0.5 8/

phosphate and a blank were made. Ten millilitersamh seawater sample and standards
were transferred into a glass beaker and 1mL offiixeng reagent was added. These
samples were then left for 20 minutes. The absad&or each standard and sample was
analyzed at a wavelength of 885nm in a 10cm céll.pehe seasonal wet and dry
nutrient concentrations in Stillwater Cove dueewdstrial input were then estimated by
assuming the terrestrial discharges are mixed gvetd the near-shore coastal waters.
This calculation requires an estimate of the volwiseawater in which the terrestrial
runoff initially mixes. This is often not well comained; however, the enclosed nature of
Stillwater Cove provides a convenient limit on #ize of the mixing basin. Using ADCP
data from the Stillwater Cove mooring mean flowidgra 24-hour period was calculated
to estimate the possible excursion distance oé$énal runoff. For the purposes of this
dataset, the currents were vertically averageditiirout the water column, and the time
series ran from June 15, 2006 to May\18007. The mean 24-hour grid excursion
distance was 500 x 500 m. The size of Stillwateveds ~ 1000 m x 500 m, far below

the average excursion distance. We assume thagrtlestrial discharge is mixed evenly
into the entire Stillwater Cove area within theipdrof a day. Further, considering that
vertical mixing in the ocean is very slow procesgew compared to horizontal mixing,

we can further reduce the volume to a portion efwlater column depth. Using an lower

bound for open ocean eddy diffusivity of 1.3 x*t/s (Munk, 1966) and a upper bound
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of 10°m?/s (MacKinnon and Gregg, 2002), we can estimatettieabounds of the

vertical diffusion of the terrestrial runoff ove24-hour period may range between 10

meters and 27.8 meters. This was estimated usiega@ydiffusivity scaldJ :?
(where U = velocity scale, L = length, and T = t)irdsing interpolated bathymetric data
from the California Department of Fish and Game @dfaset, we estimated the entire
volume of Stillwater Cove to be approximately 188®00 liters. For our mixing model,
a volume of 1000 m x 500 m x (3 variable depths$ wlzosen. This area represents the
general size of Stillwater Cove, and is smallenttiee average 24 hour excursion
distance. Three separate volume depths of 3 m,, Hhdh20 m were chosen to provide a

range of estimates based on different rates ofcarnixing. The three volumes used in

this model are: 1.5 x fdters, 5 x 18liters, and 1 x 1¥liters respectively.

2.6 Summary of Data Collection

The available data from the multiple time seriesdui® this project spanned both long
and short data ranges (Figure 4). Data processid@maalysis was conducted using
Mathwork’s Matlab, and All PISCO thermistor and N@Monterey Bay tidal height
data was re-gridded onto a two minute samplingwaldo be consistent with the
resolution of the CICORE mooring. Currents werated into a coordinate system
aligned with the depth-averaged axis of princigaiance, calculated using empirical
orthogonal functions. This was oriented approxihyadéong-isobath: at 283° (clockwise
from Q°north) for the Stillwater Cove mooring (Figure B)right-hand coordinate
system is used for a viewer looking poleward wité toast on the right: The along-

isobath component, v, is positive poleward (nortsiviewards Stillwater Cove), and the
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cross-isobath component, u, is positive onshordlfaast towards Carmel Beach).

Stillwater Cove watershad data =

R Mantin Camnel Bay cruisas =

PISCO mooring data o

CICORE moaring high res data =2 ——

CICORE mooring dala =

PBAR| moorings / betenlogicsl data =
Jund& AuplE Ocils Decls Febl? Agrl? Jurdy Agld Ccil? Decld Febla ApE

Figure 5: Date ranges of data collection.

22



36.6
36.58

36.56 | ' = %W, ra. e

Latitude

s
LI
.,
.
-
.

1-600

—121.92

A \
-122.04 -121.96
Longitude

-200

{-400

(ur) pday

1-800

-1000

-1200

Figure 6: Carmel Bay bathymetry and rotated cooatensystem.

2.7 Spectral Analysis

NOAA Monterey Bay tidal data was used to correthtetide with observed

23

internal waves at CICORE and PISCO mooring locatidndata range of 6/18/2006 to
10/10/2006 was chosen for the spectral and crasstigh analysis. Continuous data from
this time range was available from of all the PIS&@ CICORE mooring datasets, and
the time series provided a seasonal transition Btyongly stratified summer conditions
to early fall. The raw thermistor and tidal heiglata was imported into Matlab, cropped
to the desired data ranges, and then interpolatadwo minute sampling rate. Spectral

analysis was used on the thermistor datasets toiagghe strength of the diurnal and




semi-diurnal tidal signal throughout the water catuat each mooring locations. The
spectral power density was calculated using Welaté&saged, modified periodogram
spectral estimation method. The thermistor timeesexere divided into’2 sized data
segments with no overlap, and the periodogram watgsilated by computing the discrete
fast Fourier transform, and then computing the sgpianagnitude of the result. The
individual periodograms were then time-averageos€ispectral analysis and coherence
were then used to examine the correlation betwempérature and tidal signals
throughout the water column at each mooring loaatié-or the scope of this project,
only the spectral results from the near-surfacersat-bottom depths and coherence

from the near-bottom depths will be presented.

2.8 Temperature-Nitrate Relationship

In-situ samples of nitrate concentrations in the Carmgl\Bater column were
limited to episodic cruises on the R/V Martin. Gagbusin-situ nitrate observations
were not available over the entire time series;éw@x, a predictive relationship between
temperature and nitrate allowed for the calculatiba “proxy” nitrate signal from the
more complex temperature time series. The resuttimjinuous proxy time series was
then used to examine spectral, seasonal, and svalatfeatures of near-shore nitrate
concentrations. Temperature-nitrate relationshipsewvderived from four distinct
locations in the greater Monterey Bay: the MBARI &i#&d MO moorings, the MBARI
Land/Ocean Biochemical Observatory (LOBO) moorimgaerthern Monterey Bay, and
from multiple CTD casts taken in Carmel Bay (FigdjeFor the MBARI MO mooring, a
least-squares fit to a fourth order polynomial kestw nitrate (M L™) and temperature

(°C) was Mo(T) = 0.00383T4 — 0.2511T3 + 6.5807T2 -79.986T 3.32. For the
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MBARI M2 mooring, a least-squares fit to a fourtiler polynomial between nitrate
(uM L™ and temperature (°C) was,XT) = -0.0315T4 + 1.6845T3 — 32.881T2 +
274.86T - 814.21. For the MBARI LOBO mooring, adeaquares fit to a fourth order
polynomial between nitratedl L™) and temperature (°C) was,M(T) = -0.1751T4 +
8.0977T3 — 138.99T2 + 1045.1T - 2873.1. For Camasl, a linear fit was Nyme(T) = -
0.16*x + 13. The min error bound on,i{T) was 2.74:M L™, and the max error bound
was 2.835:M L. The min error bound onM(T) was 3.65uM L™, and the max error
bound was 3.7QM L™. The min error bound ond¥(T) was 1.88:M L™, and the max

error bound was 2.3 L™

Mantersy Bay Temperature Nitrate Relationships
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Figure 7: Temperature-Nitrate relationships for @&l and Monterey Bay.
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3.RESULTS

3.1 Seasonal Description of Carmel Bay

Daily averaged temperature at ~ 20m depth

MBARI M2
— Stillwater Cove

g | | | | | | | | | |
Jun2006 Jul2006 Aug2006 Sep2006 Oct2006 Mov2006 Mov2006 Dec2006 Jan2007 Feb2007 Mar2007
date

Daily averaged temperature at ~ 20m depth

wind speed (m/s)

20 | | | | | | | | | |
Jur2006 Jul2006 Aug2006 SepZ006 Oct2006 Nov2006 No2006 Dec2006 JanZ007 Feb2007 Mar2007
date

Figure 8: Year-long daily averaged temperature fr8tillwater Cove and Monterey Bay.

For the seasonal analysis of the oceanographiawigsan Stillwater Cove, a
time series from June 152006 to June 152007 was chosen. A year-long time series of
daily averaged temperature data from both thewgtitr Cove mooring and MBARI M2
moorings at ~ 20-m depths are presented in Figur& $triking feature is that the
Stillwater Cove water column is colder year-roundthpared to the nearby Monterey
Bay. Stillwater Cove temperatures at ~ 20 m &®@C colder than the MBARI M2
mooring. The greatest temperature differences @tWwionterey and Carmel Bay are

during stratified summer condition, whereas durimgter conditions and periods of
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strong vertical mixing, the temperature differercgreatly reduced. Three distinct
temperature regimes were present in both the &t#nwCove and Monterey Bay
temperature records during summer conditions (Ei§Jr These steps in the temperature
time series are most apparent during periods oellpy relaxation where northwesterly
winds were reduced significantly. At each subsetstap, the average temperature

increased 1.5°C — 2°C and until the next periadtehse upwelling conditions.
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Daily averaged wind from NDEBC Station 48042
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20 | | | |
Jun2008 Jul2008 Aug2008 Sep2008 Qct2008
date

Figure 9: Distinct temperature steps during upwedlirelaxation conditions present in
both the Stillwater Cove and Monterey Bay tempeeatime series. Black lines represent
periods of upwelling relaxation. When the u is pesiand the v is negative, the winds
are from the north-west indicating upwelling favbl@conditions. Temperature time
series was daily averaged and wind time serieshveaslpass filtered [0 0.9] cycles per

day.

Stillwater Cove is subject to strong upwelling etgetiuring spring and summer
conditions, where cold upwelled water fills the mehore water column. Upwelling
favorable conditions occurred frequently from MatoctAugust. Typical summer
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upwelling conditions lasted 5 — 7 days on averale the most sustained periods of
strong northwesterly winds lasting up to two we@lse average speed of the
northwesterly winds conductive to upwelling corafit$ inside the cove was 5 - 7 m/s.
Figure 10 shows an example of an upwelling evehere nutrient rich cold bottom
water from offshore is upwelled to the surfacehaf hear-shore water column. This

upwelling event lasted for two weeks. Average baakgd temperatures in the water

column during this time period were 12.5°C, wheteasupwelled water was on average

10°C. The influx of cold upwelled water typicallgged the onset of the northwest winds

by 3 — 4 days.

Stillwater Cove Temperature

wind speed (m/s)
=T
T T T T

06/27 07 07105 0709 0713 077 0721 07/25
date

Figure 10: Upwelling event in the Stillwater Covater column during July 2006.
Temperature and wind time series were bandpagsddt[0 0.9] cycles per day.
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Sporadic upwelling favorable conditions followednejaxation events continued to
occur throughout August and September. Figure dtvsimore sporadic upwelling
conditions in Stillwater Cove during the later pafrthe summer. These upwelling
conditions only lasted 3-4 days on average. Betweese sporadic upwelling events,

periods of light winds / wind reversal occurredregavith upwelling relaxation.

Stillwater Cove Termnperature
T T T T T

depth (m)
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date

Figure 11: Distinct upwelling events in the StilleaCove water column during
September 2006. Temperature and wind time serieslandpass filtered [0 0.9] cycles
per day.
By early October upwelling has become oven morespo and the Stillwater Cove
water column had warmed significantly to an avenagter column temperature of 15°C

(Figure 12). The strength and the duration of thithwesterly winds had subsided

significantly and upwelling events lasted a fewslag average.
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Figure 12: Upwelling events in the Stillwater Cavater column during October 2006.
Temperature and wind time series were bandpagsddt[0 0.9] cycles per day.
Transitioning to winter conditions, Stillwater Cogeperiences periods of intense vertical
mixing and strong winter storms events (Figure D&xing this time of the year, the
average wind field is governed by milder northwestuth winds. With the arrival of
strong northwest swells from the Gulf of Alaska eoimcreased periods of northwesterly
winds. Figure 13 shows four distinct storm eventwiag in Stillwater Cove during
December / January 2006, with an average stornifisgmt wave height of 6 m and
swell duration of 3 days. During these storm evights northwest winds had an average
sustained wind speed of 8 m/s. Correlated withathigal of these storm events, the
water temperature in Stillwater Cove warmed by G 2Ad the entire water column
became vertically mixed to a homogenous temperafiter the swell event subsided,

the water column transitioned back to stratifieddibons.
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Figure 13: Winter conditions and storm events ia 8tillwater Cove water column
during December / January 2006.

The mean direction of the currents in the Stillw&eve water column during summer
conditions is shown in Figure 14. Throughout théremwater column, the v velocity is
positive indicating consistent northward flow ir8tllwater Cove. The average v
velocity in the water column during summer condifiavas 1.31 cm/s, while the average
u velocity was 0.65 cm/s. The u velocity is posititom 9 — 12 m. At 12-m depth, the u
velocity decreased and then started to approaditivegvalues. This indicates that the
currents consistently rotate from an onshore tshaffe direction in the lower half of the
water column. Below 17-m depth, the u velocityegative while the v velocity is

positive, indicating a northwest flow in the botttwmundary layer.
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Mean Stillwater Cove currents: 15-Jun-2008 to 15-0ct-2008

depth {m)

velocity (cm/fs)

Figure 14: Average Stillwater Cove currents dursummer [June 152006 to October
15" 20086].

The mean direction of the currents in the lowef bbthe Stillwater Cove water column
during winter was similar to summer conditions (Fg15.) At ~ 11 — 13 m depth in the
water column, currents flowed in a southwestertgaion. This feature was the only
location in the water column where v velocities &vaegative. Winter v velocities ranged
between 0 — 0.5 cm/s, far smaller than summer itedecThe average winter v velocity
was 0.2 cm/s, while the average u velocity wasmbs. The winter u velocities tended to

be stronger than summer conditions, specificallthembottom boundary layer.
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depth ()

welocity (cmfs)

Figure 15: Average Stillwater Cove currents durimimter [October 252006 to March
11 2007].

During spring, the 11 — 14-m depth feature becaveea enore pronounced (Figure 16). In

this region, the u velocity is negative while theelocity is positive, indicating a

northwest flow. The average spring v velocity we&80 cm/s, while the average u

velocity was -0.005 cm/s. The average u velocitg smaller than both summer and

winter average u velocities, while the averageloacity increased compared to winter.
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Iean Stillwater Cove currents: 01-Mar-2007 to 17-May-2007

welocity (crmis)

Figure 16: Average currents in Stillwater Cove agrispring [March £ 2007 — May 1%
2007].
A progressive vector diagram (pvd) of currents ff@m 19m in the Stillwater Cove
water column from June 152006 to May 18 2007 is shown in Figure 17. The ADCP
data from the Stillwater Cove mooring is an Eulemaeasurement; however, the
Lagrangian method of following movement of watergeds is often more illuminating
than looking at records of current speed and doediecause it can be used to estimate
the tidal excursion of a parcel of water. This giaesense of the direction and magnitude
of net transport. Using a pvd diagram is a wayinwtate a Lagrangian display from
Eulerian measurements. The vectors are seasowédiyaoded with blue being summer
[June 18' — October 1%], red winter [October 15— March £{, and yellow spring
[March T'— May 18". From the bottom depth at 19 m, the currents mEssjvely rotate

from an offshore to onshore direction as you mgweard in the water column during
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the entire time period. During summer, the totahglpath excursion distance at 19-m
depth was ~ 141 km. Moving upwards in the wateurwi, this distance progressively
increases. The excursion distance at 9-m depth-wi&8 km, indicating stronger current
velocities in the upper half of the water colummuridg winter conditions, currents in the
Stillwater Cove water column alternated periodaathwest and southwest direction.
Compared to the summer months, the excursion distdaring winter conditions was
greatly reduced. The total winter excursion distaatc19-m depth was ~ 70 km, while
the excursion distance at 9-m depth was ~ 80 kra.Wihter excursion distance was
roughly half of the summer excursion distance, #wedncrease in distance was you
move upwards in the water column was greatly redubering spring conditions,
currents throughout the water column resumed ti@ithwest directional flow. The total
spring excursion distance over the course of ks three months at 19-m depth was ~

50 km, while the excursion distance at 9-m depth w&5 km.
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10" Progressive vector diagram, Stillwater Cove tidal currents: 15-Jun-2006 to 17-May-2007
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Figure 17: Progressive vector diagram of curremtsStillwater Cove [June 2006 — May
2007]. Each ADCP bin (m) is plotted with blue limepresenting summer, red lines
representing winter, and yellow lines represenspgng.
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3.2 Spectral Analysis

Spectral results from Stillwater Cove thermistandiseries are displayed in
Figure 18. The date range of this time series wam flune 18 2006 to October 10
2006. This spectrum has strong distinct peakserdthrnal and semi-diurnal frequencies,
with multiple tidal harmonics present. The strengftithe semi-diurnal signal dominates
over the weaker diurnal signal. The strength oftibtom diurnal and semi-diurnal

signals are significantly stronger than their scefaounterparts.

Stillwater Cove Temperature Spectra: B/15/2006 - 10/10/2006
1 T R | L e A R o T T

Figure 18: Spectral analysis of Stillwater Cove nearface and bottom temperatures.
[June 152006 to May 18 2007]. The red is near-surface depth and blueoisdm
depth. Black horizontal lines represent error bars.
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Coherence results between Stillwater Cove thermistee series and Monterey Bay tidal
height data is displayed in Figure 19. The datgeaof this time series was from June
15" 2006 — May 18 2007. There are strong distinct peaks in the ditend semi-diurnal
frequencies, with the strength of the semi-diugighal dominating over the diurnal
signal. Both diurnal and semi-diurnal peaks arevatibe 95% confidence interval. The
diurnal and semi-diurnal signals are both almo86 degrees out of phase with the tidal
signal. This is an interesting result as it imptiest internal waves in Stillwater Cove are

persistently phase locked with both the diurnal sexi-diurnal tide.

Coherence Sguared: Stilkwater Cove Bottom Ternperature and Monterey Bay Tidal Height
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Figure 19: Coherence of Stillwater Cove bottom terafures and Monterey Bay tidal
height. [June 152006 — May 18 2007]. Blue line represents 95% confidence interva
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3.3 High Frequency Variability

Internal waves are a common occurrence in Stillin@tese during stratified
summer conditions. The arrival of these internalegais strongly correlated and phase
locked with the rising peak diurnal and semi-dilitmigh tide (Figure 20). When
combined with upwelling conditions and a shallowrthocline, these internal waves are
an important mechanism for delivering nutrient-riéttom water to the upper water
column. These durations were measured at bottonh adgere the internal wave front
dropped the temperature a least two degrees to tehgperatures returned to
background levels. The time duration of the inteweves associated with the diurnal
tide is ~ 4 hours, while the time duration of theernal waves associated with the semi-
diurnal tide is ~ 2 hours. The cold bottom watettis vertically displaced is 2°C colder
than the mean temperature in the water column. ddldswater associated with diurnal
internal waves reaches near-surface depths, wieleeémi-diurnal internal waves only
reach the lower half of the water column (20 — )0During October, internal waves
were still consistently propagating into the Stdler Cove water column (Figure 21).
The duration and phase of these internal waves sveriéar to summer conditions;
however, the cold bottom water vertically displabgdhe internal waves was up to
2.5°C colder than background temperatures in thervealumn. While during summer,
temperatures in the upper water column (6 m) wéen@ffected by diurnal internal
waves. During October, the cold water pulses fraumnal internal waves did not reach

as high in the water column, and near-surface testyres remained far more constant.
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Figure 20: Internal waves in Stillwater Cove duritwgo weeks of summer [June”?Z
2006 to July 62006].

Stillwater Cove Temperature

Brm
9m
—12m
—15m
18m

i | 1
10m 1002 10/03 10/04 10/05 1006 1007 1008 1009 1010 10 1012 1013 1014
date

Stillwater Cove Termperature

T T W
E |
L=
=3
o
=
1 | I 1 | L
10102 10107 10/08 10/09 1010 10M 1012 10413 1014
date
| I I I T
8 9 10 1 12 13 14 15 16 17

Monterey Bay Tidal Height

3
2
=
=)
=
2
= -1
=
g
3 | | | | | | | | | | | | |
1001 1002 1003 1004 1005 10106 1007 1008 10109 10410 1011 1012 1013 10/14
date
—

Figure 21: Internal waves in Stillwater Cove duritvgo weeks of summer [Octobél 1
2006 to October 1220086].

40




3.3 Deep Response to Tides: Internal Waves betwieand 100 m.

On October 312007, repeated CTD profiles of the water colum@ammel Bay
were made on the R/V Martin using a SeaBird SBETP®. sampling location was
located in the main branch of the Carmel Canyd@6at32’ 35" N/ 121° 58’ 57" W. The
depth was ~ 300 m. The objective of this cruise wwasmple the effects of the internal
tide on the water column. Sampling was conductechft0:00 PDT to 16:00 PDT. This
time range encapsulated the diurnal low tide risoing semi-diurnal high. A total of 11
casts from 0 to 200-m depths were made over agefié hours (Figure 22). CTD casts
were made approximately every 30 minutes. Durirgsdimpling, the 9°C isotherm was
upwardly vertically displaced by ~ 60 m. The 9°Qtleerm reached its shallowest depth
of ~120 m at 13:15 PDT, an hour and fifteen miawtier the peak semi-diurnal high
tide. The effect of the internal tide on isothenspthcement was noticeable at shallower
depths, but far less pronounced. Isotherms debpar+ 40 m experienced the same rate
of shoaling, but the deeper isotherms shoaled fonger time period. The 9.5°C
isotherm at 140-m depth was vertically displacedm@vhile the 10°C isotherm at 80-m

depth was displaced 20 m.
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Figure 22: Repeated CTD casts in Carmel Bay on Bst&1' 2007,
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Temperature profiles from Stillwater Cove during thctober 3% cruise show the arrival
of internal waves phase locked with the diurnal sewchi-diurnal tide (Figure 23). The
front of the semi-diurnal internal wave arrivedidd0 PDT, approximately at the peak
diurnal low tide. This front was visible only attbmm depth. Two hours after the arrival
of the internal wave front, the temperature at 18epth had dropped by 0.2°C. Although
this front cooled the bottom of the water colunemperatures in the rest of the water
column did not decrease significantly until 8:00TRBt 8:00 PDT, a second cold water
front in the upper portion of the water column ealitemperatures at 15, 12, and 9-m
depths to drop by 0.2°C. At 6-m depth, the tempegadropped 0.1°C. This front
occurred during the rising semi-diurnal tide. Tleemase in temperature due to the
internal wave last lasted ~ 2 hours, consistertt tié duration of summer and fall semi-

diurnal internal waves.
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Figure 23: Internal Waves in Stillwater Cove on @uer 3£'2007.
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Figures 24 and 25 show currents in the StillwateveOwater column during a typical
summer period when strong diurnal and semi-diurrtatnal waves were present. The
arrival of the internal waves is correlated witk tising diurnal and semi-diurnal tide. It
took ~ 2 hours on average for the semi-diurnaltfadrcold water to reach its peak in
middle of the water column and 1 hour for the terapge to return to the mean
temperature of the water column. For the diurnahtffiof cold water, it took on average ~
4 hours for the front to reach near surface degfisr the front had reached its peak, the
return to background temperatures was very abius. temperature increase on average
lasted 1 — 2 hours. During the rising diurnal tid®ss isobath currents were directed
offshore with the strongest currents at bottom llejpbmediately after the peak diurnal
tide (< 1 hour), the cross isobath current directiatated from onshore to offshore while
the barotropic along-isobath currents were polewAath the offshore and onshore
currents were strongest at depth. This changeossesobath current direction

immediately follows the end of the internal wawvenir.
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Figure 24: Pseudocolor plot of Currents in StillwatCove during June 2006. Currents
are rotated into an along-isobath and cross-isobatbrdinate system.
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Figure 25: Currents in Stillwater Cove during JuB@06. Currents are rotated into an
along-isobath and cross-isobath coordinate system.
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3.3 Monterey Bay Spectral Results — Along Coasttilsition

For this section of the paper, the spectral resudim each mooring location
will be described first, followed by the coheremesults. For both the spectral and
coherence results, locations will be described-deoof closest proximity to a submarine
canyon. Starting with the mooring location that tieesclosest proximity to a submarine
canyon head, Figure 26 displays the spectral refolin the MLML seawater intake
system located at the head of the Monterey Canyahallow water (20m). This
spectrum has extremely strong peaks at the diamdhsemi-diurnal tidal periods, with an
array of distinctly shaped tidal harmonics. Thekpaathe semi-diurnal tidal period is the
dominant signal in the spectra. Moving outside Mogy Bay to the three locations
within close proximity to Carmel Canyon (Stillwa@ove, Weston Beach, and Sunset
Point), strong peaks in the diurnal and semi-diutidal signal are present in the spectra
along with multiple tidal harmonics (Figure 27).€de spectra bear a strong resemblance
to the Monterey Canyon spectra, with the semi-diltidal period having the strongest
power. At all three locations within close proxiyib Carmel Canyon, the semi-diurnal

tidal signal intensifies with increased depth.
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" MLML Seawater System Temperature Spectra; 6/15/2006 - 10/10/2006
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Figure 26: Monterey Canyon head thermistor speatesllts at near-bottom depth.
Black lines represent error bars.
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Pt Stillwater Cove Temperature Spectra: 6/15/2006 - 10/10/2006 4 Westan Beach Temperature Spectra: 6/15/2006 - 10/10/2008 Sunset Point Temperature Spectra: B/15/2006 - 10/10/2006
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Figure 27: Carmel Bay thermistor spectral resultsiaar-surface and near-bottom depths Black liregs@sent error bars.
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Moving further away from close proximity to the Merey and Carmel Submarine
Canyons, the spectral results from the Inner Mayt&helf are displayed in Figure 28.
At these two locations (Point Joe and Lovers’ Bothe diurnal tidal peak is stronger
than the semi-diurnal tidal peak and there is gaiBcant bottom intensification in either
the diurnal or semi-diurnal tidal signal with inased depth. This is a very different
system from the nearby mooring locations at Momtared Carmel Submarine Canyons,
where the semi-diurnal tidal peak dominates thetspand increases significantly with
depth. Multiple tidal harmonics are still visiblethe spectra; however, their peaks are
not as distinct as the harmonics observed at rason locations. Moving outward to
the greater Monterey Shelf, the spectral resutts fPoint Sur and Soquel Point are
shown in figure 29. At both locations, the nearface diurnal and semi-diurnal tidal
signals are significantly stronger than the nedteno signals. At both the near-surface
and near bottom depths, the diurnal tidal signatidates over the semi-diurnal tidal
signal. At the Point Sur location, there is nobfisidiurnal tidal signal at the near-bottom
depth and tidal harmonics are greatly diminishedmared to near canyon locations. The
spectral results from these locations are the sadvef the spectral results from the near

canyon locations.
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4 Poinl Joe Temperalure Specira B/152008 - 104102008 & Lereers” Point Temperalure Spectra: BI15C006 - 100 0005
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Figure 28: Inner Monterey Shelf thermistor spectanear-surface and near-bottom depths. Black Inegsesent error bars.
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4 —oquel Point Temperature Spectra: B6/15/2006 - 10/10/2006 4 Point Sur Temperature Spectra; 6/15/2006 - 10/10/20086
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Figure 29: Greater Monterey Shelf thermistor spaktesults at near-surface and near-bottom depBhack lines represent error
bars.
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Figure 30 displays the coherence results of the Midglawater intake system near-bottom
thermistor and the Monterey Bay tidal height. Thisra strong correlation between the near-
bottom thermistor and tidal signal at the diurrad aemi-diurnal tidal period. The diurnal
temperature signal is almost completely in phagdbk thie diurnal tidal signal, while the semi-
diurnal temperature signal is ~ 180 degrees ophate with the semi-diurnal tidal signal.
This result implies that the crest of the intenwales at the head of the Monterey Canyon is
correlated with a rising semi-diurnal tide. Moviagtward to the three locations within close
proximity to Carmel Canyon (Figure 31), there soarelation between the near-bottom
thermistor and the tidal signal at the diurnal aachi-diurnal tidal period. At all three
locations, the diurnal and semi-diurnal coheresabiove the 95% coherence level and the
semi-diurnal temperature signal is ~ 180 degreésiophase with the tidal signal. This
result is the same as Monterey Canyon, suggestaigtie phase locking of internal waves
with the rising semi-diurnal tide is a consistesdtiire in both submarine canyons. The
Weston Beach and Sunset Point diurnal temperaimmels are not in phase with the tidal
signal, while the Stillwater Cove diurnal temperatsignal is ~ 180 degrees out of phase
with the tidal signal. This is an interesting résas it implies internal waves in Stillwater

Cove are phase locked with both the rising diuamal semi-diurnal tide.
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MLML Seawater System Temperature Spectra: 6/15/2006 - 10A0/2006
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Figure 30: Monterey Canyon head near-bottom thetoniand Monterey Bay tide
coherence results.
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herence Squared: Stilkwater Cove Bottom Temperaturs and Monterey Bay Tidal Height
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Figure 31: Carmel Bay near-bottom thermistor andriey Bay tide coherence results.
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Moving further away from close proximity to Montgrand Carmel Submarine Canyons,
the coherence results from the Inner Monterey Sdrelshown in Figure 32. There is
coherence between the near-bottom thermistor datidignal at both the diurnal and
semi-diurnal period tidal period. Unlike nearby Merey and Carmel Submarine
Canyons, the correlation at the diurnal period dwatas the Inner Monterey Shelf. Point
Joe's semi-diurnal near-bottom temperature signald5s° out of phase with the semi-
diurnal tidal signal, while Lovers' Point near-toott temperature signal is ~ 100° out of

phase with the semi-diurnal tidal signal.
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Coherence Squared: Point Joe Bottom Temperature and Monterey Bay Tidal Height
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Figure 32: Inner Monterey Shelf near bottom-thetansind Monterey Bay tide
coherence results.
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Moving outward to the greater Monterey Shelf, tbherence results from Point Sur and
Soquel Point are displayed in Figure 33. At Sodqraeht, there is significant diurnal
coherence and weak semi-diurnal coherence thalesvithe 95% confidence level. This
is dissimilar from locations near submarine canyéwgoint Sur, there is significant
semi-diurnal coherence and weak diurnal coherdratdag below the 95% confidence
level. The near-bottom temperature diurnal sigeaal 50° out of phase with the diurnal
tide, and the near-bottom semi-diurnal temperatigeal is ~ 25° out of phase with the
semi-diurnal tide. Finally, the diurnal and semindial power spectral density values of
the near-bottom and near-surface thermistors fibthemooring locations are displayed

in Figures 34 and 35.
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Figure 33: Greater Monterey Shelf near-bottom thistor and Monterey Bay tide

coherence results.
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Figure 34: Diurnal nearsurface and nei-bottom power spectral density for all moori
locations.
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mooring locations.
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3.4 Stillwater Cove Nutrient Model

Flow rates and nutrient concentrations from thév&tter Cove storm drain were manually
measured during summer and winter (Table 1). Al tift& separate winter storm events
were sampled. Year round flow rates at StillwatexeR were extremely low, and the
resulting terrestrial input from the creek was ¢desed insignificant for the purposes of this
model. Storm drain flow rates were strongest dutimegwinter storm events, ranging from
0.45 to 0.67 m/s. Summer flow rates were much lpasgraging 0.2 m/s. The highest nitrate

concentrations were observed during summer, wittaxeimum of 563.2/M and an average
of 330uM during dry summer conditions. Winter nitrate corications were greatly diluted,
with a maximum of 56.ZM and an average 30.14 of during wet conditions. The average

rainfall during the sampled winter storm events @&5 inches per day. Rainfall in the
Monterey Bay is highly seasonal, and the majoritgrowual rainfall occurs during a small
number of intense winter storms. During the 200t&ri season, Monterey Bay experienced
13 storms with rainfall levels above this averagegre 36). The strongest storms occurred

during January and February, while May through &aper were completely dry months.
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Date: Location:
714/2007 SW Drain
7/13/2007 SW Drain
10/10/2007 SW Drain
10/12/2007 SW Drain
01/25/08 SW Drain
02/02/08 SW Creek
02/02/08 SW Drain
02/24/08 SW Drain

Summer Avg  SW Drain
Winter Avg SW Drain

Nutrient:
NO3
NO3
NO3
NO3
NO3
NO3
NO3
NO3

NO3
NO3

[1 ym:

Table 1: Summary of terrestrial samples.

563.2
96.8
32.52
20.74
56.7
1.68 N/A
23.31
17.44

330
30.14

Flow rate (m/s):

0.2 1/6 full
0.2 1/6 full
0.5 1/6 full
0.45 1/6 full
0.67 1/6 full
N/A
0.45 1/2 full
0.45 1/4 full

0.2 1/6 full
0.5 1/4 full
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N/A

0.076
0.076
0.076
0.076
0.076

0.23
0.11

0.076
0.11

Stormdrain: Area(m?): Rate (m®/s):

N/A

0.015
0.015
0.038
0.034

0.05

N/A

0.103
0.049

0.015
0.055

1296000
1296000
3283200
2937600
4320000

8899200
4233600

1296000
4752000

Liters per day: Rainfall per day (in):

0

0
0.48
0.17
0.54
0.27
0.27
0.39

0
0.35



MLML Weather Station Rainfall: June 2007 - June 2008

rainfall {in)
)
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Jun July Aug Sep Oct Mo Dec Jan Feb Apr May
date

Figure 36: MLML Weather Station rainfall data. Rtk indicates average rainfall during
sampled winter storm events.

An estimate of nitrate concentrations in StillwaB&ve from both terrestrial and oceanographic
sources is shown in Figures 37 and 38. Using tloelleded temperature nitrate relationship from
the MBARI M2 mooring, a continuous proxy nitrateé series was estimated using temperature
data from Stillwater Cove. The temperature timéeseat near-bottom depth (18 m) was chosen
because the signal was affected by both upwellnthjisternal waves. The estimated nitrate time
series was then bandpass filtered and isolatedhdrte wind and tidal frequencies so
contributions from both from upwelling and intermedves could be calculated. The wind
frequency band ranged from 2 days to 2 weeks [0@ D433 cpd], while the tidal frequency

band encompassed both the diurnal and semi-ditratplencies [0.9 to 2.2 cpd]. These
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bandpassed signals were then added to the daitggad minimum of the proxy nitrate time
series. This provided a conservative estimate@ptysitive nitrate perturbations from the wind
and tidal bands. The terrestrial estimates of wdtdry nitrate contributions to the Stillwater
Cove volume were then applied to the MLML weathatisn rainfall time series (Figure 36).
For the 1.5 x 1Dliter volume, the calculations resulted in supplies of 0.04M L-1day for
dry conditions and 0.157M L-1day: for wet conditions. For the 5 x 1iter volume, the
calculations resulted in supply rates of 0.Q\2 L-1day: for dry conditions and 0.047M L-1
day: for wet conditions. For the 1 x Titer volume, the calculations resulted in suplies of
0.006uM L-1day1for dry conditions and 0.0233M L-1day1 for wet conditions. For the
183,970,000 litewolume based on Fish and Game GIS bathymetry biv&ter Cove, supply
rates ranged from 0.34MM L-1daya for dry conditions, and 1.256M L-1daya for wet
conditionsWet conditions were determined as days when tinéatblevel reached the average

rainfall during sampled terrestrial winter condito
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Figure 37: Stillwater Cove estimat®&D; during summer conditions [6/15/2006 — 10/10/2006].

65




Stiuater Cove Estimated il NO

Tidal Band
Terrestrial Band
[ wind Band
B Daily minimum ph NO,

Figure 38: Stillwater Cove estimat®&Ds;during winter conditions [10/25/2006 — 3/1/2007].
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Figure 39: Stillwater Cove estimated Bl@ntributions from terrestrial runoff using fouifi@grent mixing volumes.
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3.4 Greater Monterey Bay Nutrient Model and Budget
An estimate of nitrate concentrations in the Gneltenterey Bay from oceanographic sources is shioviigures 40 through
46. The temperature time series at near-bottomhdep20 m) was chosen for calculation of the nétqatoxy signal because

the temperature signal at that depth was affeggdabth upwelling and internal waves.
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Figure 40: MLML Seawater System estimatios during summer conditions [6/15/2006 — 10/10/2006].
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~—— Tidal Band
[ wind Band
Daily Averaged Minimum pM NO,

Figure 41: Weston Beach estimate®; during summer conditions [6/15/2006 — 10/10/2006].
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~— Tidal Band
[ wind Band
Daily Averaged Minimum pM NO,

Figure 42: Sunset Point estimatBi®; during summer conditions [6/15/2006 — 10/10/2006].
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Figure 43: Point Joe estimatddO; during summer conditions [6/15/2006 — 10/10/2006].
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Figure 44: Lovers’ Point estimatédOs; during summer conditions [6/15/2006 — 10/10/2006].
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Figure 45: Soquel Point estimat®tD; during summer conditions [6/15/2006 — 10/10/2006].
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~— Tidal Band
[ Wind Band
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Figure 46: Point Sur estimateédO; during summer conditions [6/15/2006 — 10/10/2006].
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The time series okind and tidal band nitrate concentrations weregrdated to provid
seasonal nutrient contribution budgets. Total summieate contribution from theind
band frequency is shown irigure 47. Point Sur has the highest nitrate leellywed
by the thiee locations in Carmel Bay (Stillwater Cove, WadBeach, and Sunset Poir
Soquel Point had the lowest contribution of nitfaten the wind band, perhaps due

the upwelling shadow of the Monterey Ba

integrated i NO,

Increasing distance from Svbmarine Canyon

k4

Figure 47: Wind band estimatiNOs; budgetduring summer conditior

Lovers’ Point had the highest summer nitrate cbaotron due to the diurnal tid
band, followed by the MLML Seawater System (Figd&. Point Sur and Soquel Po

had the smallest contributions. Figure 49 showsém-diurnd contributions, and tot:

76



nitrate budgets for both wind and tidal bands &\ in figure 50. The total nitra

values and contribution percentages are showrbleg® and 3.

integrated W NO.,

[ Sesaier  Sullwrsber Cowe Wechan Bessch

]
:
)
b
i
£

Increasing distance from Submarine Canyon

Figure 48: Diurnal Tidal band estimateNOzbudget during summer conions.
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Figure 49: Sembiurnal Tidal band estimateNO;budget during summer conditio

Total MO, 6152006 - 101072006
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Figure 50: Total estimateNOs; budget during summer conditio
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Table 2: Total estimateNOs;during summer conditions.

. Wind Band yMm Diurnal Tidal Band yM  Semi-diurnal Tidal Band ymMm Total yMm
Location: NOs: NO3: NO3: NO3:
Soquel Point 23693 11662 4918 40273
Seawater System 28731 38132 107090 173953
Lovers' Point 41414 41076 21914 104404
Point Joe 65116 36841 15644 117601
Sunset Point 69107 19282 24877 113266
Stillwater Cove 74586 17626 24652 116864
Weston Beach 72292 14244 36767 123303
Point Sur 81342 8220 6779 96341
Stillwater Mixing
Volume: 1x 10° 5x 10° 1 x 10"

Terrestrial yM NOs: 13556 7110.7 1723.7
Total Stillwater ym
NO3: 130420 123974.7 118587.7

Table 3: Total estimateNOs; % during summer conditions.

Location: Wind Band % Diurnal Tidal Band % Semi-diurnal Tidal Band %
Soquel Point 59 29 12
Seawater System 16 22 62
Lovers' Point 40 40 20
Point Joe 56 31 13
Sunset Point 61 17 22
Stillwater Cove 64 15 21
Weston Beach 58 12 30
Point Sur 84.5 8.5 7
Stillwater Mixing Volume: 1 x 10° 5 x 10° 1x 10"

Stillwater Terrestrial % 10.4 5.7 1.4
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4. DISCUSSION
4.1 Preamble

The primary goal of this project was to understr@dynamics of nutrient
transport in Carmel Bay using an extensive moatimg series from the outer edge of
Stillwater Cove on the northern end of the Bay.n@&mBay is small embayment located
at the northern end of the Big Sur coast, anddissnguished by having a submarine
canyon within extremely close proximity to the beacocated inside of Carmel Bay,
Stillwater Cove provides an enclosed habitat ftargeMacrocystis pyriferacanopy,
which exhibits unique temporal dynamics (Donnell2004). This embayment is open to
open ocean coastal California Current conditiosydver, it also provides a sheltered
environment from wind and swell. No previous stadiave been conducted on the
circulation features of Carmel Bay and Stillwatev€. Despite its close proximity to the
well studied Monterey Bay, it is much smaller imlge; and may experience very different
dynamics from Monterey Bay. HF radar coverage adm¢®xtend into Carmel Bay, and
consistent satellite coverage in the region isavailable, so | embarked on research that
is fundamentally exploratory in nature. Point seumtooring time series measurements
were used to explain in great detail the tempoaalbility of hydrographic conditions
and nutrient delivery to Stillwater Cove and CariBal. However, an overriding goal
was to use as much additional data as possiblederstand how unique Carmel Bay and
Stillwater Cove are when compared to nearby regibingd to determine whether
Carmel Bay exhibits dynamics that are similar twsthof the Big Sur or Monterey Bay,

or whether its dynamics differ enough from the éargoastal region to justify the idea
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that Carmel Bay and Stillwater Cove might at tirhesction as an enclosed embayment.
This would imply that Carmel Bay’s circulation faets and dynamical forcing may be

truly separated from the dynamics of the largeaoographic system.

Nutrient Budget

Following the approach of McPhee-Shatial (2007), of dividing oceanographic
dynamics into distinct time scales of variabiligfihed by Largieet al, (1993), we
found that the diurnal and semi-diurnal tidal freqay band accounted for a significant
contribution of nutrients at locations within clgseximity to submarine canyons.
Locations on the shelf received the majority ofrt@nual nutrients due to upwelling,
and the effects of internal waves at these regimre greatly diminished. When
compared to the tidal and wind nutrient contribngiothe effects of terrestrial runoff
were minimal. In this section, | will compare baetind and tidal forced variability in

Carmel Bay to that of locations both north and B@lbng the coast.

Internal Waves

The nutrient budget results showed the importafic®ih diurnal and semi-
diurnal baroclinic oscillations for delivering nigints to Carmel Bay. Even in the absence
of upwelling conditions, these internal oscillasocould increase N§{xoncentrations in
water column by up to BM . The internal waves were observed at both diwandl
semi-diurnal frequencies, and were likely forceddbyh wind and tides. An important

remaining issue for clarifying our understandingafrient delivery by internal waves is
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confirming whether the observed temperature vditgls primarily due to shoreward
transport of deep, sub-nutricline waters, or whetheight instead be due to along-coast
advection of water masses of different temperatdeze we demonstrated the likelihood
of vertical transport versus horizontal advectiOnr data demonstrated interesting
vertical structure of diurnal and semi-diurnal eunts, and phasing with tides that
suggested that shallow regions in Carmel Bay waengely forced by “heaving” of the
much deeper waters of the nearby Carmel BrancheoMonterey Submarine Canyon.
This immediately begged the question, “how unigusuch a signal?” Does the
proximity to the canyon and the hypothesized eféecinternal wave nutrient delivery
make Carmel Bay a truly unique location on the t@@msnutrient availability, and if so
what are the implications for along-coast varidyiln ecosystem response? If, on the
other hand, our comparisons to other sites sugigasinternal-wave driven nutrient

variability is not unique in Carmel Bay, what ane ecosystem implications?

Possible Stagnation in Stillwater Cove

This question has been brought to the forefronnbications that some
ecosystems in Stillwater Cove behave differentyrfrsimilar ecosystems in other
Central Coast locations. For example, the Stillw&mveM. pyriferacanopy has been
found to have declined 2 to 3 months before ketppées at nearby Sunset Point and
Carmel Point Donnellan (2004). Could the captur rention of water within
Stillwater Cove lead to the build up of terrestnatrients or pollutants, or could

stagnation lead to the decrease of oxygen in StilwCove waters? Answering these

82



guestions is important for our overriding goal s§@ssing the “uniqueness” of the

Carmel Bay system relative to more exposed cobstations.

4.1.1 Stillwater Cove Annual Nutrient Budget

In this study, nutrient delivery to the near-shengironment in Stillwater Cove
was modeled using theMl NOz contributions from three distinct frequency banaiid,
tidal, and synoptic terrestrial runoff events. Titkal frequency band consisted of
contributions from both diurnal and semi-diurnakimal waves, while the wind
frequency band accounted for spring / summer amt¢ewupwelling conditions. Using
this nutrient model, several questions were ingastid. What frequency bands in
Stillwater Cove are the most active during the yaad which band contributes the
majority of the nutrients to the near-shore envinent? Is terrestrial runoff from Pebble
Beach a significant contributor of nutrients whempared to the wind and tidal bands?
How does the nutrient model in Stillwater Cove canepto results from McPhee-Shatv
al. (2007) in the Santa Barbara Channel? The tidad baas the most active nutrient
delivery mechanism in Stillwater Cove, with 170iaetdays during the year (Table 4).
The wind band was active for 98 days, while teriglsstorm events accounted for 12
days. The tidal band was the most active nutrietively mechanism in Stillwater Cove;
however, it did not supply the majority of nutrisnDiurnal internal waves were capable
of increasing nitrate levels in the water columst jas strongly as upwelling conditions.

While diurnal and semi-diurnal internal waves oacure frequently in the cove than
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upwelling conditions, they are short in duration-(3 hours) when compared to the mean
upwelling duration of 3 days. Internal waves acdedror 35% to 36% of annual nitrate
contribution in Stillwater Cove. This was more thaunce as much as internal wave
contributions in Santa Barbara, and is due to kbsecproximity of the Carmel

Submarine Canyon to Stillwater Cove and the astatiaternal tide dynamics.

The wind band contributed the majority of the rerits during the year, 60 % to
63 % of the total annual nitrate contribution. Altigh the sampled terrestrial nitrate
concentrations were extremely high when comparedeasured oceanic sources, the
dilution of the stormwater into the volume of Stidliter Cove reduced terrestrial runoff to
a minor mechanism of nutrient delivery. Terrestsiairm input ranged from < 1% to 5 %
of the annual nitrate contributions depending a@nrtiixing volume used for the model.
Compared to results from Santa Barbara Channel [iglefShavet al.,2007), Stillwater
Cove experienced far more days annually with upagltonditions and internal waves.
52 days of winter and spring upwelling, 39 daystérnal waves, and 6 days of
terrestrial runoff were observed in the Santa Barlighannel. Carmel Bay received
annually almost twice as many active upwelling daysl over four times more internal
wave days than Santa Barbara. In the Santa Ba@yeanel, spring and winter
upwelling accounted for 55% to 74 % of the annutahte contributions. Internal waves
accounted for 10% to 14%, and terrestrial runofibanted for 12% to 35%. In both
Carmel Bay and the Santa Barbara Channel, upwellagythe dominant mechanism of
nutrient delivery to the near-shore environmentrdsrial runoff was a much smaller

contribution in Stillwater Cove compared to Santalira due to the low flow rates of
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storm drains when compared to rivers. Flow rate avgeeater deciding factor than
discharge concentrations when terrestrial inpuatiigng in a large volume. Even though
the Stillwater Cove storm drain nutrient concemntrag were very high, the discharge
flow rates were low compared to the Santa Barbegeon.

The tidal band was the most active nutrient dejiveechanism during the year in
Stillwater Cove; however, the wind band contributieel majority of nutrients to the near-
shore environment. Although terrestrial nutriembi@@antrations were extremely high, the
low discharge rates restricted terrestrial souficen being a significant nutrient
contributor. Compared to the Santa Barbara Chatillyater Cove experienced far
more nutrients from the tidal band, possibly duthclose proximity of the Carmel
Canyon, while the Santa Barbara Channel experieaggdater input of nutrients from

terrestrial sources due to the larger watershetsinegion

Table 4: Stillwater Cove annual nutrient contritoris.

% Contribution to annual yM NO3

budget:
Days 1x 10" 5x 10’ 1x 10’
Location: Frequency Band: active: volume volume volume
Stillwater Cove wind 98 63 62 60
Tidal 170 36 35 35
Terrestrial storm
input 12 <1 3 5
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4.4.2 Seasonal Currents

The use of a progressive vector diagram providsigim into the general
direction of currents on a seasonal timescale; leweve were also interested in how
the magnitude of surface and bottom currents vaeasonally in Stillwater Cove.
Specifically, which season has the strongest ctsyamd how do tidal excursion
distances vary seasonally? How do tidal and swdd-tidrrents compare in terms of
magnitude and direction on seasonal time scalesasnthese currents directed into or
away from Stillwater Cove? Seasonally, Stillwatew€ experienced positive along-
isobath flows during spring and summer conditiansear-bottom depths (Figure 17).
During these seasons, the mean direction of thistmdflow was oriented into the mouth
of Stillwater Cove. At near-bottom depths, the sr@®bath velocity is neutral. Moving
upwards in the water column, the cross-isobathogitbecame positive and the flow
begins to rotate towards an onshore direction.ddoftow was oriented directly towards
the mouth of Stillwater Cove, while flows at shalker depths in the water column are
oriented towards the northern end of Carmel BeBcining winter conditions, bottom
flow was positive along-isobath and negative clieebath. This resulted in net offshore
flow towards the mouth of Carmel Bay. Flows at kivaér depths in the water column
were rotated towards an onshore direction, sinhdlaaummer and spring conditions.

Hourly current data from the Stillwater Cove mogrimas filtered into tidal and
sub-tidal components using a 33-hour low pasg fikgure 51). The sub-tidal
component was directed positive along-isobath, evthié tidal component moved from

negative to positive cross-isobath with a very $ipasitive along-isobath component.
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The seasonal and daily path length of mid-watewrool and bottom currents was then
calculated (Figure 52). This measure of path leegtbled us to estimate the maximum
possible distance a particle in the water may trdugng a season / tidal cycle. The path
length was only influenced by the magnitude of ment and not the direction. By
dividing the daily path length in half, we then stmicted an estimate of diurnal
excursion distance. The mid-water column depthdeimed at 9 m, as this was the
upward depth limit of reliable ADCP data. FigureStmws the seasonal tidal and sub-

tidal path length in Stillwater Cove.

Progressive vectar diagram, Stillwater Cove sub-tidal currents: 156-Jun-2006 to 18-May-2007 Progressive vector diagram, Stillwater Cowe tidal currents: 15-Jun-2006 to 18-May-2007
L L
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Figure 51: Bottom depth sub-tidal and tidal progsi® vector diagram [June %006
— May 18" 2007]. Blue is summer, red winter, yellow spring.
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Stillwater Cove currents: daily sub-tidal path length
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Stillwater Cove currents: daily tidal path length
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Figure 52: Seasonal tidal and sub-tidal daily p&hgth. [June 15 2006 — May 18
2007].
The summer sub-tidal mean bottom path length wa8 1, while the sub-tidal mean
path length at 9-m depth was 1496 m. The wintertglah mean bottom path length was
1875 m, while the sub-tidal mean path length at 8epth was 2456 m. The spring sub-
tidal mean bottom path length was 1453 m, whiletsddd mean path length at 9-m depth
was 1643 m. Sub-tidal flows at 9-m depth are steoygar-round than bottom flows. The
winter months had the longest daily path length stnehgest mean sub-tidal current
velocities, while currents during spring conditiomsre stronger than summer. The total
annual sub-tidal path length was 1045 km, indicptueak net background currents.
Mean summer tidal bottom path length was 2945 nilewhe tidal path length at

9-m depth was 2625 m. Mean winter tidal bottom petiyth was 3914 m, while tidal
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path length at 9-m depth was 2456 m. The springwtidal bottom path length was 4935
m, while the tidal path length at 9-m depth was%3608 Tidal bottom flows were stronger
year-round than mid-water column flows, suggesérmarotropic tidal component with
intensified bottom flow. Tidal flows at 9-m depttere strongest during winter
conditions; however at bottom depth the path lemgihk longest during stratified spring
conditions. This sharp increase in bottom depth patgth was noticeable in the
beginning of March, at the onset of upwelling caiodis and the spring transition. This
spring transition marked the beginning of strasifion in Carmel Bay water column. This
increase in bottom depth path length may have Haeno the intensification of internal
tidal pumping during stratified conditions. Duritigs time the path length at 9-m depth
length began to decrease.

On a seasonal scale, tidal currents dominatedsauetidal currents in Stillwater
Cove. Tidal currents were strongest at bottom dg@hd have the longest excursion
distances during stratified spring conditions. Ehegreased excursion distances may be
due to the up-slope horizontal advection assochattdthe internal tide in Carmel
Canyon. Sub-tidal currents at 9-m depth were ggogear-round than sub-tidal bottom
currents, and had the longest excursion distanaesgiwinter conditions. Tidal currents
at bottom depth flowed directly into Stillwater Goduring stratified spring and summer
conditions, while currents in the upper water catunere oriented towards Carmel

Beach.
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4.1.3 Tidal Currents

We have described the general magnitude and direoficurrents on a seasonal
time scale, but how do currents behave on shonestales? In Stillwater Cove,
currents that occur during the tidal frequency bareimportant as this is the timescale
when internal waves and increased nutrient conatoiis are observed. The strongest
internal waves were observed during the risingrdiltide, so we chose to investigate
currents during the diurnal tidal cycle. Specifigalvhat is happening in the water
column during the rising diurnal tide, when thestgyest cold pulses are observed? Are
near-shore currents oriented into or away fromGbee during the rising diurnal tide?
Are bottom and mid-water column currents orientethe same direction, and are
currents in the water column barotropic or baracnrhe daily diurnal peak high tides
were first identified in a year-long tidal time g=r. The Stillwater Cove currents at 9-m
depth and bottom depth were then averaged in 14oar ranging from 6 hours before
peak high tide to 6 hour after. The diurnal tideswhosen as the feature of interest
because the strongest observed cold pulses aneshiglitrient concentrations arrive
during the peak diurnal high tide. These hourlysbarere then averaged over the entire
time series to provide a seasonal mean currertdtairebefore and after the diurnal peak
high tide.

During the rising diurnal high tide, currents attbon depth were stronger on
average than at 9-m depth (Figure 53). Both micewedlumn and bottom currents are
negative along-isobath, which was directed onstawards the south end of Carmel

beach (Figure 54). From 18-m to 8-m depth, theerusrrotated towards the south,
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flowing in a negative along-isobath direction. Dwyyithe falling diurnal tide, surface
currents were strongly positive along-isobath dighdy negative cross-isobath (Figure
55). The flow at 9-m was oriented towards the saumith of Carmel Beach. Bottom
currents were oriented positive along-isobath, iitgndirectly into Stillwater Cove
(Figure 56). During the first three hours followipgak high tide, currents at bottom
depth were stronger than their mid-water colummoenparts. From 4 to 6 hours after

peak diurnal high tide, the currents at 9-m depitolne stronger and the strength of the

bottom currents diminished.
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Figure 53: Bottom currents during the rising diutrimle. Blue arrow is near-bottom; red
is 9-m depth.
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Mean Current Direction During Rising Diurnal Tide
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Figure 54: Current direction during rising diurnaide. Blue arrow is near-bottom; red is
9-m depth.
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Figure 55: Bottom currents during the falling diadrtide. Blue arrow is near-bottom;
red is 9-m depth.
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Mean Current Direction During Falling Diurnal Tide
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Figure 56: Current direction during falling diurndide. Blue arrow is bottom depth; red
is 9-m depth.

Focusing on an even shorter timescale, how aremisrthroughout the water
column behaving when the diurnal internal wavesoéasserved? To investigate this
guestion, the mean currents at each 1-m bin frenbtttom to 9-m depth were
examined. The currents were then averaged ovearageg time series, at 1-hour before
and 1-hour after the peak diurnal high tide. Fidhiredisplays a three dimensional view
of currents in the water column from bottom dept®4m depth, one hour before peak
diurnal high tide. There was significant rotatidrcarrents in the water column, and the
strongest currents were found at bottom depth. 3tmsved the baroclinic nature of the
Stillwater Cove water column during parts of thaaticycle, emphasizing the dominance

of the internal baroclinic tide over the barotropite. Figure 58 displays a three
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dimensional view of currents in the water columee twour after peak diurnal high tide.
The currents from bottom to 8-m depth were unidioa@l and no significant rotation in
the water column was visible. At this point in titial cycle, the barotropic tide is
dominant. There is only a 1-hour time differencenaen the two figures; it shows how
quickly the dynamics in the water column can chahgéng the tidal cycle. During the
rising diurnal tide, currents at both bottom anch @epths flowed negative along-isobath.
This flow was oriented towards the south end oh@dBeach, away from the mouth of
Stillwater Cove. During the falling diurnal tidepthom currents were oriented directly
into Stillwater Cove while surface currents wereoted towards the south end of
Carmel Beach. Over the course of the tidal cyadh lbaroclinic and barotropic currents
were observed in the water column. Due to the gbosgimity of the Carmel Canyon,
the water column may be strongly affected by thedlaic internal tide during the tidal

cycle.
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CICORE moaring mean currents: 1 hour before dirunal high tide
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Figure 57: Mean currents 1 hour before peak diurhagh tide.
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CICORE mooting mean currents: 1 hour after dirunal high tide
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Figure 58: Mean currents 1 hour after peak diurhah tide.
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4.1.4 Synoptic Winter Mixing Events

During winter months, Stillwater Cove experiencedi@ds of strong vertical
mixing and synoptic warming of the entire wateructoh. These periods of warming
combined with intense vertical mixing lasted typlicéor 1 to 2 days. Temperatures at
surface depths were the first to experience thenivay in temperature. After this time
period, the water column began to re-stratify idimperatures at bottom depths cooling
first. What are the dynamics associated with tlvéager mixing events? Does wave
action at nearby Pescadero Point cause verticahgnof surface water, or does the warm
water come from an offshore source? As shown inr€id 2, these mixing events first
appear to be correlated with strong winter swedirés. Pescadero Point at the western
end of Stillwater Cove can generate some of thgektrwaves on the central California
coast during strong winter storms. While thesengtr@well events may explain the
vertical mixing shown in the time series, it does$ explain the intense warming of the
water column. During these mixing events, the entiater column temperature typically
warmed by 2°C. If surface mixing by wave actiomasising warm surface temperatures
to become mixed evenly to bottom depth, we carutatie the necessary starting
temperature of the surface water. If we assumettigasource of the warm water being
mixed downward extends from surface to 1-m deptt,that the depth of the entire
water column is 20-m, a simple conservation of nmasdel can be constructed. Using
the conservation of mass model shown below enaislés determine is surface mixing is

a possible source for the observed warming events.
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(surfaceTx 1 m) +(meanTx 19m) = ((meanT+ 2°C)x 20m) (7)

((meanT+ 2°C)x20 m) —(meanTx 19m)
1

surfaceT= m) (8)

SurfaceTis the required temperature at the surface totheatntire water column by 2°C
andmeanTis the average temperature of the water colummgd.stypical winter mean
temperature value of 12°C, solving this equatiarstofaceTgives us a 1-m near-surface
temperature of 52°C. This indicates that surfacengiis not a possible source for the
warm water event. A wind reversal preceded themgiavent by approximately a day
(Figures 59 and 60). During this period of upwellimind reversal, the winds switched
from a northwesterly to a southerly direction. Tpésiod of downwelling favorable
winds lasted for 1 to 1.5 days, and the average wpeed during these periods was 10
m/s. Approximately 24 hours after the onset ofwled reversal, Stillwater Cove
experienced strong positive cross-isobath flowthéentire water column. These
currents were directed onshore towards Carmel B&dehpositive cross-isobath flows
had velocities of 5 — 8 cm/s and lasted for thetion of one day. Approximately one
day after the water column experienced these s{posiive cross-isobath flows, the
currents reversed to negative cross-isobath, ame eiieected offshore. These negative
cross-isobath currents also persisted for the gai@ day, and were accompanied by a
warming of the entire water column. Using latitudde- 36° 33" 36" for the Stillwater

Cove mooring location, the Coriolis frequerfdg 0.866 x 14s™ (f = 2 sin(p), where

n

o = 21/(24 hours)). The inertial period,=2 ;

for the Carmel Bay region is 20.146
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hours. The time duration between the onset of tinel weversal and warming periods
observed in Stillwater Cove was longer than inege&iod. This suggested that the
source of winter warming events may be downweltiagsed by upwelling wind
reversals. These downwelling events were ofteretated with strong winter swells and
storms. This is due to the accompanying low pressystems that move down the coast,
causing strong south winds. Due to the frequenbgsrof winter upwelling during these
months, cold water temperatures often were fourad thee coast whereas warmer water
masses are located slightly farther offshore. Witmnwelling conditions occurred,
there was a time lag between the wind reversatlamdrrival of warmer water
temperatures from offshore water masses. As showigures 59 and 60, this lag was
approximately a 24 hours in Stillwater Cove. Figateshows Monterey Bay SST from
November &, 12" 13", and 18' of 2007. On November"9the 13°C isotherm was the
dominant SST temperature in Carmel Bay region dugtvelling conditions from the
previous week. The period of wind reversal andrgjreoutherly winds began on
November 12. A day later, the 15°C isotherm moved significamthshore, approaching
the mouth of Carmel Bay. This 15°C water mass edt&armel Bay and was observed
in the entire Stillwater Cove water column on Nobem13". These full-depth warming
events observed during the winter months in Stibw&ove were caused by
downwelling conditions, and not wave activity. Bsing a conservation of mass model,
we showed that vertical mixing by local wave a¢siat Pescadero Point was not a
possible source for the warm water mass. Strongewswells often coincided with

downwelling favorable conditions; however, thidbecause low-pressure winter storms
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systems were accompanied with downwelling favorabiels.
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Figure 59: Winter mixing and warming events. Uastavard, v is northward
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Figure 60: Winter mixing and warming events.
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4.1.5 Carmel Bay Upwelling

Carmel Bay has colder year-rounder temperaturesttienearby Monterey Bay
and significantly colder temperatures during upingliconditions (Figure 8). Why does
Carmel Bay experience colder year-round tempersitinan Monterey Bay? Upwelling
conditions were frequently observed in Carmel Bayrdy spring and summer, and
Stillwater Cove receives a larger annual nitrateticoution from the wind frequency
band than all other mooring locations, except @nPSur. Two primary areas of coastal
upwelling are present in the greater Monterey Baye upwelling center is located at
Point Afio Nuevo (Rosenfele al.,1994), north of Santa Cruz. A stronger upwelling
center is located to the south of Point Sur (Tragaet al. 1981). Since the upwelling
center at Point Ailo Nuevo has been shown to be@sof cold upwelled water in
Monterey Bay, does Carmel Bay experience the sgweliing source? Or does the cold
upwelled water observed in the Stillwater Cove tsedes come from a different source
such as Point Sur? Rosenfeldal.,(1994) suggested that upwelled surface waters ente
the Monterey Bay principally from the north. Fig@2 shows temperature and wind time
series from Carmel and Monterey Bay during upwgliind upwelling relaxation
conditions during July 2006. Surface temperatuneéSarmel Bay were 2°C colder on
average than surface temperatures at the MBARI Mdrimg, and 3°C colder on average
than the MBARI M2 mooring. Investigating SST durithis upwelling period, we can
see the clear distinction between the Point Aflovdwsnd the Point Sur upwelling
centers (Figure 63). A large water mass of 15°Callea water surrounds the region

near Point Afio Nuevo and extends offshore. PoinisSsurrounded by a smaller but
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colder water mass of 14°C water. The 15°C isothelonsot connect at any point in the
Monterey Bay, and a warmer water mass separategpthelled water masses from the
two upwelling centers.

Carmel Bay was clearly experiencing an influx ofdowater upwelled water from
the Point Sur upwelling source. Although this wdeeguent occurrence during spring
and summer conditions, there were time periods wipsvelling conditions were so
strong that the Point Afio Nuewamd Point Sur upwelling sources connect into alsing
mass of cold water. Geographically, Carmel Bayisnected to and located on a side
branch of the Monterey Canyon. We would expect ssindarity in oceanographic
conditions between Monterey and Carmel Bay du&itfeature; however, Carmel Bay
faces a different direction than the main orieotatof Monterey Canyon. Carmel Bay is
also separated from the Monterey Bay by Point Riaod is located in a protected
environment. Although Monterey and Carmel Bay aoated with close proximity to
each other, they may experience completely difteberanographic dynamics and
events. During summer conditions, both Monterey @admel Bay experience the same
large scale upwelling and relaxation events. Thepseelling events were correlated
between the two locations, and the major differamas the colder temperatures
experienced in Carmel Bay. There appears to béfisigmt along-coast correlation of
upwelling events between Point Afio Nuevo and P8urt however, the temperature
difference may be an issue of proximity to the ulimg source. Carmel Bay is located
with ~ 28 km of the Point Sur upwelling center, iglthe M2 mooring is located ~ 45 km

from Point Afio Nuevo. Recently upwelled water m@vivorthward from Point Sur
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would have less time to heat by the time it reacbhadnel Bay, and may be consistently

colder than water upwelled from Point Afio Nuevo.
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Figure 62: Carmel and Monterey Bay surface tempees during upwelling and
upwelling relaxation conditions during July 2006.
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4.2 Internal Tide in Carmel Bay

Diurnal and semi-diurnal internal motions consifiiefiood the lower half of
water column with cold nutrient-rich water at th&1® deep mooring near the outer part
of Stillwater Cove. While visible year-round in tBéllwater Cove time series, these
baroclinic internal oscillations were coldest aadah the shallowest depths in the water
column during stratified spring and summer condgicDuring extremely stratified
conditions, these internal motions increased the dd@centration in the lower half of

the near-shore water column by up ta\N& . These pulses of cold water were on average

2.5°C colder than the mean temperature of the veatamn, and 2 to 4 hours in duration.
The deepest thermistor was located at 18-m depthhenbottom depth at the mooring is
20 m. It was unlikely that a 2.5°C temperatureaddhce existed within the 2-m spatial
scale between the 18-m thermistor and bottom d@pihting to a non-local source for
the cold water pulses. The question remains: vwhtlita source of the cold water
observed in the diurnal and semi-diurnal internations? Are the observed pulses of
cold water due to horizontal advection of a watassifrom nearby Carmel Bay or
further offshore? Are they due to vertical adveattid cold bottom water driven by

internal tidal pumping from the Carmel Submarinegm?

4.2.1 Horizontal Advection

The three-dimensional advection the equation foorestituent C:

_aCc _aCc ac
v-vC—ua—X+va—y+wa—V 1)
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To assess the likelihood of horizontal versus galtidvection addressed above,
let us consider the two-dimensional case of hotedadvection of a cold water mass
moving past the Stillwater Cove mooring due toltfttav. We will assume there is no

vertical motion in the water column, and that \ativelocities are zero.

Constricting motion to a horizontal plane with rertical velocity, the advection

equation becomes:

_aCcacC
v-vC—ua—X+va—y+0 2)

In the envisioned scenario, cold water from anotbgion was being horizontally
advected past the Stillwater Cove mooring during the ridiagnal and semi-diurnal tide.
As the tide begins to fall, the cold water mass retreats toavards the source and
observed temperatures at the mooring begin to increaseassumed horizontal
advection of the cold water mass from an outside somtcétillwater Cove would have
to occur over a 12-hour and a 6-hour temporal sbalépf the duration of the diurnal
and semi-diurnal tidal cycle. Using data from the Stillw&eve ADCP, the mean
diurnal tidal excursion distance during summer conditiors e@gtimated to be ~ 1000 m.
Wanget al. 2006 modeled the barotropic tide in Monterey Bay using #gedRal Ocean
Modeling System (ROMS). Using the mean major axis tidal visdsogenerated from
their model, the estimated mean diurnal excursion distam¢bd Monterey Bay is 1308

m. This gives us confidence that our estimated diurndleitaursion distance for
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Stillwater Cove is representative of conditiongdtier offshore. If horizontal advection
were the only physical process responsible footheerved pulses of cold water, we
would expect a water mass at least 2.5°C coldee tocated within the 100-m spatial
scale of the daily tidal excursion from the moorikgure 64 shows surface temperatures
in Carmel Bay from 08:00 PDT to 15:00 PDT duringgist &' 2008. These surface
temperatures were recorded with the portable UDys$sn on the R/V Sheila B. This
was the only available SST data from Carmel Bayysavill assume this temperature
field represents average summer conditions in #8ye We lacked sea surface
temperature data for this region during summer itmmd, as Carmel Bay experienced
heavy summertime cloud cover. Satellite imagerthefregion lacked substantial
coverage during summer months. The maximum temerdifference from the

northern to the southern end of Carmel Bay was &r89C. Using the mean daily tidal
excursion distance from Stillwater Cove, surfacegeratures varied less than 1°C within
a 1000-m spatial scale. Figure 65 displays an @ghtcomposite of sea surface
temperatures in Monterey Bay from the week of Aadff€008. Contour lines are drawn
at 1°C temperature intervals. An eight day compa#itSST was used because it
represented the mean temperature field in the Meyt®ay over the duration of at least
one week. An eight day composite also averagetethperature field over ~ 16 tidal
cycles. Looking at the region surrounding Carmef,Bamperature differences on the
order of one degree occurred on scales that aré ratger than twice the entire length of
Carmel Bay. The smallest spatial scale over whioheadegree SST difference occurred

was ~ 9 km. Since these internal cold pulses lbserwed at the semi-diurnal and diurnal
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frequencies, the cold water mass would have tazbotally travel a distance greater than
9 km in 12 hours. This would require a horizontloeity of ~ 21 cm/s for the entire 6
hour period, far above the mean velocities obsenv&lillwater Cove currents. If a

2.5°C surface temperature difference was not pteaémnn the spatial scale of a diurnal
excursion, we can assume that horizontal adveetasinot the primary physical process

delivering cold water pulses to the near-shoreystes in Stillwater Cove.
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Figure 64: Carmel Bay SST from Augu$t®08.
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Figure 66: Carmel Canyon CTD, May 12006.

4.2.2 Vertical Advection
Let us now examine the second suggestion; veddadction of cold water from a deep

source within a tidal cycle.

The advection equation restricted to the vertioahponent:

__ocC
V-VC—WW (3)

The closest source of significantly colder watehis nearby Carmel Submarine Canyon.

During stratified conditions, temperature in Cari@ahyon decreases rapidly with depth.
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A CTD cast conducted in Carmel Canyon during Ma¥ 2807 is shown in figure 66.
From surface to 325-m depth, the maximum tempegatifference was 3.75°C. A 2.5°C
difference was present within a vertical scale@ in. As shown in Figure 21, the 9°C
isotherm in Carmel Bay water column experience@-anfvertical excursion during four
hours of the rising semi-diurnal tide. Since thrersgest cold water pulses were observed
during the peak diurnal high tide, we would expaatn larger vertical excursions during
the rising diurnal tide. We can calculate the waitvelocity component of the water

column during the 4-hour measured vertical excarsiown in figure 21 as:

_dz
W—a (4)

Wherew is the vertical velocity componerdz is the vertical excursion distance, aitd
is the time elapsed during the excursion. Therafigieg the 60-m excursion distance of
the 9°C isotherm over the course of 4 howrs, 15 m/hr. Using this estimate of vertical
velocity, could vertical advection cause a tempegatlifference on the order of 2.5 °C

over the time scale of a diurnal tidal excursion?

Calculating the possibleT for the estimated value of.

dr _  dT
E_WE %)
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_._m_ 25°C
dT =15, x Goe

x12hrs=2.7°C (6)

Over the time scale of a diurnal tidal excursicertical advection in Carmel Canyon
would bring water that was 2.57°C colder to neafase depths. This value was greater
than the observed 2.5°C decrease in temperatusesvelol during the diurnal and semi-
diurnal internal motions.

This showed that vertical advection forced by titerinal tide in Carmel Canyon
was a likely source for the cold water pulses olein Stillwater Cove; however, we
also need to consider whether the horizontal vgl@mdmponent of this vertical excursion
was strong enough to transport the cold bottommieden the offshore canyon into the
near-shore environment. Using the estimated vauthé vertical velocity component
during the rising semi-diurnal tide, we can estentéie horizontal velocity component of
the cold water lens than is moving up-canyon ataltime near-shore environment in
Carmel Bay. Two grid points were chosen to estiraataverage bathymetric slope in
Carmel Bay. These points were 36° 33' 3.6" N, -1271°35.9" W and 36° 32' 9.6" N, -
121° 58' 48" W. The first point is located near @I€ORE mooring in Stillwater Cove
and the second point is located in Carmel Canyan thee mouth of Carmel Bay. The
difference in depth between these two points wasr24and the grid distance between
them was 1733 m. These values give us a bathynsttpe of 0.14 radians, or 8°. The
horizontal velocity component of the vertical exsian can be calculated hs w / sin
(0.14). This gives us a horizontal velocity companaf h = 108 m/hr, which is 0.03 m/s.

Figure 67 displays a schematic of the physical ggecCompared to the very small
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seasonal mean current velocities in Figures 13, thE5horizontal velocity component of
h = 3 cm/s was only slightly greater than rangeafzontal currents velocities observed
at the Stillwater Cove mooring during the year. Qe time scale of a diurnal tidal
excursion, this horizontal velocity component coéthsport cold water from 1296-m
offshore and from 180-m depth into Stillwater CoeCarmel Bay, a temperature
decrease of 2.5°C from the recorded surface teryseraas reached at ~ 175-m depth
(Fig 66). Bathymetry at this depth in Carmel Bayswacated within 1500 m of the
Stillwater Cove mooring, a slightly greater distartican our estimated diurnal horizontal
up-canyon excursion. As a result, we have showrtligamost reasonable source of cold
water pulses observed in Stillwater Cove was latatedepth in the nearby Carmel

Canyon.

36.536,-121.98 -
: 1733 m 36.551, 121.?_6

15 m'hr
vertical
EXCUISION

Figure 67: Horizontal velocity component during tiieng semi-diurnal tide.
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4.2.3 Spatial Variability of the Internal Tide in Minterey Bay

Carmel Canyon experienced internal tides that geedrstrong vertical
excursions (15 m/hr) during the rising semi-diurti@é. This dynamic appears to be the
best candidate for delivering nutrient-rich bottaater from the Carmel Canyon to the
near-shore ecosystem in Stillwater Cove. Duringtsiied conditions, Stillwater Cove
experienced internal waves during both the diuamal semi-diurnal tidal cycle. The
internal waves observed during the rising diurigd tvere much stronger and longer in
duration than their semi-diurnal counterparts, tiieddiurnal internal tide in Carmel
Canyon may generate vertical excursions that haee kBigher velocities than the
estimated semi-diurnal vertical velocity of 15 m/p other locations in Monterey Bay /
Central Coast experience this same dynamic, oaim€l Bay unique? The head of the
Monterey Canyon has been shown to have stronghaidtédes (Rosenfeld, 1999), but
little is known about the strength of the interhdé at other locations in the bay. How
does the diurnal and semi-diurnal internal tidether locations in Monterey Bay
compare to Carmel Bay in terms of strength and@hath the tide? Are there
similarities between locations that are within el@goximity to submarine canyons and
locations far away on the shelf? | hypothesized ithéhe case of canyon overspill due to
the internal tide, locations closest to deeper subra canyon isobaths would experience
the effects of stronger vertical excursions. Isdtiength of the internal tide at locations
within close proximity to submarine canyons simalfunction of distance from deeper
isobaths?

One of the primary goals of this project was torgifp the spatial variability of
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the semi-diurnal internal tide across the alongstdéonterey Bay region, examining
locations within close proximity to submarine cang@nd on the outer shelf. This is
important because locations that experience strantggnal tides will have an additional
source of nutrients via internal waves during gteat conditions. Little variation in the
surface semi-diurnal power was found across theadgaale of the Monterey Bay;
however, there was a high variation in the neatobosemi-diurnal power and a
significant decrease in variance as you move away proximity to a submarine
canyon. Both Point Sur and Soquel Point have exdhgiow semi-diurnal bottom power.
| interpreted this to be because the internal stl@ingly affects the near-shore
temperatures at locations that are within clos&ipridy to submarine canyons, while at
locations on the shelf this mechanism was greatiuced or completely absent. The
MLML seawater system had the strongest semi-diysoaler bottom depth of all the
mooring locations as it was located directly in llead of the Monterey Canyon. The
MLML seawater system had eight times more semirdipower at bottom depth than
Stillwater Cove. Both canyon locations experiengear-round internal waves; however,
the amplitude of these internal pulses was muchdrigt the head Monterey Canyon. In
Carmel Bay, Weston Beach had the most semi-dilnoiém power, while Stillwater
Cove and Sunset Point had similar values.

There was an increase in surface diurnal poweoasnove towards the shelf,
possibly due to the regions being more exposeditireal seabreeze. Interestingly, Point
Sur was subject to strong diurnal sea breezesygaker diurnal surface power was

present there than Lovers’ Point and Soquel Pdimtse two locations had the highest

116



surface diurnal power, while Stillwater Cove had hwest surface diurnal power of all
the moorings. This may be due to the wind shelteradronment of the Stillwater Cove,
which protects the cove from the effects of themlinorthwest seabreeze. Bottom
diurnal power was strongest at Lovers’ Point, v8thlwater Cove and Point Joe having
significant power as well. Carmel Canyon was amueilocation compared to the
Monterey Canyon, as both the diurnal and semi-diurald water pulses observed in
Stillwater Cove were approximately 180° out of phasth the tide (Figure 68). The two
other mooring locations in Carmel Bay do not folltws same pattern. Weston Beach
was ~ 100° out of phase with the diurnal tide, 8odset Point was ~ 50° out of phase
with the diurnal tide (Figure 68). Stillwater Cosrperienced cold water pulses on both
the rising semi-diurnal and diurnal tide, wherdesNMLML seawater system at the head
of the Monterey Canyon experienced cold water gutgethe rising semi-diurnal tide
and the falling diurnal tide. All locations withalose proximity to a submarine canyons
experience internal waves that were ~ 180° ouhap with the semi-diurnal tide. The
time lag for all mooring locations is shown in Figs 71 and 72. Variability in the
bottom semi-diurnal power was also present on msgfiatial scales at locations within
close proximity to a submarine canyon. In Carme}l,Béeston Beach had higher bottom
semi-diurnal power than both Stillwater Cove ands& Point. Figure 73 displays the
distance from the moorings to the 500-m isobatiCdanmel Bay, Sunset Point was the
closest mooring to the 500-m isobath, while StitevaCove and Weston Beach were
almost equidistant. The distance from the seavegtem to the 500-m isobath was

further than all Carmel Bay moorings.
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Semi-diurnal power appeared to be strongest atitsawithin close proximity
to submarine canyons. This indicates the presehaeiong semi-diurnal internal tide in
the Monterey and Carmel Canyons, which may be @&aresm for near-shore nutrient
delivery via introduction of cold bottom water. Thead of the Monterey Canyon had the
highest power of all the mooring locations, witghgitimes as much power as Stillwater
Cove. At all canyon locations, the observed inteweves were phase locked at +/- 180°
out of phase with the semi-diurnal tidal signal.lddations on the shelf, semi-diurnal
power was extremely small and the surface diungalat dominated. The internal tide at
these locations was very weak, and internal wawee winimal or completely absent.
The distance to 500-m isobath does not appear totelated with bottom semi-diurnal
power. The Monterey Canyon head had eight timesuh power as Stillwater Cove;
however, the distance from the seawater systetret6@0-m isobath was 2 km further

than Stillwater Cove.
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Diurnal Phase: Bottom Temperature and Monterey Bay Tidal Height
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Figure 68: Diurnal phase between bottom temperatué Monterey Be tide.

Semi-diurnal Phase: Bottom Temperature and Maonterey Bay Tidal Height
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Figure 69: Semdiurnal phase between bottonmperature and Monterey Bay t.
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Diurnal Time Lag: Bottorn Temperature and Monterey Bay Tidal Tide
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Figure 70: Diurnd time lac between bottom temperature and Monterey Bay tidigtt
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Figure 71: Semdiurnal time lag between bottom temperated Monterey Bay tid
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4.3 Tidal flushing and stagnation in Stillwater Cev

The M. pyriferapopulation inside of Stillwater Cove exhibits wmgtemporal
dynamics compared to the nearby Carmel Bay (Doangfl004). Donnellan (2004)
found that over the course of five years, the\8ater CoveMl. pyriferacanopy declined
2 to 3 months before canopies at Sunset Point anché€ Point. This diminishment in
the kelp canopy at Stillwater Cove began duringusigwhile canopies in outer Carmel
Bay declined during November and December. A l@sidience time for nutrients in
Stillwater Cove might facilitate nutrient depletibg the cove's ecosystem. Stillwater
Cove also experienced substantial nitrate delifreny internal waves during stratified
summer conditions. The concerning issue may bethlea®tillwater Cove ecosystem was
overloaded with nutrients or terrestrial pollutathtat are subsequently trapped by the
cove's slow circulation and semi-enclosed basiBtillwater Cove was experiencing
strong tidal currents outside the cove, is watemfthe inside of the cove being advected
outward into Carmel Bay? What are the seasondldith sub-tidal diurnal excursion
distances? Is Stillwater Cove continually tidallyshed, or are there period of time when
it may become stagnant? We will investigate tidatents and develop a box model to
assess this question. We know from the ADCP timieséhat tidal currents dominated
over sub-tidal currents in terms of magnitude, famdhe purposes of our model we will
assume that tidal currents were the primary flugimechanism for the cove. The
seasonaM. pyrifera canopy inside the cove may also signifigadampen the currents
and increase the residence time. Previous studies $hown that the drag irkelp bed

can be a factor of 10 times greater than thatrafrakelp area (Jackson and Winant,
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1983; Jackson, 1997). Pescadero Rock may divideave into two cells, separating
cross-circulation of the cove in the center. Ifreats outside the cove are weak,
Stillwater Cove may function as an enclosed envivemt and would not be tidally
flushed.

To estimate if there could be possible staghati@hsaubsequent nutrient
overloading in Stillwater Cove, we used a simple timensional box model. The length

of the mouth of Stillwater Cove.(,,.) is approximately 1000 m. The width of Stillwater

Cove (Wcove) is approximately 500 m. Using a two dimensional,libe estimated entire

surface area of the Stillwater Cove region was@@®@nf. We chose to use a smaller
area for our model, focusing on the region of tbxeecconstrained by Arrowhead Point.
The size of this box is 950 m by 300 m, with altetaface area of 285,000°m
Arrowhead Point extends ~ 400 m outward from theechen Stillwater Cove, and would
block any horizontal circulation into or out of theve. This box would consist of
285,000 individual 1 fmsquare water parcels, and we will assume thdtdidaents are
drawing water parcels out of the cove during hathe diurnal tidal cycle. We can
visualize this process as the tidal currents renguan individual square water parcel
from our box during each time interval. We will thassess whether the area exchanged
by the tidal currents was a significant fractiortlué total area (no stagnation), or a small
portion (possible stagnation). If the tidal excarsdistance was less than or equal to the
length of the cove, no square water parcels woeltphlled” out of the cove by tidal
currents (Fig 73). This would mean that no exchdvegereen Stillwater Cove and

Carmel Bay would occur and stagnation was likely.
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Figure 73: Stagnation scenario: tidal excursiontditce is less than the length of
the cove. No squares are removed from the box.
If the tidal excursion is longer than the lengttited cove, tidal currents would
remove square water parcels from the box (Fig [T4)significant amount of square
water parcels are removed from the box, the replaogé of the removed squares due to

conservation of mass may create significant citeutan the cove.
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Figure 74: Non-stagnation scenario: tidal excursidistance is greater than the
length of the cove. Squares are removed from tke bo

If this process removes at least 50% of the boyteee water parcels in 12 hours,
we will assume that there would be significant mgand that water inside the cove was
not stagnant. This would imply a short residenceetfor nutrients circulating inside the
cove, and significant tidal flushing of the coversvironment.

To estimate mean seasonal tidal velocities andrexsudistances, currents were
then averaged from near-surface to bottom deptitsaagseasonal daily path length for

the entire water column was calculated. The tidélygath length for the entire water
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column during summer was 1880 m, winter was 324and,spring was 3300 m.
Dividing these path lengths in half provides ugwah estimate of the tidal excursion
distance over a diurnal period. The daily tidales@n distances were: 940 m during
summer, 1620 m for winter, and 1650 m for sprinigFe 75). The daily sub-tidal
excursion distances were: 628 m during summer, bi8Rring winter, and 823 m

during spring (Figure 76).
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Figure 75: Stillwater Cove seasonal tidal excursthstances.
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Figure 76: Stillwater Cove seasonal tidal excurststances.

The mean seasonal diurnal tidal velocities are:

U commer= o.ozng 8)
m

U yirier=0.08757 9)
m

U gy =0.03827 (10)

127



Over half of a diurnal tidal excursion, tidal curte would remove:

Mean seasonal tidal velociby(l m2> x 43200s (11)
mZ
u summer removed OOZl?T x 43200s=937m? (12)
2
U i remoned™ 0-0375°- x 432005 = 1620m? (13)
m2
U spring removed 00382T x 43200s = 1650m? (14)

These values were extremely small, with spring @deré having the largest removal of
water parcels from our two dimensional box. Dursignmer conditions, the tidal
excursion distance was less than the length dbtixeand no exchange of water between
Stillwater Cove and Carmel Bay would occur. Using €stimate for removal of square
water parcels by spring tidal currents, only 0.065 the individual 1 fwater parcels
would be removed from the box over a diurnal tedadursion. To remove 50% of the
box area and induce significant mixing in the canean tidal currents would have to be
3.3 m/s over the entire tidal excursion. This valias far above any observed values
from our Stillwater Cove ADCP time series. Acco@lio our model, this implied that
stagnation was likely year-round in Stillwater Coagd tidal currents would not be

strong enough to cause significant exchange betiWeecove and Carmel Bay. The sub-
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tidal excursion distances were even smaller thaim tidal counterparts, and both spring
and summer have excursion distances that arehlasghe length of the cove. If tidal
currents were consistently 10 cm/s during the emtiurnal tidal cycle, it would take ~ 16
days to replace half the squares in the box angcmdignificant mixing in the cove.
Figure 77 shows an estimate of the elapsed timardsignificant mixing would occur

using a range of tidal current velocities.

Elapsed time before significant mixing would occur in Stillwater Cove
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Figure 77: Elapsed time before significant mixinguhd occur.

Nutrients would be trapped by the cove’s slow datian and long residence time, and
nutrient or pollutant overloading may be a sigmificconcern for the near-shore

ecosystem. Little exchange would occur betweem@bBay and Stillwater Cove, and
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the two may function as separate environments.

4.4 Implications for Cross-Shelf Nutrient Transpom Monterey Bay

The results of this project have important impiigas for understanding nutrient
delivery via internal waves to near-shore regidasunderlying motivation for this
project was to identify and describe the physicgamographic processes that may
deliver nutrients to near-shore ecosystems, spatlifitheMacrocystis pyrifer&kelp
population located in Carmel Bay. Knowledge of piwgsical processes surrounding the
kelp ecosystem is essential in order to accuratesgribe nutrient delivery, spore
dispersal, and overall kelp population dynamicse frAnsport of nutrients to shallow
areas (< 20 m) is essential for the healtMofpyrifera (Jackson, 1977). The Monterey
Bay National Marine Sanctuary contains many divesesystems and habitats in regions
that span from vast submarine canyons to the widler shelf. The estimated NO
contributions during summer conditions from the sdmrnal and diurnal frequency
bands mirror the plots of power spectral densityis Bhows that the developed nutrient
model accurately represents the physical procéss.niodel provides insight into the
spatial variability of nutrient delivery via thet@rnal tide across the greater Monterey
Bay. Point Sur and Stillwater Cove have the higpestentage contributions from the
wind frequency band, while Lovers’ Point has thghleist percentage contribution from
the diurnal tidal band. Stillwater Cove is locatatther inside the wind sheltered Carmel
Bay than Weston Beach and Sunset Point, howeviwa&er Cove receives more NO

from the wind band than the two other locationse Monterey Canyon head has the
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highest percentage contribution from the semi-dilitidal band with Weston Beach in
Carmel Bay having the second highest. Soquel Pedaived the least total NOf all

the mooring locationdue to the lack of both internal waves and upwelllExamining

the total estimated Nébudget from all frequency bands during summer dgrd, the
MLML seawater system at the head of the Montereayy®a received the largest total
NOjscontribution (Figure 69). This location receivedraall contribution from the wind
band compared to other locations; however, the imel of internal waves at the head
of the Monterey Canyon was extremely high. Duritrgt§ied summer conditions, semi-
diurnal internal waves increased pN&@ncentrations by up to 32V for periods of 8
hours. Diurnal internal waves increaseddd¢@ncentrations by up s\ for periods of 6-
7 hours. These internal waves were observed aitineal and semi-diurnal periods and
harmonics during the entire summer time series.cbmsistent presence of these internal
waves provided a massive amount ofdtithe head of the Monterey Canyon during
summer conditions. The seawater system receivedsaliwice as much total N@s

Point Sur. At the seawater system, the wind bamdribaited only 16% of the total NO
while the tidal band at Point Sur contributed 15.9%ese locations represented the two
extremes in terms of wind band versus tidal bamdrdmutions. This is an important
result as it shows that the seasonakB@ntribution from internal waves in a submarine
canyon can easily exceed the N@ntribution at an upwelling center. In Carmel Bene
wind frequency band was the dominant mechanisrddbvering NQ to the near-shore
environment. In Stillwater Cove, internal waves teifuted 36% of the total NQwhile

upwelling contributed 64%. Nutrient delivery viawgling plays a much larger role in
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Carmel Bay than at the head of the Monterey Canyba.head of the Monterey Canyon
is located ~ 60 km from the upwelling center at®®@ifio Nuevo, while Stillwater Cove
is only ~ 25 km from Point Sur. While internal wawgere a significant contributor of
NOjs in Carmel Baythe amplitude of the internal pulses was much sn#tlan their
Monterey Canyon counterparts. Internal waves inm@hBay during stratified summer
conditions increased Nf@oncentrations by up tolBV, half of the concentration
increase observed at the seawater system. Whileel&ay was within close proximity
to a submarine canyon, the branch of the Carmey@wawas far smaller and shallower
than the Monterey Canyon. Vertical velocities &t fliead of the Monterey Canyon have
been documented at 30 m/hr (McPhee-Shaw, 2004)e tthie vertical excursion velocity
observed in Carmel Canyon. Using the results fioisgroject, we can show that near-
shore ecosystems in the greater Monterey Bay ighatithin close proximity to
submarine canyons have an additional source oiemixrvia internal waves. Figure 78
shows an interpolated map of the total nutrientgetiéicross the Monterey Bay during
summer conditions. In these regions, the semi-diunternal tide is greatly amplified
and provides a consistent source of nutrient-radd bottom water. The importance of
this dynamic has serious implication for cross-shetrient transport, as internal waves
in the head of the Monterey Canyon are a largeuanO; contributor than upwelling
at Point Sur. During periods of upwelling relaxatend decreased N@vels in the
water column, internal waves may sustain the nkaresecosystem with essential
nutrients. At locations where the shelf width irases greatly, far away from any major

submarine canyon branches, this mechanism dimisialmeost completely. Therefore, in
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near-shore regions located within close proxinstgtibmarine canyons, the bottom
depths of the water column are continually beintipéad with nutrient rich water during
the rising semi-diurnal tide during stratified cdrmahs. Kelp forests located in these
near-shore regions would have a direct sourcetrHtaivia this mechanism. Regions
located further out the shelf, away from any majbmarine canyons, would not have
this delivery mechanism and their respective edesys may have to rely solely on

upwelling as a dominant nutrient source.

Figure 78: Spatially interpolated estimatdiD; budget for the greater Montereya
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