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The effects of wind forcing on coastal ocean circulation are studied using a
numerical modeling approach. The first region of interest is on the North Carolina
shelf, where the Coastal Ocean Processes (CoOP) Inner Shelf Study (ISS) took place
during August — November 1994. ISS observations are used to initialize, force, and
compare results from a two-dimensional version (variations across-shore and with
depth; uniformity alongshore) of the primitive equation Princeton Ocean Model.
Both strongly stratified and weakly stratified conditions, found during August
and October, respectively, are studied. An additional difference between these
two periods is that August is characterized by fluctuating alongshelf winds, while
October is dominated by downwelling-favorable winds. Momentum term balances,
across-shelf transport values, and Lagrangian dynamics are contrasted for the
August and October periods. The nonlinear advection terms contribute significantly
to the alongshelf momentum balance in depths less than 10 m during upwelling, but

not during downwelling.




This result regarding the asymmetry in the shelf response during upwelling
and downwelling motivates further study in this region using the same model
setup with forcing by periodic alongshelf wind stress. This periodicity allows
further investigation of the upwelling-downwelling asymmetries and the Lagrangian
characteristics of the flow. An important result of the asymmetric upwelling and
downwelling responses is a non-zero mean Eulerian and Lagrangian velocity over the
forcing period. These mean velocities differ, leading to a mean Stokes velocity that
is largest in the complex region near the coast where parcel trajectories are irregular.
A Lagrangian mapping technique and calculation of the largest Lyapunov exponent
help identify the nature of fluid parcel displacements over many periods.

Focus of the modeling effort then shifts to the region of the northern California
shelf, where the CoOP Wind Events and Shelf Transport (WEST) program collected
measurements during January 2000 ~ May 2003. The three-dimensional Regional
Ocean Modeling System (ROMS) primitive equation model is initialized and forced
with WEST observations, and extensive model-data comparisons are made with
three WEST datasets. The model compares reasonably well with moored velocity
measurements, CODAR surface current observations, and shipboard hydrographic
measurements. The mean response over the summer period is dominated by an
upwelling circulation, including a coastal jet that separates off Pt. Arena and
Pt. Reyes. Flow near Pt. Reyes during an upwelling and relaxation wind event
is complicated and the response north and south of the cape is quite different.
Lagrangian results reveal that the source of upwelled water near the coast south of
Pt. Reyes is local, as compared to that north of Pt. Reyes, which has a signature of

deeper water from farther north. Momentum term balances help to clarify the event




dynamics as a function of shelf location. The Lagrangian analyses include both a
parcel tracking and label advection technique and provide detailed information on

the upwelling response of fluid parcels on the shelf.
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Numerical Model Investigations of Wind-driven Coastal

Circulation

1 Introduction

Wind forcing is of primary importance in the coastal ocean, the region of the
oceanic continental margins and their slope toward the deep ocean. The coastal
ocean closely impacts the large number of global inhabitants of coastal regions,
economically affecting the industries of fishing, tourism, and recreation. Hence,
coastal oceanography has long been an important topic in the field of oceanography.
Because coastal regions are easily accessible for study, many large-scale observational
programs have taken place off the eastern and western coasts of North America
in recent decades. Two such programs, the Coastal Ocean Processes (CoOP)
Inner Shelf Study (ISS) off North Carolina and the CoOP Wind Events and Shelf
Transport (WEST) off Northern California, will be discussed in detail in connection
to the modeling efforts of this dissertation.

“In recent years, a significant increase in the use of numerical models in studies
of the coastal ocean has occurred. The ability of models to reveal characteristics of
flows that may be difficult to determine from observations is clearly advantageous,
despite recognized imperfections in the models and their output. Application of
the widely-used primitive equation Princeton Ocean Model to the coastal ocean
for idealized studies of two-dimensional wind-driven upwelling and downwelling
was first presented in Allen et al. (1995) Federiuk and Allen (1995) Allen and

Newberger (1996) and later by Austin (1998) and Austin and Lentz (2002). These



studies argued that the wind-driven shelf flows in the regions of interest (Oregon
and North Carolina, respectively) are sufficiently homogeneous along the shelf and
that a two-dimensional model (variations across-shelf and with depth) can describe
reasonably well the circulation associated with upwelling and downwelling. They also
served as a useful starting point for model studies of more complex three-dimensional
coastal flows.

Chapter 2 is an extension of the idealized modeling study of Austin (1998) and
Austin and Lentz (2002) for the region of the CoOP ISS off Duck, North Carolina
to include realistic model bathymetry, initial stratification, and forcing by observed
winds and heat flux components followed by direct model/data comparisons. The ISS
had the interdisciplinary goal of quantifying across-shelf transport and its impact on
the planktonic larvae of inner-shelf benthic invertebrates (Austin, 1998). Therefore,
an across-shelf array of sensors collected time series during August — November 1994
(Butman, 1994). The model domain selected for this study is given by this same
two-dimensional section to allow for quantitative model-data comparisons.

Following the analysis of observed and modeled fields from an Eulerian
perspective, the Lagrangian flow characteristics are also discussed. Although there
is a natural interest in the behavior of fluid parcels in coastal flows, specifically
in relation to physical forcing effects on biology, analysis of coastal models have
traditionally not focused on this perspective. It is a complicated problem, but
one that is approached in this work using two different techniques. The first
method implements existing particle-tracking techniques as done, for example, by
Chen and Beardsley (1998). In addition, we use an alternate method of advecting

Lagrangian label fields by model velocities and make direct comparisons of the



modeled parcel tracks from the two techniques. The Lagrangian analysis of modeled
flows is introduced in Chapter 2 with forcing by observed ISS winds and extended in
Chapter 3 for the case of periodic wind stress forcing over short and long time scales.
The work presented in Chapter 3 was motivated by asymmetries discovered in the
upwelling and downwelling response during periods of fluctuating winds discussed in
Chapter 2. Periodic forcing allows for the application of more detailed Lagrangian
analysis tools, including a mapping technique for advecting the parcels over many
forcing periods and calculation of the largest Lyapunov exponent.

While a two-dimensional approximation for the study of upwelling and
downwelling circulation is appropriate for some coastal regions, the application of
a full three-dimensional model necessarily includes more dynamics and is useful in
areas with significant alongshelf variability, such as the northern California shelf.
This region has been the focus of several large observational programs, including
the Coastal Ocean Dynamics Experiment (CODE) (Beardsley and Lentz, 1987),
Northern California Coastal Circulation Study (NCCCS) (Bray and Greengrove,
1993), Shelf Mixed Layer Experiment (SMILE) (Alessi et al., 1991), Coastal
Transition Zone Experiment (CTZ) (Brink and Cowles, 1991), and most recently the
CoOP WEST program. The shelf between Pt. Reyes and Pt. Arena experiences the
strongest summer upwelling winds along the US west coast (Dorman and Winant,
1995). Interesting dynamics also result due to the region being bounded at the north
and south by capes, especially the prominent cape of Pt. Reyes, which has been
shown to experience poleward flow nearshore during relaxation from upwelling winds
(Send et al., 1987) that is important in transporting larvae of benthic invertebrates

northward from the Gulf of Farallones (Wing et al., 1995).




The goal of Chapter 4 is to document the Eulerian and Lagrangian analyses
conducted using a three-dimensional numerical model developed in support of
the WEST program. Specific topics of interest that address WEST objectives
include the flow variability along and across the shelf, the behavior of the complex
flow around Pt. Reyes, and the source and fate of upwelled water. The period
of the modeling study is May—June 2001, during which WEST measurements,
including shipboard hydrographic surveys, CODAR surface velocities, and moored
temperature and velocity time series, are available. Quantitative comparisons of
the model output with the WEST observations are made and generalizations of
the summer upwelling period are presented with time-averaged model fields. The
analyses of the time-variable aspects of the flow focus on the response to a particular

wind event beginning with upwelling-favorable winds that relax to near zero.
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2.1 Abstract

The effects of wind-forced upwelling and downwelling on the continental shelf
off Duck, North Carolina are studied through experiments with a two-dimensional
numerical primitive equation model. Moored and shipboard measurements obtained
during August-November 1994 as part of the Coastal Ocean Processes (CoOP) Inner
Shelf Study (ISS) are used for model/data comparisons. The model is initialized
with realistic stratification and forced with observed wind and heat flux data.
Both strongly stratified and weakly stratified conditions, found during August and
October, respectively, are studied. August is characterized by fluctuating alongshelf
wind direction, while October is dominated by downwelling-favorable winds. The
across-shelf momentum balance is primarily geostrophic on the continental shelf.
The alongshelf momentum balance is mainly between the Coriolis force and vertical
diffusion with additional contributions from the local acceleration and nonlinear
advection terms. The model solutions are utilized to acquire detailed information
on the time- and space-dependent variability of the across-shelf circulation and
transport and to investigate the dependence of this circulation on the seasonal
change in stratification. When the stratification breaks down, as in October, the
across-shelf transport is reduced significantly compared to the theoretical Ekman
transport for large wind stress values. The paths of individual model water parcels
are traced using two methods: calculation of Lagrangian trajectories and time
evolution of three Lagrangian label fields. The August period produces complex
Lagrangian dynamics due to the switching between upwelling and downwelling
winds. The October period illustrates a mean downwelling response which advects

parcels across and along the shelf and vertically.



2.2 Introduction

The phenomena of wind-driven coastal upwelling and downwelling are of
significant interest due to their widespread impacts on the physics and biology of
many continental shelves throughout the world. Large observational efforts, such as
the Coastal Ocean Dynamics Experiment (CODE) off San Francisco during 1981-82
and the Coastal Ocean Processes (CoOP) Inner Shelf Study (ISS) off Duck, NC in
1994, have been conducted with major goals of understanding wind-driven flows. The
CoOP ISS had a primary inter-disciplinary purpose of quantifying the across-shelf
transport of sediments and the planktonic larvae of inner shelf benthic invertebrates
(Austin 1998). The central element of the field program was an across-shelf array of
sensors to collect time series of biological, sedimentological, and physical variables
for the period of August-November 1994 (Butman 1994). Dynamical analysis of
the CoOP data can be found in Lentz et al. (1999), Lentz (2001), Austin and
Lentz (1999), Austin (1999), and Rennie et al. (1999). In addition, modeling
studies using the two-dimensional approximation (variations across-shelf and with
depth; uniformity alongshelf) have been conducted with idealized upwelling and
downwelling wind forcing (Austin and Lentz 2002).

The purpose of the present study is to understand basic characteristics of the
shelf response to observed variable winds during the CoOP ISS for both stratified
(August) and unstratified (October) conditions. We use the Blumberg-Mellor
(1987) primitive equation model formulated for the two-dimensional situation. We
force the model with measured hourly wind and heat flux data and make direct

comparisons of model results with the CoOP observations. Estimates of across-shelf

transport are computed and examined in detail during the stratified and unstratified



periods. Across-shelf transport is a primary element of wind-driven upwelling and
downwelling, though it is not well understood (Dever 1997; Lentz 2001).

An additional goal is to examine the model solutions from a Lagrangian point of
view. Existing particle tracking techniques are applied to the model shelf flow field to
obtain insight into wind-forced fluid parcel transport. We also introduce a technique
of advecting Lagrangian label fields by the model velocities for comparison with
the modeled water parcel tracks. Lagrangian mean velocity fields (or mean velocity
patchiness plots) provide information about the three-dimensional Lagrangian
circulation.

The outline of the paper is as follows. The CoOP field study is described in
Section 2.3. The numerical model setup and the particle tracking techniques are
described in Section 2.4. Results from the model runs and the Eulerian analyses are
discussed in Section 2.5. The Lagrangian results are presented in Section 2.6. A

summary is given in Section 2.7.

2.3  Background

Observational data were collected near the U.S. Army Corps of Engineers Field
Research Facility (FRF) at Duck, North Carolina (36.18 N) from August through
November 1994 (Butman 1994). The location is midway between Cape Henry (36.92
N) and Cape Hatteras (35.27 N). Two rigid towers in 4 m and 8 m depth and three
surface/subsurface mooring pairs in 13, 21, and 26 m depth were deployed along a
16 km across-shelf transect (Lentz et al. 1999), as shown in Figure 1. In addition,
the 21 m site included a vector-averaging wind recorder meteorological package

that measured air and near-surface water temperature, shortwave and longwave



radiation, wind velocity (3.5 m above the sea surface), barometric pressure, and
relative humidity (Austin 1999). Wind velocity was also measured 19.5 m above the
sea surface on the FRF pier. Additional hydrographic data were obtained through
intensive shipboard surveys conducted along the same central mooring line during
the months of August and October to provide better spatial resolution relative to
the moored data (Waldorf et al. 1995; Waldorf et al. 1996).

All vector time series were rotated to a coordinate system based on the
coastline orientation with the alongshelf coordinate y positive toward 340 N and
the across-shelf coordinate z positive offshore. A detailed description of the data

processing can be found in Lentz et al. (1999) and Alessi et al. (1996).
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Figure 1. Across-shelf instrument transect during the CoOP field experiment Aug—
Nov 1994. Figure is modified from Figure 2 in Lentz et al. (1999).
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Time series of winds, currents, surface heat flux, temperature, and salinity are
shown in Figure 2 for the period August 7-November 15, 1994. To focus on subtidal
dynamics that are of interest in this study, the time series have been low-pass
filtered using a 38-hour half-power point filter (PL64 filter described in Rosenfeld
(1983)). The winds vary on a time scale of 3-7 days between upwelling-favorable
(northward) and downwelling-favorable (southward) during August and September,
but in October and November are dominated by downwelling events. The heat
flux time series (with a gap from September 4-October 7) illustrates more surface
heating during the summer month of August than in October. The heat flux
is significantly correlated with the alongshelf wind stress due to the passage of
atmospheric cold fronts, which cause the fluctuating alongshelf wind direction in
August and September (Austin and Lentz 1999). The depth-averaged currents from
the 26 m site are southward and onshore in the mean. Also plotted in Figure 2
are temperature and salinity at three depths from the 26 m site. The evolution
in vertical structure is evident in these time series. Strong vertical gradients in
both temperature and salinity are observed throughout August until September 4,
at which time a southward storm mixes the water column. After this event, the
temperature and salinity show events of warm, fresh surface waters entering the

region in September following southward winds.

2.4 Methods
2.4.1. Model Description

The numerical model is a two-dimensional version of the Princeton Ocean

Model from Blumberg and Mellor (1987). The model equations are the hydrostatic
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primitive equations in sigma coordinates. The Mellor-Yamada (1982) turbulence
closure scheme, as modified in Galperin et al. (1988), is embedded. The model
domain is an across-shelf (z,z) section bounded by vertical walls at the coast
and offshore boundary. There are no variations in the alongshelf (y) direction.
The boundary conditions on the velocity components at the coastal and offshore
boundaries are no flow in the across-shelf direction (u=0) and free-slip in the

alongshelf direction (v, = 0).
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Figure 2. Time series of wind stress vectors calculated from measurements on the FRF
pier; depth-averaged current vectors from mooring measurements in 26 m depth; total
surface heat flux; salinity and temperature at three depths from mooring measure-
ments in 26 m depth. The vectors are plotted in the z,y coordinate system described
In the text where positive y is aligned along 340 N and is generally northwestward.
All time series have been low-pass filtered using a 38-hour half power point filter.
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2.4.2. Model Setup

The initial state of the model experiments is a coastal ocean at rest with
horizontally uniform temperature and salinity fields. The model is forced by spatially
independent wind stress components 75% and 7% computed from the winds measured
at the FRF pier (using a wind-speed dependent drag coefficient as in Large and Pond
(1981)) and shortwave radiative heat flux @, and the sum of the longwave and
turbulent fluxes (Qu+Qsen+Qiar) computed at the 21-m surface mooring (Austin
and Lentz 1999). The wind and heat flux forcing is by the observed hourly values,
which are interpolated to the model time step.

The model bathymetry is characteristic of that off Duck, NC (Figure 1) with
a relatively steep slope from the coast to about 20 m depth and a gradual slope
offshore of the 20 m isobath. The rather complex bathymetric features offshore of
20 m evident in Figure 1 are smoothed for the numerical experiments. Separate
experiments are performed for August-September and for October. The initial
temperature and salinity fields are discussed in Section 2.4.4 (Figure 3).

The model domain extends from the coastal boundary to a distance of 200 km
offshore, with the water depth a constant value of 35 m offshore of 40 km. A uniform
grid spacing is used in z with a resolution of 250 m and in ¢ with 30 o levels. The
horizontal kinematic eddy viscosity and diffusivity are chosen to be small constant

1

values, Ay = Ay = 2 m? s7'. The background vertical viscosity v,; and diffusivity

1

vy are set to 2.0 x 107° m?s™!. The external time step is 5 s and the internal time

step is 75 s.
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Figure 3. Initial temperature, salinity and oy profiles with depth for the Aug and Oct
model simulations. The initial temperature and salinity profiles are computed as the
horizontal averages of the mooring measurements on 7 Aug 1994 and 6 Oct 1994.

2.4.3. Lagrangian Calculations

Coastal ocean models are typically formulated and analyzed in terms of Eulerian

variables with little consideration given to a Lagrangian interpretation. Here, we
pursue also a Lagrangian description. For that purpose, we utilize the Lagrangian
information that is directly available from the model and consider the motion of
model fluid parcels that are advected by the model-resolved velocity field. Since the
model also includes a parameterization of small-scale turbulence, these Lagrangian
parcel trajectories comprise only the resolved part of the full fluid motion represented
in the model. The interaction between advection and diffusion is a rich aspect of

classical fluid mechanics (e.g., Taylor 1953, 1954) and we believe that analysis of
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explicit Lagrangian motion in models will be important to improved understanding
of such interactions in the coastal ocean.
Lagrangian fluid motion is calculated using two different techniques. The first

approach involves computing parcel trajectories by solving the differential equations

dx dy do w
—_= — = _—=
dt ’ dt ’ dt  (H+n)’

(1)
as done, for example, by Chen and Beardsley (1998). A set of parcels are indexed
by their initial positions on a grid of 30 ¢ levels and 160 z positions (approximately
1 m resolution in z and 1.25 km resolution in z). Numerical solutions to Eq. 1 are
calculated utilizing a fourth-order Runge-Kutta scheme. The time step used for
the Runge-Kutta scheme is the model internal time step. The updated positions
obtained from the equations are saved hourly for each initial parcel position.
Interpolation of all three components of velocity to the parcel positions after each
iteration is bilinear.

In addition to tracking individual water parcels, we utilize a second technique
that gives Lagrangian trajectories for a continuous field of parcels. For calculations
without errors, i.e., those performed in the limit of vanishing spatial grid sizes and
time steps, the Lagrangian parcel trajectories obtained from both techniques would
be equivalent. This second approach involves the definition of three Lagrangian label

fields that are advected by the model velocities. The Lagrangian labels, X (z, z, 1),

Y(z,y,2,t), and Z(z, 2, 1), satisfy the following equations:

DX DY Dz
Dt ’ Dt ’ Dt ’ (2)
where —,% = % + u(;a—z + v% + w(f—z. The initial conditions are

X(z,2,t=0)=1z, Y(z,y,2,t=0 =y, Z(z,2,t=0) ==z (3)
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With the two-dimensional approximation for the Eulerian flow we obtain

28_}: = (4)
Dtoy
SO we can write
Y(z" y? Z? t) :y+YI($) Z? t)? (5)

and we can determine Y by solving for Y', where

!

D +v =0, (6)

with

Y'(z, 2, = 0) = 0. (7)

As will be shown in Section 2.6.1, examination of the time evolution of the label fields
helps to provide insight into the Lagrangian characteristics of the flow. The labels
X, Y and Z are calculated as fields on the model grid with the higher-order accurate
advection scheme of Smolarkiewicz (1983) using three iterations of the corrective
step. Displacements are obtained by differencing the initial and final values at a
given grid point in z-z space. We note that the evolution of the Lagrangian label
fields is completely determined by advection with the model-resolved velocity fields.
Consequently, the behavior of the labels will differ from that of passive tracer fields
that are diffused by the effects of small scale turbulence. This difference is shown

explicitly by analysis of results from comparable experiments in Section 2.6.1.
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Table 1. Summary of depth-averaged model/data correlation coefficients
for alongshelf velocity and temperature. The first experiment was initialized
with the monthly mean of the mooring data from Aug and Oct. The second
experiment was initialized with the daily mean of the mooring data from Aug
7 and Oct 6. The third experiment was initialized with the shipboard data
from Aug 11 and Oct 10.

Initial T,S Source 13-m mooring | 21-m mooring | 26-m mooring

\% T \% T Vv T

Monthly mean Aug {054 043 052 035 033 0.33

mooring data Oct | 0.71 0.89 |0.71 096 1069 092

7 Aug and 6 Oct Aug [ 0.63 0.53 |0.67 052 |052 048

mooring data Oct | 0.71 0.85 066 093 |[0.68 0.91

11 Aug and 10 Oct | Aug | 0.57  0.31 056 023 [0.36 0.20

shipboard data Oct {069 090 |0.69 096 |063 0.92

2.4.4. Model Sensitivity

To determine the sensitivity of the model to initial conditions, we initialize
with three different temperature and salinity fields and compare the model results
to alongshelf velocity and temperature data for the months of August and October.
The three initialization fields consist of the monthly means of temperature and
salinity from the mooring data, mooring data from August 7 and October 6 (the first
day of the model experiments), and shipboard data from August 11 and October 10
(the first shipboard observations). A summary of the model sensitivity analysis and
the resulting depth-averaged model-data correlation coefficients is shown in Table 1.

It is apparent from this summary that the correlation coefficients are improved for
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the month of August with the August 7 observed initial temperature and salinity.
The remaining sections of the paper will therefore discuss the results using the initial
fields from August 7. For the month of October, the differences in Table 1 are small.
For consistency we use the October 6 observed initial temperature and salinity for

the October run (Figure 3).

2.5 Eulerian Analysis
2.5.1. Model-Data Comparisons

We perform several model-data comparisons utilizing the data from the
CoOP experiment. Hourly depth-averaged alongshelf currents from the model
and the observations at the five mooring locations are shown in Figure 4 for
August-September and October. Agreement is generally good in August, with
the lowest correlation at the 26 m mooring. The model appears to underestimate
the effect on the alongshelf current of downwelling-favorable winds (7, < 0).
Presumably, this is caused by the neglect of an alongshelf pressure gradient force in
the model, which was shown to be important in forcing southward currents during
downwelling-favorable winds by Lentz et al. (1999). The alongshelf pressure gradient
is associated with the Chesapeake Bay plume waters that flow southward during the
study period and reach Duck, NC about 1-1.5 days after the relaxations of upwelling
winds (Rennie et al. 1999). Generally good agreement of alongshelf currents is also
found in October. The observations have greater standard deviation values than
the model for August and October at all locations (Table 2). The magnitudes of
the October means from the observations are larger than those from the model, and

both model and observations are southward in the mean at all mooring locations.
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The August model means are northward at all sites, while the observations are

southward, although the magnitudes are small compared to those in October. The
root mean square error values are maximum at the 13 m mooring for both months
and minimum at the 4 m mooring in August and the 8 m mooring in October. The
modeled and observed alongshelf currents also agree well at all depths at each site.
The modeled and observed across-shelf velocities have fair agreement in August, but

poor agreement in October (Table 3).
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Figure 4. Model (thick line) - data (thin line) comparison of depth-averaged alongshelf
current (m s™') for August and October at the five mooring locations. The alongshelf
wind stress component (N m~2) measured at the FRF pier is also plotted in the top
panel. The correlation coefficients r are also given.



Table 2. Summary of model/data means, standard deviations, correlation
coeflicients, 7, and root mean square errors, rmse (m s~!), of the depth-
averaged alongshelf velocity. The root mean square error is computed over
n hours as rmse = [ 57 (vn, —v,)?]"/? where v, denotes observations and
U, denotes model. The values are given for each mooring position for the

months of Aug and Oct.

Mooring Mean (ms™) | Stdv (ms™) | r | RMSE (ms™!)
Model Data | Model Data

4 m Aug | 0.026 -0.009 | 0.075 0.110 | 0.73 0.082
Oct | -0.055 -0.066 0.082 0.164 | 0.60 0.132

8 m Aug | 0.026 -0.021 | 0.088 0.142 | 0.69 0.113
Oct | -0.063 -0.129 | 0.089 0.118 | 0.80 0.097

13 m Aug | 0.022 -0.066 | 0.099 0.199 | 0.66 0.176
Oct | -0.061 -0.121 | 0.101 0.159 | 0.55 0.147

21 m Aug | 0.019 -0.075| 0.106 0.167 | 0.71 0.152
Oct | -0.067 -0.142 | 0.092 0.158 | 0.69 0.138

26 m Aug | 0.004 -0.026 | 0.111 0.133 | 0.56 0.119
Oct | -0.074 -0.105 | 0.086 0.131 | 0.59 0.111
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Table 3. Summary of depth-averaged model/data means, stan-
dard deviations, correlation coefficients, r, and root mean square
errors, rmse (m s~ 1), of the across-shelf velocity. The values are av-
eraged over the depths of the instrument locations at each mooring
position for the months of Aug and Oct.

Mooring Mean (m s') | Stdv (m s71) r | RMSE

Model Data | Model Data

4 m Aug | -0.013 0.004 | 0.015 0.043 | 0.76 | 0.039

Oct | 0.008 0.065 | 0.014 0.092 | 0.24 | 0.107

8 m Aug | -0.011 0.004 | 0.025 0.035 | 0.45 | 0.039

Oct | 0.002 0.003 | 0.022 0.025| 0.23 | 0.044

13 m Aug | -0.008 -0.002 | 0.027 0.025 | 0.37 | 0.033

Oct | 0.010 -0.011 | 0.018 0.018 | 0.02 | 0.035

21 m Aug | -0.004 -0.001 | 0.028 0.036 | 0.45 | 0.037

Oct | 0.005 -0.009 | 0.019 0.034 |-0.10| 0.045

26 m Aug | -0.002 -0.023 | 0.025 0.040 | 0.36 | 0.043

Oct | 0.000 -0.018 | 0.016 0.039 | 0.06 | 0.047

Shipboard across-shelf transects collected by Waldorf et al. (1995, 1996) are
also compared to the model temperature field. These across-shelf sections occurred
on seven days in August and eleven days in October and extended from 1 km to
between 20 and 50 km offshore. The mean and standard deviation of temperature
from these dates are computed from the model, the shipboard observations, and the
mooring data. These results are plotted as contours in offshore distance and depth

in Figure 5. Mean model temperature agrees well in August, capturing the observed
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thermocline depth and upward tilt of isotherms near the coast. Variability in the
depth of the thermocline throughout the month, as shown by the high standard
deviation values between 10-15 m depth, is apparent in both the model and the data.
However, the data show that this variability extends to the coastal boundary, and
the model only displays high variability offshore of 20 km. In October, the model is
warmer than the observations by about 2 degrees and shows less variability about
the mean temperature field than is observed. The model and shipboard observations
diverge on October 12, at which time a strong downwelling event and associated
cooling is observed in the study region (Figure 2). The model temperature field does
decrease during this period, but not as significantly as the observed temperature.
Austin (1999) found that the drop in area-averaged water temperature observed in
October was due to both surface heat loss and the alongshore transport of heat.
The alongshore heat flux was significant during the period of October 10-13 and
during 3 additional 1-3 day periods throughout October, though usually slightly
less than the surface heat flux. The model contains a time-varying surface heat
flux component, but no alongshore heat flux. The neglect of this process is likely
the cause of the model’s underprediction of the temperature decrease in October.
Salinity comparisons (not shown) reveal variability in the observations at all mooring
locations that is not captured by the model. The likely reason for this disagreement
is again the neglect of three-dimensional effects, which leads to the exclusion of fresh

Chesapeake Bay plume water observed in this region.
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Figure 5. Mean and standard deviation of temperature from the model (top), ship-
board observations (middle), and mooring data (bottom) for the months of August
and October. The horizontal axis is distance offshore (km) and the vertical axis is
depth (m). Note the different scales for the model and the observations in Oct.

2.5.2. Dynamical Analysis

Having demonstrated the model’s ability to represent fields of iﬁterest, we now
analyze the resulting flow behavior and the dynamics from each monthly simulation.
An overview of the general flow behavior is shown by contour plots of the monthly
mean and standard deviation of potential density oy, streamfunction %, alongshelf
velocity v, and across-shelf velocity u in Figure 6 for August 7-August 30 and
October 6-October 29. It is clear that August is strongly stratified with a mean
upwelling circulation, while October is weakly stratified with a mean downwelling
circulation. August also has a mean northward coastal jet with velocities greater

than 0.05 m s~! and a region of southward velocities of 0.03 m s™! just offshore of

and below the coastal jet. This structure is due to upwelling winds modified by




the intermittent presence of downwelling-favorable winds throughout the month.
October has southward velocities everywhere on the shelf, with the strongest values
offshore of 20 km and from the surface to about 15 m depth. Mean offshore flow in
August is concentrated in a 10 m surface Ekman layer. The mean onshore return
flow is in a thin bottom boundary layer extending to 30 km and evenly distributed
throughout the water column offshore of 30 km. In October, mean onshore surface
flow and offshore bottom flow are in layers about 15 m thick, separated by a thin (<
5 m) middle layer with little across-shelf motion.

Much of the variability in oy lies within 10 km of the coast and in v within 20
km of the coast where the isopycnal advection and the alongshelf jet reverse direction
in response to the changing winds. In August, a region of strong variability in oy
also occurs between 10-15 m depth offshore of 20 km due to the changing pycnocline
depth. The width of variability in the density and alongshelf velocity fields depends
on the forcing and initial stratification. In additional numerical experiments in which
we vary the magnitude of the alongshelf wind stress from 0.1257% to 47°Y, we find
the offshore scale of the jet varies with the smallest scale of 8 km for 0.1257% and the
largest scale of 40 km for 47°Y. The scale of the fluctuations in the density field vary
in a similar manner. For reference, we calculate the Rossby radius of deformation
Rp for the first baroclinic mode as a function of offshore distance by solving the
vertical eigenvalue problem using the local water depth and initial stratification and
assuming a flat bottom. The value of Rp increases rapidly from less than 1 km
near the coast (z < 3 km) to 7.5 km for z > 40 km and is independent of |7|.
Consequently, we conclude that the offshore scale of the fluctuations in the coastal

jet is related to the magnitude of 7°Y and is not characterized by Rp alone.
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Figure 6. Mean model fields and standard deviations for the months of August and
October. The fields contoured are oy (row 1), streamfunction v (row 2), alongshelf
velocity v (row 3), and across-shelf velocity u (row 4). All fields have been averaged
over an inertial period.

The mean alongshelf momentum balance terms in August and October are
plotted in Figure 7. For convenience in the following discussion, we write the
terms in Cartesian coordinates (z, z) with velocity components (u, w). The
alongshelf balance is dominated in both months by the Coriolis force fu and vertical
diffusion (Kv;,),, but in August, contributions from the nonlinear advection terms,
(uv)s + (wv),, are significant from the coast to about 10 km offshore (20 m depth),
and the local acceleration term v; plays a role in the balance offshore of 10 km. In

a 2-D modeling study of upwelling on a stratified shelf with idealized wind forcing,




25

Austin (1998) found a balance between the Coriolis force and vertical diffusion with
a contribution from the local acceleration term in the upper 10 m offshore of the
upwelling front. The Austin (1998) dynamical balances are similar to those found in
the present study with forcing by observed winds during August, with the exception
of the importance here of the nonlinear terms. The mean across-shelf balance (not
shown) is dominated by geostrophy in both months with contributions from vertical

diffusion, nonlinear advection, and acceleration in August.
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Figure 7. Mean model alongshelf momentum balance terms for the months of Aug
(left) and Oct (right). The horizontal diffusion term is relatively small and is not
plotted. The units for each term are 107% m s~2. The signs of the terms correspond
to all terms on the left-hand side of the equation. All terms have been averaged over
an inertial period.
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The nonlinear advection terms contribute to the depth-dependent alongshelf
momentum balance during upwelling-favorable winds when the wind stress is

greater than about 0.05 N m2.

They make a much smaller contribution during
downwelling with winds of comparable magnitude. The reasons for the different
magnitudes of the nonlinear advection terms during upwelling and downwelling may
be seen from plots of these terms together with the v field and streamfunction
during upwelling and downwelling events with similar 7°¥ magnitude on August 18
and October 17, respectively (Figure 8). The nonlinear advection terms may be
written as u - Vv = uv, + wv,, which corresponds to a spatial derivative of v in

a direction tangent to the streamlines ¥=constant. The relative intensity of the
across-shelf circulation can be estimated from the spacing of the streamlines. Thus
the magnitude of the term u- Vv can be qualitatively assessed from the streamline
spacing and the gradient of v along streamlines. During upwelling, a narrow and
well-defined northward coastal jet forms near the surface (Figure 8). A region of
significant positive across-shelf and vertical gradients in v is found from the surface
to about 15 m depth near the coast, an area of relatively concentrated upwelling
circulation, resulting in large positive advection values. From 10 km to 25 km
offshore, the nonlinear terms are negative in the top 10 m due to the negative
across-shelf gradient in v. The structure of the nonlinear terms on August 18
(Figure 8) is typical of upwelling events throughout August and is consistent with the
August mean (Figure 7). During downwelling on October 17, the jet-like structure of
the alongshelf velocities is less pronounced than during August upwelling. Gradients

of v are relatively weak in both = and z and the across-shelf downwelling circulation

occurs over a larger region and is generally weaker than the August upwelling
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circulation. The resulting nonlinear terms in October (Figure 8) are noticeably

different from zero only in a small region near the coast where v, is largest. This

structure again mirrors that in the October mean (Figure 7). Similarly, the nonlinear

terms are relatively unimportant during downwelling in August (Aug. 7-9 and Aug. |
23-25), although the alongshelf velocity structure is complicated by the intermittent

upwelling forcing.
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Figure 8. Contours of alongshelf velocity v (top) and the nonlinear advection term
(bottom) for 18 Aug (left) and 17 Oct (right). The streamfunction 1 is also plotted
as black lines with contour interval 0.25 m? s™! for each day. On 18 Aug, the winds
are upwelling-favorable, and on 17 Oct, the winds are downwelling-favorable. Notice
the different scales for v on the two days.

It is also instructive to examine the time-dependent behavior of terms in the

depth-averaged momentum balances. The depth-averaged alongshelf momentum

balance is dominated at the 4 and 8 m moorings by the surface and bottom stress
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terms with a contribution from nonlinear advection. The slope of the regression line
between nonlinear advection and wind stress during upwelling conditions (positive
wind stress) is close to 1 at both moorings, but is very small and negative during
downwelling conditions (Figure 9). The regression slope between wind stress and
bottom stress is almost 1 during downwelling, and smaller during upwelling. These
results support the finding of an asymmetry in upwelling and downwelling dynamics
described in the previous paragraph. During upwelling, nonlinear advection is of
order 1 importance in the depth-averaged alongshelf balance at 4 and 8 m. In
contrast, the balance during downwelling is mainly between wind stress and bottom
stress. The local acceleration term also enters the balance at the three offshore
moorings with increasing importance offshore. The alongshelf pressure gradient
force, which is not represented in this model as discussed in Section 2.5.1, was found
from analysis of the observations to be significant in the alongshelf momentum
balance offshore of 13 m by Lentz et al. (1999). The depth-averaged across-shelf
balance (not shown) is dominantly geostrophic at all sites. Note that we neglect the
across-shelf gradient of the radiation stress term S,, and the associated contribution
of wave-driven setdown caused by non-breaking surface gravity waves or set-up
inside the surf zone, which was found to be significant at depths of 13 m or less in
the observations of Lentz et al. (1999).

In Figures 10 and 11, we examine the characteristics of a strong downwelling
wind event that occurred during September 4-5. Prior to the event on September
2, the isopycnals are upwelled near the surface and downwelled near the bottom

as a result of the time-varying alongshelf wind direction. The Coriolis and vertical

diffusion terms show a surface Ekman layer with onshore velocities. This surface




layer deepens on September 3 in response to an increase in southward winds. A
bottom Ekman layer is also apparent. By September 4, the isopycnals show the
development of a sharp downwelling density front that has been advected 10 km
offshore. The surface and bottom layers are almost 15 m deep. Strong downwelling
circulation offshore of 15 km is apparent in ¢». The density front continues to move
offshore, as seen on September 5, leaving a well mixed region with the least dense
waters 10-15 km offshore. Vertical velocities in the strong downwelling region of the

front are about 2 x 107™% m s~

The position of the front is also clear from the
Coriolis and vertical diffusion terms which show deep frictional Ekman layers offshore
of 30 km with much smaller values onshore of 20 km in the well-mixed region. The
acceleration and nonlinear advection terms (not shown) are much smaller than the
Coriolis and vertical diffusion terms throughout the event ( 3 x 107 m s72).

The variations in the temperature field (Figure 11) are similar to those of
density (Figure 10). The offshore advection of the temperature front is apparent.
The dominant balance in the temperature equation is between vertical diffusion,
—(KyT,),, and advection, (uT), + (wT).. In the surface layer throughout September
2-3, advection is positive and slightly larger than diffusion, producing a negative
tendency 7;. The vertical advection term is of order 1073 °C s~!, so horizontal
advection dominates. In the bottom layer, the signs are opposite, so T} is positive and
larger than in the surface layer. These surface and bottom layers grow throughout

the event and move offshore just as the Ekman layers do (Figure 10). This deepening

is due to increased vertical mixing and advection as the wind stress increases.
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Figure 9. Scatter plots of terms (m?® s72) in the depth-averaged alongshelf momentum
balance at 4 and 8 m from Aug-Sept and Oct. The upper panels show the nonlinear
terms on the y-axis and wind stress on the x-axis. The lower panels show the bottom
stress on the y-axis and wind stress on the x-axis. Points plotted as squares represent
positive wind stress (upwelling) and circles denote negative wind stress (downwelling).
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Figure 10. Contours of the oy and v fields and the Coriolis and vertical diffusion
terms from the alongshelf momentum balance during Sept 2-5. The signs of the
terms correspond to all terms on the left-hand side of the alongshelf momentum
equation. The fields and terms have been averaged over an inertial period.
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Figure 11. Contours of temperature and the tendency, advection, and vertical diffu-
sion terms from the temperature equation during Sept 2-5. The horizontal diffusion
term is quite small (107%) and is not plotted. The signs of the terms correspond to
all terms on the left-hand side of the equation. The terms have been averaged over
an inertial period. Note the different scale for the tendency term 7.

The model simulations do not restratify following this strong downwelling event.
The mooring data, which only extend to about 15 km offshore, agree with this result
with the exception of warm, fresh surface waters that enter the region following

southward winds (See Figure 2). Unfortunately, no shipboard data exist for the

September time period.
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2.5.3. Across-shelf Transport

One of the goals of this modeling study is to understand the nature of
across-shelf transport during wind events. In order to investigate this, we look at the
dependence of the across-shelf circulation on stratification. As expected, the low-pass
filtered surface velocities at the 21 m and 8 m mooring positions are offshore during
upwelling-favorable wind events and onshore during downwelling-favorable wind
events (Figure 12). This surface flow is balanced at 8 m by a bottom flow in the
opposite direction that is smaller in magnitude but extends over a greater depth. The
vertical diffusion of across-shelf momentum extends throughout the water column at
8 m for |7¥| greater than about 0.05 Nm 2. During upwelling (Kpu,), is positive
and during downwelling it is negative. Before the September 4 storm, the velocity
profile at 21 m is more complex than at 8 m. The vertical mixing layers extend
only about 8 m from the surface and bottom, and values in the interior are close to
zero. Depth-time contours of K3, (not shown) show a very similar spatial pattern to
(Kaus).. The bottom panel of Figure 12 shows the breakdown of stratification in oy
at 21 m on September 4 and the weakly-stratified water column that is maintained
following the storm. At 8 m, the water column becomes unstratified about 10 days
earlier than at 21 m. After September 4, the across-shelf velocity structure at the
two sites is more similar and mixing extends from the surface to the bottom during
relatively weak wind events. This indicates that stratification plays an important

role in the qualitative nature of the across-shelf circulation.



34

08/07 08/17 08/27 09/06 09/16 09/26 10/06 10/16 10/26

08/07 8/ 17 08/27 09/06 09/16 09/26 10/06 10/16 10/26
1

3 - = 5
_ ] 5 4
. l o . Ve

u(m s'1)

0-4 m2 s-2

o, (kgm™)

24

23.5

23

225

14

08/07 08/17 08/27 09/06 09/16 09/26 10/06 10/16 1 0/6

22

Figure 12. Low-pass filtered time series of across-shelf velocity, vertical diffusion of
across-shelf velocity, and oy from the model at the 8- and 21-m mooring locations.
The alongshelf wind stress time series is also plotted in the top panel.
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It is useful to examine the model output in a manner similar to the analysis of
Lentz (2001), who shows that observed surface and bottom transports are reduced
relative to theoretical Ekman transports during unstratified periods with 7% > 0.1
N m~2 The following discussion illustrates that the theoretical Ekman transport is
a good approximation of the across-shelf transport for stratified conditions but is
invalid for unstratified conditions. This is because the assumption that the internal
stress is small compared to the surface and bottom stress is incorrect when the
water column is unstratified. The theoretical Ekman transports, obtained from the
depth-integrated alongshelf momentum balance for steady flows with small nonlinear
terms, are

Y by

U= (8)

Us = , .
pof pof

These follow from integrating the alongshelf balance from the surface at z = 0 to a
depth z = —4° and from the bottom, z = —h, to a height —h + ¢* and assuming the
stresses vanish at -6° and —h + 4°. In a two-dimensional shelf flow, if the surface
and bottom transports are smaller than the Ekman transports (Eq. 8), then the
across-shelf circulation has been reduced (Lentz 2001). This typically occurs if
frictional effects are important throughout the water column so that the surface and
bottom boundary layers merge. The wind stress 7%% is computed as described in
Section 2.4.2. The bottom stress, 7%, is computed in the model using a quadratic

drag law,

by
- CpupyJui + 03, (9)

pof

with

Cp = k2In(Az)2)] 2, (10)
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where subscribt b on the velocity components designates values at the center of the
bottom grid cell, x = 0.4 is the von Karman constant, z; = 1 ¢m is the bottom
roughness parameter, and Az, = 1/2(Ac,H), with Aoy, the bottom o grid cell size.
We compute the total offshore transport from the model, denoted as T. and
defined as the depth integral of the quantity U, multiplied by the sign of u at
the surface, where U, = u for u>0 and U, = 0 for u < 0 (Figure 13). Positive
values indicate offshore transport in the surface layer (upwelling), and negative
values indicate offshore transport in the bottom layer (downwelling). The value
of T, during downwelling events on August 24 and September 4 are shown at the
top of Figure 13. The offshore transport is less between 3-7 km during the strong
downwelling event on September 4 when the stratification breaks down even though
the August 24 event has a smaller wind stress magnitude. T, is much less than
the Ekman transport 7¢/p,f on September 4 out to 15 km offshore, at which point
1t begins to increase and reaches the Ekman transport value (3 m? s—') at 30 km
offshore. This is also reflected in the time series of T, and 7¢/p,f in Figure 13
(bottom), in which the theoretical Ekman transport (thin lines) is much larger
than that from the model at both mooring locations. During stratified conditions
throughout August, the theoretical and modeled transports are very similar at 21
m. At 8 m, the modeled transports are smaller, consistent with the values of T,
increasing offshore. Consequently, the August 15 upwelling event at the top of
Figure 13 shows comparable values of T, and 7¢/pq f offshore of 6 km (15 m depth).
In October, when the shelf is weakly stratified, the offshore Ekman transport is
significantly larger than 7. during three periods (October 12, October 14-18, and

October 28-29), all strong downwelling events. The event on October 12 is shown
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at the top of Figure 13 with much larger Ekman transport than T.. The vertical
diffusion of momentum is important throughout the water column during these
periods (Figure 12), in contrast to the stratified periods during which it is restricted

to the surface and bottom Ekman layers.
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Figure 13. Total offshore transport, Ty, calculated from modeled across-shelf veloci-
ties and normalized by the Ekman transport. Positive values, denoted by a gray line
(15 Aug), indicate offshore transport in the surface layer. Negative values, denoted
by a black line, indicate offshore transport in the bottom layer. The value given to
the right of each day is the Ekman transport value. Plotted below is the low-pass
filtered time series of theoretical Ekman transport (thin line) and model-calculated

total offshore transport (thick line) at 8 m (top) and 21 m (bottom) (m? s™!).

Similar results were found first by Lentz (2001) using across-shelf transports

calculated from the mooring data in the CoOP experiment. He estimates the
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resulting dependence of the across-shelf transport on 7%%/po f for stratified and

unstratified conditions. The numerical model used in this study allows for the direct
calculation of across-shelf transport and vertical stress fields. The results show that
following the stratification breakdown on September 4, the across-shelf transport is
significantly less than the theoretical Ekman transport for strong winds (Figure 13).
The vertical mixing in the interior also increases during these conditions (Figure 12).

This is consistent with the conclusions of Lentz (2001).

2.6 Lagrangian Analysis
2.6.1. Lagrangian Label Fields

In order to understand the impact of wind events on model water parcels on
the shelf, we examine the Lagrangian labels and parcel trajectories described in
Section 2.4.3 during August and October. Comparison of the X and 7 distributions
throughout August (Figure 14) and October (Figure 16) with the initial distribution
(top row) shows significant motion across the shelf and vertically. The label Y,
plotted as distance in km for parcels initially at y = 0 (Eq. 5), shows alongshelf
motion of up to 40 km in each direction. During the first few days of August, when
downwelling winds persist, parcels in the surface layer are advected onshore from
z=50 km to =10 km, vertically downward to 25 m depth near the coast, and
southward 40 km. The interaction between downwelling and upwelling responses
results in complex features, such as the filament of high X values that remains
onshore at depths of 5-10 m after downwelling at the beginning of August. Although
the filament retreats slightly on August 19-23 during upwelling, it grows again

on August 27 as downwelling winds return. This feature corresponds to the
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large positive Y values (southward advection) in the same location, also due to
downwelling. The low X values that begin the simulation onshore of 10 km also
experience significant across-shelf, alongshelf, and vertical motion. The location of
these X values near the coast on August 27 corresponds with large negative Y values
(northward advection), illustrating that parcels in this region are being advected
northward 40 km, as well as being pushed upward and offshore. In Z, a filament of
high Z values upwells to the surface on August 19-23 and remains near the surface
on August 27 after the onset of downwelling winds.

The difference in surface Ekman layer thickness during upwelling and
downwelling (Figure 14) is an additional example of asymmetry between upwelling
and downwelling responses. This is also observed in the mean Eulerian velocities
(Figure 6). While differences in stratification play an important role in the dynamical
contrasts between August and October seen in Figure 6, the stratified shelf in
August reacts differently to upwelling and downwelling. On August 11, the surface
layer extends to 10 m depth during downwelling forcing. On August 23, the surface
layer is only about half as deep during upwelling forcing of similar magnitude and
duration.

We examine the impact of the September 4 storm on the motion of model water
parcels by initializing the Lagrangian label fields on September 1 and following their
evolution through September 5 (Figure 15). The storm has a significant effect on
the motion of model water parcels. Surface parcels are moved up to 40 km onshore
during September 2-5 and parcels from the coast to 40 km offshore are moved
down as much as 20 m. Water parcels in the bottom layer move as much as 30

km offshore, as shown in the filament of blue X values on September 4-5. We also
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utilize the storm period to compare the time evolution of the label fields with that
of passive tracer fields that directly feel the effects of model-parameterized vertical
turbulent mixing. Three passive tracer fields are initialized on September 1 in the
same manner as the label fields. The results of this experiment are shown in the
right columns of Figure 15. A comparison of the evolution of the label and the
tracer fields illustrates the differences in their behavior. The apparent across-shelf
motion is greatly decreased for the tracers and occurs in vertically mixed surface and
bottom layers. Filament structures such as those shown for the labels do not develop
in the across-shelf direction. However, isolated features extending in the vertical are
apparent for the tracers on September 4 and 5. The yellow feature on September 4
located about 20 km offshore corresponds to a downward bend in the contours of
the label X in the far left column. Similarly, a dark red feature in the X tracer on
September 5 at 40 km offshore corresponds to a feature extending to 30 m depth in
the X label. Advection is responsible for the across-shelf movement of the labels;
the small-scale structures result due to across-shelf and vertical variability in model
velocities. The Z tracer field shows the results of offshore advection of water parcels
in the bottom 20 m on September 3-5 and vertical mixing onshore. Turbulent
mixing processes in the tracer equations act to break down the vertical structure

that appears in the label fields, but the X tracer examples show that filament-like

features may still develop in the tracer fields.
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Figure 14. Contours of X (left), Z (center), and Y (right) for selected days in Aug.
The simulation begins at 0100 UTC 7 Aug 1994. The initial field for Y is zero. The
colorbar is for the Y label only.
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Figure 15. Contours of the X and Z label fields (two left columns) and passive tracers
(two right columns) during the 2-5 Sept event. The labels and tracers are initialized
with the distribution shown in the top row at 1200 UTC 1 Sept.

In October, the motion of parcels reflects the dominance of downwelling winds
(Figure 16). High X values initially at 30-50 km in the surface layer move all the
way to the coast and are then advected vertically downward, as seen on October
18. The Y label shows the development of a wide region of southward alongshelf
velocities extending from 20 km offshore and from the surface to 25 m depth. A
striking response of the low X values initially within 10 km of the coast, and the low

Z values initially within 10 m of the surface, to the persistent downwelling winds
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is also seen on October 18-26. As parcels in these regions are advected downward
and offshore, a small patch is advected upward again at about 20 km offshore. This
patch becomes trapped in the interior region. Meanwhile, the surface fluid continues
to be advected onshore and the bottom fluid offshore. By October 26, almost all
of the Z values initially below 20 m have been advected offshore of 40 km. The
region onshore of these Z values on October 26 corresponds to smaller values of
southward advection in Y. The parcels that are being advected vertically down the
shelf and offshore in the bottom layer by downwelling forcing are advected less in

the alongshelf direction than those parcels being pushed onshore in the surface layer.

2.6.2. Lagrangian Mean Velocities

Lagrangian mean velocities at time ¢ for a fluid parcel with coordinates

(z(t),y(t), z(t)), located initially at (z(0),y(0), 2(0)), are given by

wi(t) = M (11)

The Lagrangian mean velocities are contoured as a function of (2(0),z(0)) for the
months of August (Figure 17) and October (Figure 18). In the dynamical systems
field, this type of presentation is labeled a ‘mean-velocity patchiness’ (Malhotra et
al. 1998) plot. These plots are created from both the trajectories of the parcels
(rows 1 and 3) and the final distribution of the X, Z and Y labels (rows 2 and 4).
For each method, the mean velocity is contoured as both a function of its initial
position (z(0),2(0)) (top 2 rows) and also of its final position (z(t),z(t)) (bottom 2
rows). This presentation provides two different perspectives on the mean motion of
fluid parcels. One can determine both the mean velocity of a parcel initialized at a

given location and the mean velocity of a parcel that ends up in a given location.
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Figure 16. Contours of X (left), Z (center), and Y (right) for selected days in Oct.
The simulation begins at 0100 UTC 6 Oct 1994. The initial field for Y is zero. The
colorbar is for the Y label only.
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Figure 17. Lagrangian mean velocities for the month of Aug obtained from parcel
trajectories (rows 1 and 3) and from the Lagrangian label fields (rows 2 and 4). The
Lagrangian mean velocities are plotted as functions of both initial and final positions.

An important characteristic to notice is the general similarity between the
parcel tracking and label methods, giving confidence in the consistency of the
Lagrangian parcel tracking scheme and the label advection technique. As a check,
additional parcel tracking experiments were performed by adapting a fourth-order
Milne Predictor-Hamming Corrector method implemented in the Regional Ocean
Model System (ROMS) for use here. Differences in Lagrangian mean velocities
obtained from the Runge-Kutta and Milne-Hamming methods were small compared

to the velocity magnitudes.
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Figure 18. Lagrangian mean velocities for the month of Oct obtained from parcel
trajectories (rows 1 and 3) and from the Lagrangian label fields (rows 2 and 4). The
Lagrangian mean velocities are plotted as functions of both initial and final positions.

In the patchiness plots, areas of significantly different mean velocity from the
surrounding region are called patches. Patches can give insight into some important
aspects of the Lagrangian characteristics of the flow, such as locations in which fluid
parcels disperse at higher speeds and the presence of coherent structures (Malhotra
et al. 1998). In our application, we identify patches resulting from the numerical

simulation of wind-driven flows, and attempt to understand the significance of these

patches and their locations in terms of the Eulerian dynamics discussed in Section
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2.5.2. In August (Figure 17), three distinct regions of significant Lagrangian mean
velocity are apparent as a function of initial position. In the top 5 m, the mean w; is
large and positive and v; is large and mostly negative. Regions of opposite sign of
both u; and v; are present just below this surface layer. A large patch of positive w;
near the coast from 10 m to 30 m depth coincides with a patch of negative u;. These
patches are also present when the velocities are contoured as a function of final
position. A comparison of the initial and final position plots allows a straightforward
look at where patches, beginning at some initial location on the shelf, were displaced.
The patch of positive u; in the surface layer is displaced offshore, illustrating that
these parcels are advected offshore about 50 km over the August period. The region
of negative u; below this is displaced only about 10 km onshore of its initial location
because it is advected onshore at a much slower mean velocity. The positive w;
patch near the coast is found from the surface to 15 m depth, having been advected
upward and onshore by upwelling velocities during August.

The resulting 3D response of fluid parcels to upwelling and downwelling winds
in August is thus the following: parcels originating in the patch from 5 km to 20
km offshore and extending 5 m from the bottom are advected upward and onshore;
parcels originating in the top 5 m are advected offshore and southward; and parcels
originating just below this surface layer and onshore of 20 km are advected offshore
and northward, while parcels originating below the surface layer and offshore of 30
km are advected onshore and southward. The existence of a region of onshore and
southward mean velocity near the surface is a result of the downwelling winds. There
are also parcels that move downward. The label and parcel tracking results both

show a region of negative w; offshore of the large positive patch. This downwelling
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patch is offshore of the upwelling patch because the downwelling response extends
farther offshore than the upwelling response. The magnitude of the downwelling
vertical velocities is less than that of the upwelling vertical velocities because
upwelling dominates during the month of August. However, the dominant upwelling
forcing does not obscure the effect of downwelling in this region.

In October (Figure 18), the existence of patches is less clear because of the
persistence of downwelling winds, and hence, the overall larger range of mean
Lagrangian velocities compared to August. A region of large negative v, is found for
initial positions in the top 10 m offshore of 30 km, but the positive u; values in the
bottom layer occur over a much broader region in both x and 2. There is also a patch
of significant downward vertical velocity in the top 5 m. A patch is not obvious in
the mean alongshelf velocity on the scale shown, though evidence of larger v, is seen
below 5 m and offshore of 30 km in the labels. This is the signature of a patch that
exists from 30 km offshore to 200 km, the model boundary, signifying the southward
movement of parcels in this region. In the plots as a function of final position, the
surface negative u,; region extends offshore of the coastal boundary and the positive
u; patch in the bottom is offshore of 30 km. In contrast with August, this illustrates
a more nearly symmetric response of parcels in the surface and bottom layers,
which are advected about the same distance over similar layer depths. The negative
w; patch is found from 25 m depth to the bottom as these parcels were advected
downward along the entire sloping extent of the shelf (from 0 to 30 km offshore)
during October. This downwelling response can be seen in the alongshelf Lagrangian
velocity also. The final position of the region of v;=-0.07 m s™! that is initially near

the surface is near the bottom and slightly offshore, illustrating the same pattern as
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found in the vertical Lagrangian velocity.

In October, parcels originating in the offshore surface region are thus advected
onshore and southward, and parcels originating onshore of this patch in the surface
are advected downward. Clearly, since the parcels in the October simulation are
subject to a much more consistent forcing of downwelling winds than those in

August, the Lagrangian behavior in October is more straightforward.

2.7 Summary

The response on the continental shelf to upwelling and downwelling wind forcing
is discussed and comparisons are made between modeled and observed fields. During
stratified conditions in August, the mean upwelling response consists of a 5 m thick
surface layer advected offshore and a bottom layer of onshore velocities extending
from the coast to 20 km offshore. A northward coastal jet is also present from the
coast to 20 km offshore. The presence of intermittent downwelling winds complicates
the overall dynamics in August. During unstratified conditions in October, the
downwelling response is 15 m thick surface (onshore advection) and bottom (offshore
advection) layers and southward alongshelf velocities everywhere on the shelf, with
the largest values at the surface offshore of 20 km. Asymmetries between the
upwelling and downwelling response include a deeper surface mixed layer during
downwelling and significant contribution of the nonlinear advection terms to the
alongshelf momentum balance in depths less than 10 m during upwelling, but not
during downwelling. In each month the region of high density variability extends
from the coast to 10 km offshore and high alongshelf velocity variability from the

coast to 20 km.
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The details of a strong downwelling wind event during September 4-3 illustrate
offshore advection of the density front and a shutdown of the across-shelf circulation
in the region onshore of the front, where the water column is well-mixed. The results
from the downwelling event are in general agreement with those from the idealized
downwelling study of Austin (1998). The dominant alongshelf momentum balance
is between the Coriolis and vertical diffusion terms, with a slight contribution from
acceleration and advection. The surface and bottom Ekman layers grow throughout
the event and merge in the region of the front. The vertical diffusion and advection
of temperature dominate the balance in the temperature equation during this event,
with a contribution from the tendency term in the frontal region. This event and
other downwelling events in October are characterized by a decreased transport
relative to the theoretical Ekman transport in both the surface and bottom layers.

In addition to the Eulerian analysis, the Lagrangian aspects of the shelf flow
are explored. This is accomplished by utilizing the Lagrangian information that is
directly available from the model solutions, i.e., by calculating the motion of idealized
fluid parcels that are advected by the model-resolved velocity field. Since small-scale
turbulence is parameterized in the model, the direct effect of turbulence on fluid
parcel trajectories is not represented. Nevertheless, determination of the model
parcel trajectories provides new information about the three-dimensional Lagrangian
characteristics of the model shelf flows that complements that obtained from the
Eulerian analysis. The Lagrangian results give a useful, but incomplete, quantitative
measure of fluid parcel displacements; the corresponding transport of passive tracers
would be complicated by the effects of small-scale turbulent mixing processes. Two

Lagrangian techniques are employed. These techniques produce similar results for



the mean motion over each month of August and October, providing support for

the Lagrangian label approach as a method for tracking fluid parcels. The label

fields display significant advection in all three dimensions. In August, surface fluid is
advected from the coast to 50 km offshore. The surface fluid initially within 20 km
of the coast is advected northward about 100 km, while that initially offshore of 20
km is advected southward about 80 km. Deep fluid is advected upward and onshore
near the coast. In October, fluid is advected as far as 100 km onshore in the top 10
m and 100 km offshore in the bottom 10 m. Southward displacements of up to 150
km are found, and fluid initially within 5 m of the surface and 20 km of the coast is

advected downward and offshore along the sloping bottom boundary.
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3.1 Abstract

The coastal ocean may experience periods of fluctuating alongshelf wind
direction, causing shifts between upwelling and downwelling conditions with
responses that are not symmetric. We seek to understand these asymmetries and
their implications on the Eulerian and Lagrangian flows. We use a two-dimensional
(variations across-shelf and with depth; uniformity alongshelf) primitive equation
numerical model to study shelf flows in the presence of periodic, zero-mean wind
stress forcing. The model bathymetry and initial stratification is typical of the broad,
shallow shelf off Duck, NC during summer. After an initial transient adjustment, the
response of the Eulerian fields is nearly periodic. Despite the symmetric wind stress
forcing, there exist both mean Eulerian and Lagrangian flows. The mean Lagrangian
displacement of parcels on the shelf depends both on their initial location and on
the initial phase of the forcing. Eulerian mean velocities, in contrast, have almost no
dependence on initial phase. In an experiment with sinusoidal wind stress forcing

~2 and period of 6 days, the mean Lagrangian

of maximum amplitude 0.1 N m
across-shelf displacements are largest in the surface and bottom boundary layers.
Parcels that originate near the coast in the top 15 m experience complicated
across-shelf and vertical motion that does not display a clear pattern. Offshore of
this region in the top 10 m a rotating cell feature exists with offshore displacement
near the surface and onshore displacement below. A mapping technique is used to
help identify the qualitative characteristics of the Lagrangian motion and to clarify
the long time nature of the parcel displacements. The complexity of the Lagrangian

motion in a region near the coast and the existence of a clear boundary separating

this region from a more regular surface cell feature offshore are quantified by a



calculation from the map of the largest Lyapunov exponent.

3.2 Introduction

In this study we examine the Lagrangian characteristics of two-dimensional,
time-periodic, wind-driven coastal flows. The wind-driven processes of upwelling
and downwelling are of considerable interest to coastal oceanographers studying the
physics and biology of these highly productive regions. Most modeling studies of
coastal flows have been analyzed in terms of a traditional Eulerian formulation. The
Lagrangian aspects of these flows typically have not been considered. A description
of the Lagrangian behavior of wind-driven shelf flow has recently been pursued by
Kuebel Cervantes et al. (2003), hereafter denoted as KC2003, which motivated this
work. The study by KC2003 utilized numerical experiments to examine the Eulerian
and Lagrangian characteristics of wind-driven coastal upwelling and downwelling
forced by measured winds at Duck, North Carolina during the Coastal Ocean
Processes (CoOP) Inner Shelf Study (ISS). The ISS took place off Duck from
August-November 1994. Interesting Lagrangian behavior was found during the
month of August that resulted from the varying alongshelf wind stress direction.
The present study further investigates the impact of the fluctuating alongshelf winds
on fluid parcels in the coastal ocean using periodic wind forcing with zero time mean.
We use a Lagrangian parcel tracking technique to study fluid parcel displacements
over one period and many periods, as well as to compute mean Lagrangian velocities.
We also employ a technique utilized by KC2003 of advecting Lagrangian label fields
by the model velocities for further Lagrangian analyses.

Eulerian dynamics are discussed as well. The Eulerian fields are approximately
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periodic after an initial adjustment of a few periods. Although the forcing is periodic,
mean Eulerian velocities exist after one period. Asymmetries between upwelling and
downwelling, including the thickness of the surface and bottom mixed layers and
the relative importance of nonlinear advection, were discussed by KC2003 and are
revisited here.

The present investigation has relevance to two different scientific communities:
coastal oceanography and dynamical systems. While these fields are traditionally
unrelated, studies in recent years have bridged the gap between the two fields
through the application of dynamical systems techniques to oceanographic flows.
Ridderinkhof and Loder (1994) and Loder et al. (1997) identify hyperbolic fixed
points and their associated stable and unstable manifolds in tidal flows over
submarine banks. More recently, Poje et al. (2002) use an ocean model to determine
optimal Lagrangian drifter launch sites by tracking hyperbolic points in the flow
field and Kirwan et al. (2003) apply ideas of invariant manifolds to flow in the
Gulf of Mexico using a data assimilating model. Early work combining fluid
mechanics and dynamical systems, such as that of Weiss and Knobloch (1989)
and Rom-Kedar et al. (1990), consider transport properties of fluid in modulated
traveling waves and unsteady vortical flow, respectively. Many studies from the
dynamical systems perspective, including Coulliette and Wiggins (2001), Miller et
al. (1997), and Poje and Haller (1999), apply dynamical systems theory to study
lobe geometry and dynamics and invariant manifolds in velocity fields from ocean
circulation models. Most recently, these techniques have also been developed for
application to two-dimensional time-dependent ocean velocity measurements (Ide

et al., 2002 and Haller 2002). These examples indicate that the study of oceanic
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flows using dynamical systems methods is clearly of interest to oceanographers and
applied mathematicians, however coastal ocean flows over the continental shelf have
generally not been the focus of these studies.

The outline of the paper is as follows. The numerical model methods and
particle tracking techniques are described in Section 3.3. The dynamical analysis of
the Eulerian mean velocity and momentum balance fields is discussed in Section 3.4.
The Lagrangian results are presented in Section 3.5. A summary is given in Section

3.6.

3.3 Methods
3.3.1. Model Description

The numerical model is a two-dimensional version of the finite-difference
Princeton Ocean Model (POM) (Blumberg and Mellor, 1987). The model equations
are the hydrostatic primitive equations with the Mellor-Yamada (1982) turbulence
closure scheme for vertical mixing, as modified in Galperin et al. (1988), embedded.

The model domain, described in terms of Cartesian coordinates (z,y, z), is
a section with variations in the across-shelf (z) and vertical (z) directions. The
flow is assumed to be uniform in the alongshelf (y) direction, so that the Eulerian
variables have no y dependence. The velocity components in the (x,y, z) directions
are (u,v,w). Note that although the flow is uniform in y, the alongshelf velocity
component v is generally not zero. The domain is bounded by vertical walls at
the coast and at the offshore boundary with boundary conditions of no flow in the
across-shelf direction (u=0) and free-slip in the alongshelf direction (v, = 0).

For application over variable bottom topography, the POM model is formulated
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in sigma coordinates (z,y, o). The relationship between ¢ and the Cartesian vertical

coordinate z is given by

! (12)

where D = H + 7, H(z) is the depth and n(z,t) is the surface elevation, so that
0=0 at the surface (z = 1) and 0=-1 at the bottom (2 = —H). Consequently, when
discretized, the same number of ¢ levels exist independent of the local depth and the
vertical resolution increases as the depth decreases. In o coordinates, w is a velocity
normal to ¢ surfaces that enters the equations naturally and replaces the vertical

velocity w. The relationship between w and w is

oD _dn

90 oD 0Oy
or Ox

) — vt (13)

w=w— u

In the analysis of model solutions, we present the results in terms of the original

Cartesian coordinates to facilitate physical interpretation.

3.3.2 Model Setup

The model bathymetry, initial stratification, and forcing correspond to August
conditions observed at Duck during the ISS. The initial state of the model
experiments is a coastal ocean at rest with horizontally uniform temperature and
salinity fields compiled from the horizontal average of those observed with an
across-shelf mooring array at Duck on 7 August 1994. The model is forced by a
sinusoidal, spatially independent wind stress component 75% and by constant heat
flux components (shortwave radiative heat flux, Q,, and the sum of the longwave
and turbulent fluxes, Q,+Qen+&@iar) computed from the mean heat flux values

observed at Duck in August (Austin and Lentz 1999). The period of 7% is chosen
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to be 6 days based on the approximate period of maximum wind-forced energy
observed during August. The maximum amplitude of 7%, 0.1 N m2, is also typical
of August values.

The model bathymetry is characteristic of that off Duck with a relatively steep
slope from the coast to about 20 m depth and a gradual slope offshore of the 20
m isobath. The model domain extends from the coastal boundary to a distance of
200 km offshore, with constant water depth of 35 m offshore of 40 km. A uniform
grid spacing is used in z with a resolution of 250 m and in ¢ with 30 ¢ levels. The
horizontal kinematic eddy viscosity and diffusivity are chosen to be small constant

. The background vertical viscosity vy, and diffusivity

values, Ayy = Ay =2m? s~
vy are set to 2.0 x 1075 m2s~!. The model has both an “external” time step to
integrate the barotropic (depth-integrated) momentum equations and an "internal”
time step to integrate the baroclinic (depth-dependent) momentum equations. The
external time step is 5 s and is governed by fast surface waves, whereas the internal
time step is much longer, 75 s, because the baroclinic response is governed by slower
internal waves.

The model is spun up for several forcing periods after which the Eulerian fields
are nearly periodic. In Section 3.5.2, we present results for parcels initialized at
different phases in the forcing period. The net parcel displacements and Lagrangian
mean velocities over one period are highly sensitive to this initial phase. Results from
the model simulations are referenced according to the start time, t;, given as the

number of periods in the long spinup run. Results will be presented for four different

initialization times; ¢;=8.5T, ¢;,=8.75T, t,=9T, and ¢,=9.25T (Figure 19). Most of

the results will focus on the simulation beginning at ¢,=9.25T, at which time the
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wind forcing is in the middle of an upwelling-favorable half-cycle and the amplitude
is maximum. The near periodicity of the Eulerian fields after several forcing periods
is illustrated by the time-dependence of the depth-averaged alongshelf velocity in 8
m water depth during a 9-period spinup run in Figure 20. The density values (not
shown) decrease slightly with each period due to positive surface heat flux forcing,

however the vertical gradient in density remains nearly periodic.
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Figure 19. Sinusoidal alongshelf wind stress forcing for a portion of the spinup run
duration (shown after 8 periods). The dotted lines show the times in the forcing
period at which model simulations with ¢,=8.5T, t,=8.75T, +,=9T, and ¢,=9.25T are
initialized.
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Figure 20. Depth-averaged alongshelf velocity at 8 m depth (approximately 2.7 km
from the coast) for a 9-period spinup run.
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Contour plots of the Eulerian across-shelf velocity u, alongshelf velocity v, and
potential density o, during a simulation beginning at ¢;=9.25T show the evolution
of the model fields over a forcing period (Figure 21). The upwelling response of u
with offshore flow in the surface and onshore flow in the bottom boundary layers
is apparent initially at 9.25T. The v field shows a northward coastal upwelling jet
and o, shows most of the isopycnals intersect the bottom and a few intersect the
surface. The across-shelf flow then weakens and shifts to downwelling with surface
onshore flow and offshore flow in the bottom layer at 9.75T. The u field at 9.75T
is not equal and opposite that at 9.25T, but is characterized by a slightly thinner

surface layer from 10-20 km offshore and a more structured flow below the surface

layer inshore of 20 km. Differences in the structure of u during transition between

upwelling and downwelling conditions are seen at 9.5T and 10T. The alongshelf

|
velocity changes rather suddenly from northward at 9.5T to southward at 9.75T.
The isopycnals are upwelled along the bottom at 9.5T and then move back down
the shelf at 9.75T. After 9.75T, the across-shelf flow weakens again and returns to
the upwelling response at 10.25T. The alongshelf velocity also becomes dominantly
northward once again and the isopycnals return to their initial location at 9.25T.
Time series of the Eulerian fields during a 10 period simulation beginning at

t;=9.25T reveal the nearly periodic nature of the flow (Figure 22). The area-averaged

alongshelf velocity, defined as

——lmb/ndd 14
U_A/o 7Hvxz, (14)

where A is the cross-sectional area of the model domain, follows the sinusoidal wind
‘ forcing with a lag of about 19 hours, which is approximately the inertial period

27/ f. A slight increase in the maximum magnitude of ¥ during upwelling forcing

O
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relative to downwelling forcing is seen. This difference magnifies when v is squared
(third panel); v? is significantly higher during upwelling than during downwelling.
The plot of v2 also reveals more clearly than the plot of ¥ that the periodicity is only
approximate.

A phase-plane diagram of the area-averaged kinetic energy K versus the time
derivative of kinetic energy 9K E /0t (Figure 22, bottom panel) shows the difference
in upwelling and downwelling energy responses. The area-averaged kinetic energy is

calculated as

— 1z m 1 . .
KE = —/ / —(u? + v?)dzdz. (15)
Ao J-g2
A time series of KE is very similar to the time series of A~! [ [v?dadz since
A~ [ fu?dxzdz does not make a significant contribution. For the cycle beginning at
1;=9.25T, the time derivative of KE decreases from the initial time to the value at
t =t;,+ T/4, at which point the wind stress becomes negative. The time derivative
of KE then increases until ¢ = ¢ + T/2, the point of maximum wind stress in
the downwelling forcing phase. This kinetic energy cycle repeats approximately
for the next half period. Thus, at every ¢ = ¢; + nT/4, when 7V is either at a
maximum/minimum value or 7% = 0, there is a transition in the rate of increase or

decrease of the total energy. Note that in the phase-plane diagram the final point of

the cycle does not coincide exactly with the initial point, although it is close, again

demonstrating the approximate periodicity of the motion.
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Figure 21. Eulerian across-shelf velocity u, alongshelf velocity v, and potential density
oy during one period beginning at ¢;=9.25T. The black line denotes the 0 contour for
u and v.
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Figure 22. Top three panels are time series of alongshelf wind stress (top), area-
averaged alongshelf velocity (Eq. 14)(middle), and area-averaged alongshelf velocity
squared (bottom) during a 10 period simulation beginning at £,=9.25T. Bottom panel
is the area-averaged kinetic energy KE (Eq. 15) vs. the time derivative OKE /8t for
the first period during the same simulation. The symbols in the bottom right plot
correspond to #,=9.25T (open circle), ¢,+T/4 (square), #;+T/2 (filled circle), and
t;+3T/4 (triangle).
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3.3.3 Lagrangian Techniques

We utilize the Lagrangian information that is directly available from the
model and consider the motion of model fluid parcels that are advected by the
model-resolved velocity field. Since the model also includes a parameterization
of small-scale turbulence, these Lagrangian parcel trajectories comprise only the
resolved part of the full fluid motion represented in the model.

Lagrangian fluid motion is calculated using two different techniques. The first
approach involves computing parcel trajectories by solving the differential equations

dx " dy . do w
—_— = —_— = _ =
dt ’ dt ’ dt  (H+n)

(16)
Parcels are indexed by their initial positions on the model grid of 30 ¢ levels and
800 z positions. We require the parcels to stay within the grid at which the interior
Eulerian velocities are defined so that they remain at least Ao /2 from the surface
and bottom boundaries and Az /2 from the coast and offshore boundaries. Numerical
solutions to Eq. 16 are calculated utilizing a fourth-order Runge-Kutta scheme for z
and ¢ and a backward Euler method for y. The time step used for the Runge-Kutta
scheme is the model internal time step (At;). To determine the effect of the time
step used to solve Eq. 16, we also computed results using At = At;/2, which involves
interpolation of the model velocities to this time. The results were quantitatively
similar for both cases.

The updated positions obtained by solving Eq. 16 are saved hourly for each
initial parcel position. Interpolation of all three components of velocity to the
parcel positions after each iteration is bilinear. Lagrangian results from additional

experiments using bicubic interpolation of the velocity fields to the parcel positions

were quantitatively similar to those using bilinear interpolation. Although many of
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the model parcel paths exhibit considerable complexity, they are closely similar from
one period to the next (Figure 23). The only region in which significant discrepancy
exists 1s near the coastal boundary from about 5-15 m depth. This region will be

shown in Section 3.5 to produce complex and irregular parcel displacement patterns.

10

—_

Depth (m)
o
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Distance Offshore (km)

Figure 23. Lagrangian parcel paths during one period beginning at #,=9.25T (red).

The paths during a second period beginning at ,=10.25T are shown in blue with a
5 km offset. The dots denote the initial locations of the parcels.

In addition to tracking individual water parcels, we utilize a second technique
that gives Lagrangian trajectories for a continuous field of parcels. This approach
involves the definition of three Lagrangian label fields that are advected by the model
velocities. The Lagrangian labels, X (z, z,t), Y(z,y, z,t), and Z(z, z,t), satisfy the

following equations:

DX DY D7
= = — = 17
Dt ’ Dt ’ Dt 0, (17)
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where é)z = % + u% + v% + w%. The initial conditions are
X(z,2,t=0)=2, Y(z.y,2,t=0)=y, Z(z,z,t=0) =z (18)

With the two-dimensional approximation for the Eulerian flow we obtain

Doy

= =0 19
Dt 0y (19)
Thus, we can write
Y(z,y,2,t) =y +Y'(z, 2, 1), (20)
and we can determine Y by solving for Y, where
DY”
=0 21
D TvTY (21)
with
Y'(z,2,t =0) =0. (22)

The labels X, Y and Z are calculated as fields on the model grid with the higher-
order accurate advection scheme of Smolarkiewicz (1983) using three iterations

of the corrective step. We note that the evolution of the Lagrangian label fields
is completely determined by advection with the model-resolved velocity fields.
Consequently, the behavior of the labels will differ from that of passive tracer fields
that are diffused by the effects of small scale turbulence. This difference is shown

explicitly by analysis of results from related solutions in KC2003.

3.4 Dynamical Analysis
3.4.1. Mean Velocities

The one-period means of the Eulerian, Lagrangian and Stokes velocities

(Figure 24) show a response to both upwelling and downwelling forcing. The mean
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Stokes velocity is defined here as the difference between the mean Lagrangian and

FEulerian velocities:

Us(z(t:), 2(t:)) =u,(z(t:), 2(t)) — Gp(z(t), 2(t:)), (23)
where
i (2(4), 2(4)) = %/j wn(z(t), 2(t), D) dt, (24)
_ o) st —2)
(ot 200) = LI gy ), apeg) = 20
) _ylty)
UL(x(tl)az(ti)ay(tz)) - —Tf‘ (25)

and T =t; — t;.

The mean Eulerian across-shelf velocity u shows onshore flow of 2 cm s in
the bottom layer and offshore flow at about 5-15 m depth from 0-20 km offshore.
A classical steady upwelling response would exhibit offshore flow in the surface
layer and onshore return flow in the bottom layer (as in Figure 3 at t=9.25T).
The response here resembles such an upwelling circulation, but the location of the
maximum offshore velocity is shifted from the surface layer downward due to the
downwelling phase of the circulation. There also exists a region of onshore flow in
the top 5 m and a region of offshore flow between 20-25 m depth from 10-20 km
offshore. The pattern of mean onshore surface u and offshore u below arises because
the surface layer during upwelling is thicker than that during downwelling from
10-20 km offshore. The dynamics of this response are described in Section 3.5.1.

The Lagrangian across-shelf velocity computed from the parcel tracking

technique shows a similar pattern. The Stokes velocity quantifies the differences
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between the Eulerian and Lagrangian mean velocities. The most significant difference
is located near the bottom from the coast to 8 km offshore. The mean Lagrangian u
is offshore in this region, whereas the Eulerian u is onshore, leading to large positive
Stokes drift values. Parcels that are initialized in this region have a net offshore

displacement, despite the mean onshore Eulerian velocity, because they are advected

vertically up the shelf and then offshore over a forcing period.
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Figure 24. Mean Eulerian (Eq. 24) (top), Lagrangian (Eq. 25) (middle), and Stokes
(Eq. 23) (bottom) velocities computed over one period beginning at #;=9.25T. u is
across-shelf, w is vertical, and v is alongshelf.

The mean Eulerian alongshelf velocity v shows a northward coastal upwelling
jet of 5 cm s and a region of similar magnitude southward velocities from 2040 km
offshore and extending to 20 m depth. This is evidence again of the impact of both
upwelling- and downwelling-favorable wind forcing with a narrow northward coastal
jet during upwelling and a broader southward current during downwelling. The

Lagrangian alongshelf velocity pattern is similar, although the northward coastal jet
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is distorted in  and z and located closer to the coast. The Stokes velocity reflects
this difference, as well as the larger southward Eulerian v values offshore of 15 km.
The Eulerian vertical velocity w is rather noisy, but shows upward velocities near the
coast due to upwelling, and downward velocities just offshore due to downwelling.
The Lagrangian vertical velocity shows a similar pattern from the coast to 12 km
offshore, without the small-scale features seen in the Eulerian field. The vertical
Stokes velocity reflects the consistently larger Eulerian w values and the patch of

negative Eulerian w from 12-20 km that is not found in the mean Lagrangian w.

3.4.2 Nonlinear Advection

The dominant balance in the one-period mean of the alongshelf momentum
balance for a cycle beginning at #;=9.25T is between the Coriolis and vertical
diffusion terms (Figure 25). Within the first 12 km of the coast, the nonlinear
advection term also plays an important role. The nonlinear term is also important
in the explanation of dynamical differences between the upwelling and downwelling |
responses (KC2003). We investigate these differences further by looking at mean
fields computed over each half period with upwelling and downwelling forcing
beginning at ¢;=9T (Figure 26). The streamfunction ¢ is defined as 1, = uD,
¥y = —w. The nonlinear advection term may be written as u- Vo = uvz + wv,, which
corresponds to a spatial derivative of v in a direction tangent to the streamlines
t=constant. The relative intensity of the across-shelf circulation can be estimated
from the spacing of the streamlines. Thus the magnitude of the term u - Vv can

be qualitatively assessed from the streamline spacing and the gradient of v along

streamlines.
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Figure 25. Mean alongshelf momentum balance terms over one period beginning at
ti=9.25T. The signs of the terms correspond to all terms on the left-hand side of the
equation. The units for each term are 10~% m s—2.

The streamlines show very similar across-shelf circulation values during
upwelling and downwelling, with opposite signs to indicate the reversed sense of
circulation between upwelling and downwelling. The alongshelf velocity during
upwelling shows a northward coastal jet from’ 0-15 km offshore and a region of
southward velocities just offshore. During downwelling, however, the strongest
alongshelf velocity values extend to 35 km offshore, with a region of much weaker
velocity from 5-10 km offshore. This structure exhibits weaker across-shelf and
vertical gradients in v, which lead to smaller magnitude values for the nonlinear term

during downwelling. The nonlinear term during downwelling is only significantly
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different from zero in a few small bands of about 1 km width (Figure 26, bottom

right panel). During upwelling, the nonlinear term is large and positive from 2-6

km offshore, and large and negative from 10-20 km offshore. The structure of

the nonlinear advection term during upwelling also closely resembles that of the

mean field over a period (Figure 25). Therefore, the nonlinear advection term

makes a significant contribution to the alongshelf momentum balance during the

upwelling phase of the forcing period, but a relatively small contribution during the

downwelling phase.
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Figure 26. Mean of alongshelf velocity (top) and the nonlinear advection term from
the alongshelf momentum balance (bottom) over the half period with upwelling forc-
ing, t=9 T-9.5 T (left), and downwelling forcing, t=9.5 T-10 T (right). The stream-

lines are also plotted as black contours.
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3.5 Lagrangian Parcel Paths
3.5.1. Lagrangian Label Field Results

The time evolution of the Lagrangian label fields X, Y, and Z introduced
in Section 3.3.3 provide an effective way to examine the across-shelf, alongshelf,
and vertical displacements of water parcels on the shelf. We show the evolution
of these fields throughout a forcing period beginning at ¢,=9.25T by plotting their
distributions at t=9.5T, 9.75T, 10T, and 10.25T (Figure 27). At 9.5T, the X label
shows surface parcels have moved about 10 km offshore, while bottom parcels have
moved about 5 km onshore as the response in the bottom layer is slower than that
in the surface. Parcels near the surface move onshore close to their initial locations
at 9.75T while most of the bottom layer parcels have not moved significantly since
9.5T. At 10T, parcels in the surface layer are displaced 10 km onshore and parcels
in the bottom layer have retreated offshore toward their initial across-shelf location.
After a full period, surface parcels are advected offshore again near their initial
positions. The final distribution of X shows a feature of offshore displacement at
20 m depth from 15-35 km offshore and several interlacing features inshore of 20
km. The former is due to the thicker bottom boundary layer that is present during
downwelling than during upwelling, ascribed by Lentz and Trowbridge (1991) to
the upslope (upwelling) or downslope (downwelling) transport of buoyancy along
the bottom. During upwelling, the upslope transport of denser water under lighter
water enhances the stratification and inhibits growth of the bottom boundary layer.
In contrast, the downslope transport of lighter water under heavier water during
downwelling tends to enhance mixing and thus, leads to growth of the bottom

boundary layer. During downwelling, parcels are displaced offshore in a 10-15 m
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thick bottom layer. However, during upwelling, the bottom layer is only 5-10 m
thick, therefore parcels in this thinner bottom boundary layer are displaced onshore
and parcels just above it are displaced offshore relative to their initial positions after

one period.
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Figure 27. Contours of Lagrangian label fields every quarter period during one period
beginning at #;=9.25T. The Y label has units of km and the black line marks the 0
contour for Y.
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A similar physical argument applied to the surface layer supports the pattern of
v in Figure 21 and the feature of offshore displacement of X just below the surface
from 10-20 km offshore in Figure 27. In this case, upwelling transports heavier water
to the surface, enhancing mixing and producing a thicker surface boundary layer.
Downwelling transports lighter water onshore which inhibits mixing and leads to the
net onshore displacement of green X labels at the surface from 10-20 km offshore
(Figure 27).

The evolution of Z in Figure 27 shows complicated structures that develop
during both upwelling and downwelling. At 9.75T, a thin layer of parcels initialized
at mid-depth has been advected upward toward the coast due to upwelling. After
downwelling begins, the 10T distribution shows part of this thin layer of Z parcels
remains trapped at the coast because the downwelling response is weak inshore of
about 5 km.

The Y label field shows alongshelf advection of up to 40 km to the north
(red) and south (blue). The region of northward parcel advection in the coastal
upwelling jet moves onshore and increases in magnitude from 9.5T-9.75T. After
a quarter-period of downwelling forcing (10T), however, the region of northward
displacements has decreased significantly in size and magnitude and southward
displacements are found offshore near the surface. The quarter-period of upwelling
forcing from 10T-10.25T does not significantly increase the northward displacements
in this region, as might be expected, but only moves the jet up the shelf. Southward
displacements exist over a region of relatively large offshore extent from z=15-35 km.
The Y response reflects the lag of alongshelf parcel advection after the alongshelf

wind changes direction discussed in Section 3.3.2 (Figure 22).
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Net displacements of water parcels over many forcing periods, or several
upwelling and downwelling events, can also be described by the evolution of the
Lagrangian label fields X, Y, and Z (Figure 28). After two periods, the distributions
of X, Y, and Z look very similar to those after one period in Figure 27. The feature
at 20 m depth in X that was described due to the difference in bottom boundary
layer thickness during upwelling and downwelling becomes more pronounced with
each additional forcing period. It also appears in the Z field after 4 periods
(t=13.25T). The region of trapped parcels near the coast, as shown by Z, grows in
time and the initial position of the trapped parcels becomes deeper (colors near the
coast change from yellow to red). Net onshore displacement of X occurs at about
5-10 m depth offshore of 30 km. Between these features at mid-depth offshore of 30
km, there is very little horizontal or vertical motion. Onshore of 30 km, however,
parcel displacements are complicated and there is significant across-shelf and vertical
motion.

The region of southward alongshelf displacements (Y') increases in both size and
magnitude as the parcels are advected farther south over a broader region of the shelf
with each forcing period. In contrast, the inshore region of northward displacements
shrinks in size and decreases in magnitude. This result is robust for simulations
beginning at any point in the forcing period (8.5T, 8.75T, 9T, or 9.25T). Thus, after
several periods, parcels at almost all depths from 0-50 km will be displaced south of
their initial position, independent of the initial forcing phase. Evidently, the reason
for this is that parcels do not remain in the region of the northward upwelling jet,
where they would be advected farther northward, but instead move offshore into the

broad region of southward velocities (see the mean Lagrangian u and v in Figure 24).
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Figure 28. Contours of Lagrangian label fields every two periods during a ten period
simulation beginning at ¢;=9.25T. The Y label has units of km and the black line
marks the 0 contour for Y.

3.5.2  Fluid Parcel Tracking Results

We also investigate parcel displacements over a forcing period using the parcel
tracking method introduced in Section 3.3.3 for a simulation with #;=9.25T and
parcels initialized at every grid point on the model domain (Figure 29, top panel).
Some regions show net displacements over a period that agree well with the label
fields (Figure 27), while other regions are more complicated. Parcels in the bottom

5 m of the shelf move onshore with displacement values that increase as the initial
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position of the parcel nears the coast. Offshore displacement, due to the thicker
bottom boundary layer during downwelling, of parcels initially between 15-45 km is
apparent above the bottom layer. At mid-depth and offshore of 20 km, parcels are
shown to move slightly downward over a forcing period. In the surface layer offshore
of 30 km, a cell structure is seen with parcels moving offshore above 5 m and onshore
from 5-10 m depth. The parcel motion near the coast is complicated with parcel
displacements that cross one another and vary in length and direction. It is unclear
whether all of this complexity is due to the true motion resolved by the model, or if
small errors in the parcel tracking calculation make a contribution. It was determined
through testing of the technique that the results are somewhat sensitive to the
conditions imposed at the coastal boundary. However, the results of the Lagrangian
label analysis also show this region produces significant parcel displacements and
complex paths over one period (Figure 27) or ten periods (Figure 28). Thus, we are
confident in the general conclusion of complex parcel paths existing in this region,
although care must be taken in determining individual parcel trajectories.

3.5.2.1  Parcel Displacement Maps: Due to the near periodicity of the
response, we can use a mapping technique to calculate the parcel displacements
over many periods without actually tracking them in the model simulation. The
map is created from the one period model parcel displacements (Figure 29, top
panel). Using a bilinear interpolation, the net displacement of each parcel in z
and z may then be iterated forward for as many periods as desired. This mapping
technique can thus provide a description of parcel displacements over many periods

at very little computational cost. The map is an extremely useful tool that helps

determine the qualitative Lagrangian behavior and gives a clear picture of parcel




80

displacement trends. Implementing the one-period displacement map technique,
we effectively approximate the Eulerian flow as periodic. The qualitative accuracy
of this approximation is supported by Figures 20 and 23, as well as the bottom
panels of Figure 29, which show that the iterated map reproduces the features of the
ten-period model parcel displacements reasonably well. The model displacements
tend to be larger than those produced from the iterated map in some locations.
Again, the complicated region near the coast exhibits the largest quantitative
differences because the model displacements are not entirely reproducible from one
period to the next in this area (Figure 23), hence the iterated-map trajectories
diverge slowly from the model trajectories.

We performed simulations with varving horizontal and vertical resolution to
determine the sensitivity of the Eulerian and Lagrangian results on model resolution.
For ,=9.25T, we computed model Eulerian fields, Lagrangian labels, and parcel
trajectories over one period with Az=125 m and 45 o levels to compare with the
basic case resolution of Az=250 m and 30 ¢ levels. Parcels were located at each grid
point in both simulations. The results of the mean Eulerian fields, Lagrangian label
evolution, and 10 period parcel maps were quantitatively similar in both cases.

The Lagrangian results depend on the simulation start time because this
determines the phase of the model Eulerian velocity field. We investigate the
dependence of the 100-period Lagrangian maps on the simulation start time by
plotting selected parcel positions after each period for t;=8.5T, t,=8.75T, t,=9T, and
t,=9.25T (Figure 30). The same structures are seen in all of these maps, however
they are located in different across-shelf and, in some cases, vertical, locations.

The maps show regions with well-defined periodic motion and regions with a more
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complex response to periodic forcing. A rotating cell feature (offshore of 30 km

at ¢;=8.75T) and the slow downward motion at mid-depth are apparent. The
previously described feature with offshore displacement from 20-25 m depth and
onshore displacement below is seen. Inshore of 30 km, the parcel displacements do
not exhibit any regular patterns. Parcels that upwell to the near surface close to the
coast are typically displaced offshore within the complex region. A clear boundary
between this region and the offshore surface cell is apparent (e.g., at 30 km offshore

at £;=8.75T) in which parcels above 10 m depth move upward and offshore into the

cell.
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Figure 29. Lagrangian parcel displacements over one period (top) and over ten periods
computed from the model (bottom left) and mapping technique (bottom right) for a
simulation beginning at #;,=9.25T. The dots denote the initial locations of the parcels.
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The evolution of parcels in the cell structure and other parcels on the shelf is
explained by the upwelling and downwelling dynamics over a forcing period and can
be determined by studying the sequential maps (Figure 30). The surface cell feature
is displaced offshore of 30 km for ¢;,=8.5T and onshore for #,=9T. For t,=9.25T, the
location is similar to that for ¢;=8.75T. The orientation of the boundary between
this structure and the complex region inshore also varies. Parcels offshore of 30 km
in the top 5 m are displaced onshore about 20 km during the half cycle t=8.5T-9T,
and parcels from 5-10 m are displaced about 10 km onshore. From 10-20 m depth,
parcels are displaced 5 km offshore and below this, in the bottom boundary layer
region, parcels are displaced about 10 km offshore. Near the coast the across-shelf
motion is not as clear and vertical motion is significant.

To quantify the motion of the cell feature over a forcing period, consider the
trajectory of a single parcel initialized at ¢;,=8.5T at £=48.875 km, z=-4.0783 m (the
approximate center of the offshore surface cell) (Figure 31a). Subject to downwelling
forcing initially, the parcel moves 9 km onshore in the first quarter period and 11
km onshore in the second quarter period. After upwelling winds begin at t=9T, the
parcel moves offshore 8 km during the third quarter period and another 12 km in
the final quarter period. Total vertical displacement over a period is only about 0.2
m. The final position of the parcel is almost exactly the same as its initial position.
Thus the net across-shelf displacement of a parcel near the cell center over a period
is very small even though it is advected 20 km across the shelf during each phase
of the forcing period. Figure 31a shows movement of the cell center and clearly
illustrates why the maps constructed at different phases of the forcing cycle have

different structures.
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Figure 30. Lagrangian parcel positions after each period predicted by mapping tech-
mque over 100 periods for simulations beginning at #,=8.5T, t;=8.75T, #,=9T, and
=9.25T.

Consider a second parcel initialized at t;=8.5T at 2=37.375 km, z=-4.0448 m
(Figure 31b). The parcel travels about 20 km onshore during downwelling and 20
km offshore during upwelling. The position after one period, at t=9.5T, is about 1
m above the initial position and the position after two periods at t=10.5T is 1 m
above that at t=9.5T. The parcel has a net offshore displacement of 1 km during
each of these periods. In contrast, the net displacement of the parcel is 1 km onshore
over the period from ¢=9T-10T. Thus, the direction of displacement across the shelf

differs for the upwelling half-period (onshore displacement) and the downwelling




84

half-period (offshore displacement) for parcels in the region just onshore of the cell
feature, and the net displacement over a full period depends on the phase of the
forcing at initialization due to the net vertical motion and the vertical shear of the
time-dependent Eulerian flow.

3.5.2.2 Lyapunov Exponents: Lyapunov exponents quantify exponential
rates of divergence or convergence of the trajectories of initially neighboring particles
in a flow field. Thus, they provide a measure of the chaos present in a system. The
Lagrangian results presented in Sections 3.5.1 and 3.5.2 suggest that the parcel
trajectories in the complicated region near the coast are chaotic. We examine this
possibility and quantify the degree of chaos present in the wind-forced flows studied

here by calculating the largest Lyapunov exponent of the parcel displacement maps.
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Figure 31. Lagrangian parcel positions (a) during one period for a parcel initialized
at ;=8.5T at r=48.875 km, 2=-4.0783 m and (b) during two periods for a parcel
initialized at ¢;=8.5T at £=37.375 km, 2=-4.0448 m. The red dot is the initial
position, the blue dot is the position at t=8.75T, green dot at t=9T, and black dot at
t=9.25T. The colors repeat for the second period positions in (b) with smaller dots.
The final parcel position is given by the red x.
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We estimate the largest Lyapunov exponent A for the two-dimensional periodic
map (see e.g. Benettin et al., 1976; Lichtenberg and Lieberman, 1983) from the

truncated approximation with finite M as:

A

1 Mo,
= In—-, (26)
MAt Z; '

= i—1
where L; = (Azj + Az7)'/? is the distance after the i* cycle between two parcels
initially separated by Az at ¢ = # and L} = (Az? + Az?)Y? where Az}, Az
are rescaled values of the estimated separations Az;, Az given, if L; > Axg, by
Az, = %Axo, Azl = %Axo so that L; = Ly = Axg. The calculation of L, is made
after each iterated period for every parcel initialized on the map grid at (o, 20)
and a neighboring parcel initialized at (o + Axzg, z9). If L; > Azxg, the distance
between parcels is rescaled such that the neighboring parcel is re-positioned from
(z: + Azi, 2 + Az;) to (@ + Azl 2 + Az}) to keep the calculation near linear as
parcel separations increase. If L; < Az, then we do not rescale so that Azl = Az,
Az = Az, and L] = L;. The map is then used to determine the positions of the grid
of neighboring parcels after any necessary rescaling has been done. The calculation
was tested by varying the initial separation distance Azy by Axzy = Azgriq/n (where
Azgrig=250 m, the grid resolution of the model and the map), and n=1, 2, 4, 8, 16,
32, 64. We also performed tests with an initial separation in the vertical direction of
Azg such that the grid of neighboring parcels was initialized at (20,20 + Azp). The
largest Lyapunov exponent was estimated for both positive and negative values of
Az, Az and the results were qualitatively similar in all cases. As Az, decreased,
the small differences between results for the positive and negative initial separations

also decreased.

Estimates for the largest Lyapunov exponent A are calculated for M=100




86

forcing periods with Azy = Azgi4/64 (Figure 32). Plots of A for selected parcels
versus ¢* = (iAt)~! indicate that the choice of M=100 gives reasonable, but not
fully convergent, approximations for the values of . Values of \ are largest in the
region with complex parcel displacements near the coast and in the bottom 10 m.
In these locations, the magnitudes of \ are approximately 6-8. Offshore of 30-40
km from the surface to 25 m depth, values decrease to near zero, indicating regular
behavior. Negative values in this region, which presumably would asymptote to
zero, are generally small, e.g. the minimum value is -0.75. The boundary at 30 km
between large, positive )\ in the top 10 m and small ) offshore divides the region of
irregular and complicated parcel paths from the regular motion found in the surface
cell feature. The location of this boundary is a robust result for any sufficiently large
number of periods M. The small ) values below the surface cell feature correspond

to the mid-depth region of slow downward parcel motion.
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Figure 32. Largest Lyapunov exponent A computed from the mapping technique after
100 forcing periods beginning at ¢;=9.25T. The black line denotes the 0 contour.
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3.6 Summary

The Eulerian and Lagrangian dynamics of a wind-forced continental shelf have
been studied using a numerical model forced by periodic winds. The mean Eulerian
velocities show features from both the upwelling and downwelling phases of the
period. Near the surface, there is offshore flow from the coast to 30 km due to
upwelling and onshore flow just above due to downwelling. In the bottom layer,
onshore flow due to upwelling is in the bottom 5 m, and just above is a region of
offshore flow due to downwelling, a result of the thicker bottom boundary layer
during downwelling. In the alongshelf momentum balance, nonlinear advection of
momentum is stronger during the upwelling phase. This result is linked to the weaker
across-shelf and vertical gradients in the alongshelf velocity during downwelling.

Lagrangian motion was analyzed using Lagrangian label fields and a parcel
tracking technique. The labels show significant across-shelf, alongshelf, and vertical
advection over a period. After several forcing periods, the bottom layer response
becomes much more pronounced while the surface layer response weakens. Near
the coast, a region of large 2 and 2 displacements shows complex patterns in the
label fields with variability in parcel trajectories from one period to the next. Net
southward displacement increases and net northward displacement decreases in time,
leading to the result that all the parcels on the shelf are displaced to the south after
many periods. Similar information can be obtained by tracking individual parcels in
the traditional manner.

Results have also been obtained by iterating the one-period displacement map
for many periods. The map is useful in providing a qualitative assessment of the

Lagrangian motion of fluid parcels over many periods. The perspective on parcel
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motion over one period gained from the analysis of these iterated maps is valuable
as well. By following the progression of maps initialized at different forcing phases,
the displacement of parcels in different regions of the shelf can be identified. The
rotating surface cell offshore of 30 km appears especially clearly in this analysis.
The map also makes possible the calculation of approximate values for the largest
Lyapunov exponent, which quantifies to some extent the chaos present in the region
of complicated parcel paths near the coast.

Except near the center of the offshore surface cell, parcels generally do not
return to their initial location after a period, hence a Stokes drift exists and is
maximum in the complex region near the coast. Parcel displacement depends on the
initial location and the initial forcing phase. Asymmetries between the upwelling
and downwelling responses lead to significant net across-shelf displacements in the
surface and bottom layers. The complex motion of Lagrangian parcels in three
dimensions leads to interesting results that are not obviously suggested by the
Eulerian fields. One clear example is the robust southward alongshelf displacement

of all parcels after several periods.
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4.1 Abstract

The three-dimensional circulation on the continental shelf off northern California
in the WEST (Wind Events and Shelf Transport) experiment region is studied using
the primitive equation Regional Ocean Modeling System (ROMS). The simulations
are performed with realistic topography and initial stratification in a limited-area
domain with a high-resolution grid. Forcing consists of measured wind stress and
heat flux values obtained during summer 2001. The general response shows a
southward coastal upwelling jet of up to 1 m s™! and a weakening or reversal of
currents inshore of the jet when upwelling winds relax. Model results are compared
to WEST moored velocity and temperature measurements at five locations, to
CODAR surface current observations between Pt. Reyes and Bodega Bay, and
to hydrographic measurements along shipboard survey lines. The model performs
reasonably well, with the highest depth-averaged velocity correlation (0.81) at the
inshore mooring (40 m water depth) and lowest correlation (0.68) at the mid-depth
mooring (90 m depth). The model shows generally stronger velocities than those
observed, especially at the inshore moorings, and a lack in complete reversal of
southward velocities observed when upwelling winds relax. The comparison of surface
velocities with CODAR measurements shows good agreement of the mean and the
dominant mode of variability. The hydrography compares closely at the southern
and northern edges of the survey region (correlation coefficients between 0.90-0.97),
with weaker correlations at the three interior survey lines (correlation coefficients
between 0.44-0.76). Mean model fields over the summer upwelling period show slight
coastal jet separation off Pt. Arena and significant separation off Pt. Reyes. The

cape regions also experience relatively strong bottom velocities and nonlinearity in
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the surface flow. Across-shelf velocity sections examined along the shelf reveal a
double jet structure that appears just north of Bodega Bay and shows the offshore
jet strengthening to the south. We examine the dynamics during an upwelling and
subsequent relaxation event in May 2001 in which the WEST measurements show
evidence of a strong flow response. The alongshelf variability in the upwelling and
relaxation response introduced by Pt. Reyes is evident. Analysis of term balances
from both the three-dimensional and depth-averaged momentum equations helps
to clarify the event dynamics in different regions over the shelf. A clear pattern in
the nonlinear advection term is due to the spatial acceleration of the southward jet
around the capes of Pt. Arena and Pt. Reyes during upwelling. Results from a
three-dimensional Lagrangian analysis of water parcel displacement show the source
of upwelled water near the coast south of Pt. Reyes is local, as compared to that

north of Pt. Reyes, which has a signature of deeper water from farther north.

4.2 Introduction

As part of the Coastal Ocean Processes (CoOP) program, the Wind Events and
Shelf Transport (WEST) project has the overall goal of understanding the role that
wind-driven transport plays in biological productivity over the northern California
shelf. Through the collection of physical and biological data, WEST investigators
hope to answer the interdisciplinary question of how a productive ecosystem develops
over a strongly wind-driven shelf. This issue is complex due to the opposing effects
of wind-driven transport on productivity. Nutrient supply to the upper layer due to

upwelling of cold, nutrient-rich water increases productivity, while vertical mixing

and near-surface offshore transport of plankton during upwelling-favorable winds
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lead to decreased productivity on the shelf. WEST investigators propose that
plankton are retained near the surface on the shelf through both circulation processes
and consumption by higher trophic levels, and they expect that field measurements
and numerical model results will reveal the roles of these mechanisms.

The region of interest for WEST extends from just south of Pt. Reyes
to about 50 km north of Bodega Bay (Figure 33). This is an area that has
been studied previously by large observational programs, such as the Coastal
Ocean Dynamics Experiment (CODE) (Beardsley and Lentz, 1987) and the Shelf
Mixed Layer Experiment (SMILE) (Alessi et al., 1991), and results of those
experiments have been used for guidance in design of the WEST field measurements.
Moorings deployed at five locations from May 2001-2003 by the WEST project
collected measurements of current velocity, temperature, conductivity, pressure,
wind, chlorophyll fluorescence, and optical transmissivity (Dever et al., 2004).
Additionally, surface heat flux paramenters were measured at the central D090
mooring and fluxes were calculated using the algorithms specified in Beardsley et al.
(1998) (E. Dever, personal communication). Land-based coastal radar (CODAR)
systems were in operation during May 2001-September 2003 to measure surface
currents over the region from Pt. Reyes to Bodega Bay. Ship surveys were also
conducted during three summer upwelling periods and two winter downwelling
periods between June 2000 and November 2002. These surveys were comprised of
both vertical profiles and underway tow-yo sampling of water properties and current
velocity (Largier, 2004).

In this study, we model the circulation over the continental shelf and upper slope

in the WEST region during May — June 2001. During this period, the winds are
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generally upwelling favorable at the central D090 mooring with a mean wind stress
magnitude of 0.074 N m~? directed toward 120 T. The magnitude and direction
of maximum standard deviation in wind stress are similar to the mean for this
period, i.e. 0.052 N m~2 and 116 T. This wind stress forces an upwelling circulation
that persists throughout the summer with the exception of intermittent 1-3 day
periods during which the alongshelf winds relax or reverse. The modeled velocity
and hydrographic fields are next compared quantitatively with the WEST data sets.
Following the model-data comparisons, we discuss the time mean response, which
1s dominated over the shelf by an upwelling circulation, and then proceed to focus
on the dynamics of a specific upwelling and subsequent relaxation wind event that

occurs from May 17 — 23, 2001.
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Figure 33.  Observational layout for Wind Events and Shelf Transport (WEST)
project.
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The numerical model description and setup are presented in section 4.3.
Comparisons of the model with the three datasets described above are provided
in section 4.4. General characteristics of the flow field in response to summer
upwelling-favorable winds are discussed in section 4.5. A detailed dynamical analysis
of an upwelling and relaxation event is presented in section 4.6 and a summary is

provided in section 4.7.

4.3 Model Formulation

The Regional Ocean Modeling System (ROMS) is a hydrostatic primitive
equation model with terrain-following vertical coordinates. ROMS is based on the
S-Coordinate Rutgers University Model (SCRUM) described by Song and Haidvogel
(1994), but has been rewritten to include, for example, high-order advection schemes,
accurate pressure-gradient algorithms, and several subgrid-scale parameterizations
(Shchepetkin and McWilliams, 2004). We use the embedded Mellor-Yamada 2.5
level turbulence closure scheme (Mellor and Yamada, 1982) as modified in Galperin
et al. (1988) and the third-order upstream bias advection scheme for momentum
and tracers (Shchepetkin and McWilliams, 1998). The pressure-gradient scheme
is a splines density Jacobian, one of three methods developed by Shchepetkin and
McWilliams (2003) to minimize the errors associated with computing horizontal
pressure gradients with terrain-following coordinates.

The model domain and bathymetry is shown in Figure 34. The model
bathymetry is a spatially-filtered version of that obtained from the National
Geophysical Data Center GEODAS dataset with 3-second resolution. It is smoothed

such that the maximum local slope factor, defined as |6h/h| (Mellor et al., 1994), is
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no greater than 0.2. This value has been shown to limit the errors associated with
the pressure gradient calculation (Barnier et al., 1998; Beckmann and Haidvogel,
1993).

Periodic boundary conditions are used on the northern and southern boundaries
and the model bathymetry is adjusted to be equal at these boundaries. The alongshelf
length of the domain is 400 kin and the across-shelf length is approximately 135 km.
The Cartesian (z,y) grid has a resolution of 1.7 km in the alongshelf y direction and
between 0.8-1.8 km in the across-shelf z direction with the highest resolution near
the coast. In the vertical, we use 40 s-levels with spacing such that there is higher
resolution in the surface and bottom layers.

At the coastal boundary, the application of land masking gives a no flux
condition on the normal velocity component and a no slip condition on the tangential
velocity component. At the offshore boundary, we use a condition of zero normal
depth-integrated velocity (U = 0) and free slip for the tangential depth-integrated
velocity (V, = 0). The free surface satisfies an implicit gravity wave radiation
condition (GWT as described in Chapman, 19835), the depth-dependent velocities
satisfy a radiation condition, and the tracers and turbulence quantities satisfy a no
gradient condition (T, = S, = ¢2 = 0). The initial temperature and salinity profiles
in Figure 35 are horizontally uniform and are taken from the mean of the central D
line CTD survey data. The temperature profile is very similar to that calculated as
the mean of April 1981-82 values from the CODE experiment central line. However,
the salinity profile from the WEST measurements is less stratified than that from
the CODE measurements, which has a value of approximately 33.3 psu near the

surface and increases to 33.9 psu at 140 m depth (Huyer, 1984).
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The model simulation occurs over 57 days during April 25 — June 20, 2001. We
regard the first ten days (April 25 — May 4), during which the WEST measurements
are unavailable for model-data comparisons, as a spinup period. Therefore, we
calculate time mean fields presented in section 4.5 over 47 days from May 5 — June
20, 2001. Figure 36 shows the wind stress and heat flux time series used to force the
model, which are calculated from measurements at the central D090 mooring, then
low-pass filtered and applied uniformly at each surface grid point. The alongshelf
component 7, has a mean value of -0.064 N m™2 and standard deviation of 0.047
N m™?, and the across-shelf component % has a mean value of 0.035 N m~2 and
standard deviation of 0.029 N m™2. The total heat flux has a mean value of 80 W
m~? and standard deviation of 56 W m=2. The instruments at D090 were not fully
operational prior to May 5, therefore we used a linear regression of the NDBC 13
buoy winds (located just offshore of the D130 mooring) and a linear increase in heat
flux from near zero to the first measured value.

The assumption of no spatial variability in the wind field is not accurate, as
has been previously shown by wind measurements in the CODE and WEST regions
(Beardsley et al., 1987; Dorman and Winant, 1995). An advantage to forcing the
numerical model with a spatially-uniform wind field is that we may isolate the
topographically-dominated shelf circulation response to upwelling and relaxation in
this initial study without the influence of spatially-variable wind forcing. Future
modeling studies of this region are planned that will utilize wind stress fields
obtained from a high-resolution regional mesoscale atmospheric model after these
become available following evaluations with model/data comparisons (C. Dorman,

personal communication). The response to spatially-uniform winds should, in any
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case, provide a useful benchmark for future investigations that address the specific

effects of spatially-variable winds.

Vi i /
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Figure 34. ROMS model domain with grid resolution and bathymetry contours. The
grid’s alongshelf axis is aligned along 330 T. The horizontal lines show the loca-
tions of across-shelf sections, numbered according to alongshelf grid number, that are
discussed in section 4.6. Five of these lines correspond to WEST survey lines A-F
as shown on the right side. Note that the distance from the offshore boundary to
the coastal boundary is approximately 135 km at both ends of the model domain,
although the distances appear slightly different due to the map projection. The iso-
baths shown include 100 m and 200 — 1400 m at intervals of 200 m. Cordell Bank is
the topographic feature just south of the C line denoted by the closed 100-m isobath.
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Figure 36. Across-shelf and alongshelf wind stress and total heat flux time series used
to force the model. The instruments at D090 were not operational prior to May 3,
therefore we used a linear regression of the NDBC 13 buoy winds and a linear increase
in heat flux from near zero to the first measured value. Note that the wind stress
components have been rotated to the model axis, which is aligned along 330 T. Wind

and heat flux measurements from D090 were provided by E. Dever.
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4.4 Model/Data Comparisons
4.4.1. Moored velocity and temperature observations

In order to verify the model’s ability to represent the wind-driven shelf flow
in this region, we conduct model-data comparisons with the available WEST
observations. The first such comparison is with the moored velocity and temperature
time series. Figure 37 shows depth-averaged velocities from the observations and the
model at the D Line moorings. The depth-averaged velocities are computed over the
depths of the mooring instruments. The wind stress vectors used to force the model
are also plotted at the top. The time period shown is the entire duration of the
model simulation (April 25 — June 20, 2001), including the spinup. However, because
the moored time series are not available until May 5, correlations between the
model and mooring observations are computed over May 5 — June 20. The complex
correlation is highest at the inshore mooring (0.81), however the phase angle shows
a fairly significant counterclockwise rotation of the modeled currents as compared
to the observed D040 currents (23.44°). The correlation is lowest at the central
D090 mooring (0.68), but the phase angle is very small (1.07°), indicating that the
model does get the direction of the velocity fluctuations correct at this location.
Correlations at the other 90-m moorings, C090 and E090 (not shown) are 0.64 with
7.73° phase angle and 0.57 with 6° phase angle, respectively. The correlation and
phase angle at D130 (0.74 and 12.34°) lie between those at D040 and D090, and
the root mean square error (rmse) at this location is significantly smaller in the
alongshelf direction than at the other two moorings. The discrepancies between
the model and observed time series are evidently due to the larger model velocity

magnitudes during upwelling forcing (especially at D040 and D090) and the lack of a



102

significant reversal in the modeled velocities when upwelling winds relax (especially
at D090 and D130). The model performs well at depth at the two offshore moorings
due to decreased model velocities that match the observations more closely than at
the surface (not shown).

We also compare the near-surface temperature time series at the D Line
moorings for the same time period (Figure 38). The modeled temperature at the
D040 and D090 moorings is 1-4 degrees cooler than the observations, with this
difference a maximum during wind relaxation events when the observed temperature
increases by 1-2 degrees. Thus, the model temperature has a weaker relaxation
response than the observed temperature as expected from the weaker velocity
relaxation response. The connection between observed northward velocities during
relaxation and observed warming at the D line is likely the northward advection
of warm, fresh water from San Francisco Bay, an input that is neglected in this
modeling study.

Time mean depth-averaged velocity vectors from the observations and the
model at the WEST mooring locations show the mean modeled velocities are
larger than the mean observed velocities at all mooring locations except D130
(Figure 39). The first mode EOF, which explains 86% of the variance in both the
model and observations, shows the model does better at matching the magnitude
of the variability in the observations with a slight difference in phase. The phase
and magnitude difference in the first mode EOF is greatest at D040. The time series
of the EOFs have a correlation of 0.88. The observed amplitude is consistently
higher than the model, with the biggest difference when the sign is positive. This

corresponds to the observed reversal of velocities when upwelling winds relax, a
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response that the model fails to represent completely as discussed earlier.
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Figure 37. Time series of 75 (a) and observed and modeled depth-averaged currents
(m s™!) at D040 mooring (b-c), D090 mooring (d-¢), and D130 mooring (f-g). Major
principal axes (MPA), magnitude of the complex correlation coefficient (p*), phase
angle (6*), and root mean square error for (u,v) are provided at each location. The
95% significance level for the velocity correlations is 0.51. The depths of the current
meters range from 5 m to 33 m, 76 m, and 109 m, respectively, at D040, D090,
and D130, with 2 m between each instrument. Moored velocity measurements were
provided by E. Dever.
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Figure 38. Time series of 7° (a) and observed and modeled near-surface temperatures
at D040 mooring (b), D090 mooring (c), and D130 mooring (d). Correlation coeffi-
cients and root mean square error are provided at each location. The 95% significance
level for the temperature correlations is 0.71. The depths of the temperature sensors
range from 5 m to 30 m, 70 m, and 50 m, respectively, at D040, D090, and D130, with

5 m between each instrument. Moored temperature measurements were provided by
E. Dever.

Further comparison between the moored velocity observations and the model
is made by computing space-lagged correlation coefficients between model velocity
components and between observed velocity components at the mooring locations
(Table 4). The observed and modeled depth-averaged velocities (averaged over the
measurement depths) are rotated to their respective principal axes calculated from
the depth-averaged currents to objectively determine local values of the alongshelf
and across-shelf velocity components. The observed correlations are shown in bold.
For both the model and the observations, alongshelf correlations are computed for

C090, D090, and E090 and across-shelf correlations for D040, D090, and D130.
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The modeled and observed velocities have generally higher correlations alongshelf
between the 90-m moorings than across-shelf on the D line. Alongshelf velocity
correlations for v are high for both the model and observations at the 90-m moorings.
The modeled response shows a lower u correlation for D090 — E090 (0.44) and C090
— E090 (0.08) than for C090 - D090 (0.73), whereas the observed correlation is
similar between these pairs. Observed u correlations between D040 and the offshore
D moorings are small and negative. The model correlations, however, are similar for
all three D mooring pairs. This result illustrates a complexity in the observed flow

at the inshore mooring location that is not captured by the model.
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Figure 39. Mean (top) and mode 1 EOF (middle) of depth-averaged velocities from
the mooring observations (left) and the model (right). The amplitude time series of
the observed (solid line) and modeled (dashed line) mode 1 EOF is also shown at the
bottom with the correlation coefficient. The 100-m and 200-m isobaths are provided.
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Table 4. Summary of space-lagged correlation coefficients for observed (bold
text) and modeled depth-averaged alongshelf velocity (v) and across-shelf ve-
locity (u) at the mooring locations. The alongshelf and across-shelf velocities
are determined by rotating to the principal axes of the depth-averaged currents.
The time period over which the correlations are computed is the same as for
the model-data comparisons presented in Figures 37, 38, and 39, May 5 — June
20, 2001. The 95% significance level for the correlations shown below is 0.51.

D040 D090 D130 C090 E090
v u v u v u v u v u
D040 0.48 -0.01  0.38 -0.08
D090 | 0.70 0.66 0.65 0.50 | 0.95 0.61 | 0.93 0.61

D130 | 0.75 0.58 | 0.57 0.54

C090 0.95 0.73 0.94 0.51

E090 091 044 0.85 0.08

4.4.2. CODAR surface velocity observations
Daily-averaged surface velocities in the CODAR region (see Figure 33) are

available from May 4 — June 20, 2001. We compare the modeled surface velocities
over the same region in Figure 40. Shown are the complex correlation and phase, the
time mean surface velocities, and the mode 1 EOF's from the CODAR observations
and the model. Note the 100-m and 200-m isobaths are plotted for reference. The
correlations are between 0.6 — 0.8 over much of the coverage area, with the exception
of a few patchy areas at the north and south and near Cordell Bank, the topographic
feature offshore of Pt. Reyes where the 100-m contour is closed. Phase angles are

small in the middle of the CODAR region, with higher values around the edges. The
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mean velocities are very similar offshore of the 100-m isobath, but near the coast,
the modeled velocities are stronger. This pattern is consistent with the discussion
of Figures 37 and 39 in which the depth-averaged velocity magnitudes at D130 are
comparable, but the modeled velocities at the inshore moorings are stronger than
the observed velocities. The root mean square errors between the observed and

"and 0.11 m s7! for the east/west and

modeled mean surface velocities are 0.06 m s~
north/south components, respectively. The structure of the observed and modeled
mode 1 EOL's is similar over the entire CODAR region.

The modal amplitudes (bottom) are highly correlated, with a correlation of
0.79. To attempt to determine if the mode 1 EOF represents the wind-driven mode,
we compute cross-correlations between the wind stress components and the observed
and modeled mode 1 time series. Significant agreement is found between 7, and the
mode 1 amplitudes, with zero-lag correlations of 0.88 and 0.63 for the observed and
modeled modes, respectively. With the mode 1 amplitude lagging 7, by one day,
the model correlation increases to 0.66. Cross-correlations of 72 with the mode 1

amplitudes are small at all time lags. We conclude that the mode 1 EOFs represent

the dominant coherent wind-driven variability.
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Figure 40. Magnitudes of complex correlation coefficients and phase angles (left)
between modeled and observed surface currents, time mean surface velocity vectors
(middle), and dominant mode 1 EOF (right) of surface currents from the CODAR
observations (top) and the model (middle). The percentage of total variance explained
by the mode 1 EOF is displayed in the lower left corner of each panel. The amplitude
time series of the observed (red) and modeled (blue) EOFs are also shown at the
bottom with the correlation coefficient. The 100-m and 200-m isobaths are shown in
black. CODAR surface velocities were provided by D. Kaplan.
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4.4.3. Shipboard hydrographic observations

Shipboard surveys following the large scale and small scale survey plans shown
in Figure 33 allow an opportunity for model-data comparisons. The large scale
survey encompasses WEST lines A, D, and F, while the small scale survey covers
lines B, C, D, and E. In Figure 41, we compare two lines from a single CTD survey
to the modeled potential density oy during the event period we will later focus our
discussion on. The modeled and observed oy fields show similar characteristics.
At the D line, a region of slightly downward-tilted isopycnals is found about 40
km offshore, as well as upwelled isopycnals at the surface from the coast to 30 km
offshore in both the model and observations. The F line comparison is also similar,
with the exception of an observed bulge of low density water extending from the
surface to almost 100 m depth between 15 - 30 km offshore. This feature is possibly
related to an output of warm, fresh water from San Francisco Bay that enters the
study region when upwelling winds relax to near zero on May 20.

Figure 41 also shows scatter plots of all the observations available for each of
these survey lines (five surveys in May/June on the D line and one survey on the
F line). The correlation is very high on the F line (0.97) and the regression line
has a slope near one (0.91). The correlation is lower on the D line (0.76) and more
scatter is found, however the rmse values are similar at the two sites. The results
for comparisons along lines A, C, and E (not shown), computed for one survey
on lines A and E and two surveys on line C, have a high correlation (0.9) on the
A line, while the C and E lines are much lower (0.51 and 0.44, respectively). A
similar comparison between the modeled potential density and that observed with

the tow-yo instrument, which encompasses the large scale survey lines A, D, and F,
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yields a high correlation on the F line (0.93) and lower correlations on the A and D
lines (0.54 and 0.53, respectively). The model clearly captures the density structure
well at the northern end of the study region where the flow is relatively simple
compared to that just north of Pt. Reyes and Cordell Bank, where the three interior
survey lines are located. Somewhat surprising, perhaps, is the high correlation on

the A line, where the model flow is quite complicated as we will illustrate.
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Figure 41. Potential density sections from CTD observations (top) and model (mid-
dle) along the D Line on May 20 (left) and the F Line on May 21 (right). Note the
difference in the horizontal scales. At the bottom are scatter plots of all potential
density observations compiled from five surveys during May/June for the D Line and
one survey for the F Line. Provided below the scatter plots are the slope of the regres-
sion line (b), correlation coefficient (r), root mean square error (rmse), and variance
from the observations (0,) and the model (0,,). Hydrographic data were provided by
N. Garfield.
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4.5  Characteristics of Upwelling Season Response

We are interested in the mean wind-driven response of the shelf flow over the
model simulation period. The winds are dominantly upwelling-favorable (Figure 36),
however several relaxation events lasting 1-3 days occur during May and June
2001. The modeled shelf response at the surface can be seen in the region from Pt.
Reyes to Pt. Arena in Figure 42. Clearly, the fields demonstrate that the upwelling
response dominates the time mean. The surface velocity vectors show the location
of the coastal upwelling jet, which separates slightly from the coast off Pt. Arena
and significantly off Pt. Reyes, approximately following the 100-m isobath in both
cases. Separation of the coastal upwelling jet from Pt. Reyes is a feature that has
been previously discussed in the numerical model results of Gan and Allen (2002a).
The largest variability in the velocity amplitude is off the capes and along the 200-m
isobath. The variability is high off Pt. Arena and Pt. Reyes because the flows are
complicated due to interactions with the variable coastline and bathymetry. Gan
and Allen (2002a,b) found that, due to these interactions, the coastal capes in this
area play a dominant role in the alongshelf variability of upwelling.

Another region of significant southward velocities at the surface offshore of the
200-m isobath is also apparent south of Pt. Reyes. This corresponds to a bifurcation
in the separated coastal jet with an inshore portion of the jet following the 100-m
isobath and another portion turning offshore, crossing isobaths, and returning
southward about 60 km offshore. .This double jet structure will be discussed in
further detail later in this section.

The mean surface temperature field displays an upwelling response with the

coldest water near the coast and increasing temperature offshore. An area of
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relatively cold water is also found south of Pt. Reyes. The standard deviation of
temperature shows high variability offshore of and south of Pt. Reyes due to the
relatively large signal observed during upwelling relaxation in this region.

The coastal jet location is more obvious in the mean depth-averaged velocity
than at the surface because velocities at depth decrease significantly offshore of the
200-m isobath (Figure 43). Overlaid on the depth-averaged velocity vectors are
transport streamfunction contours, illustrating how the flow follows the coastline
north of Pt. Reyes, where it veers offshore following the 100-m isobath. The
transport is greatly decreased inshore of the 100-m isobath south of Pt. Reyes and a
cyclonic recirculation area is found 50 km south of Cordell Bank between the regions
of southward velocities associated with the bifurcated jet.

Bottom velocities have an onshore component under the coastal jet due to the
bottom Ekman flow. Purely onshore bottom flow is found just south of Pt. Reyes.
Consistent with the distribution of large bottom velocity, the bottom stress and
bottom turbulent kinetic energy values are highest off Pt. Reyes and Pt. Arena. The
turbulent kinetic energy variable (tke) is computed using the Mellor-Yamada level
2.5 closure scheme (tke = 1/2¢). Nonlinearity in the surface flow is indicated off
Pt. Reyes and Pt. Arena by the relatively large magnitudes of the surface relative
vorticity divided by the Coriolis parameter f, which gives a measure of the local
Rossby number. These results all point to the high spatial variability and complexity
associated with the coastal jet separation. Mean potential density oy at the bottom
shows the isopycnals are approximately aligned with bathymetry contours with

somewhat lower values inshore of the 100-m isobath south of Pt. Reyes. Although

this pattern does not change significantly over the simulation period, bottom oy
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values on the shelf become greater over time due to the mean onshore bottom fow.

200 km 0.5

0.4

0.3

0.2

0.1

0.15

0.1

0.05 0.8

| [

0.7

Figure 42. Time mean surface velocity vectors with magnitudes in color (upper left),
surface temperature (° C) (upper right), standard deviation of the vector amplitudes
(m s7') (lower left), and standard deviation of temperature (lower right) over the
region from Pt. Reyes to Pt. Arena. The 100-m and 200-m isobaths are shown in
black.

Sections of time mean alongshelf velocity v and potential density oy at the
locations shown in Figure 34 illustrate the significant variability in structure due
to the flow response to the variable shelf geometry and coastline shape at different

alongshelf locations (Figure 44). North of the F line (line 166), a coastal jet with a
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defined core extends about 200 m deep and 30 km offshore, with slightly northward
velocities inshore. Along the F line (line 148), the jet widens and shallows to about
100 m depth. Continuing south to the E line (line 130), the existence of two separate
jet structures begins to develop, with stronger velocities in the inshore jet. Evidence
in Figures 42 and 43 of weaker surface and depth-averaged velocities between the
100-m and 200-m isobaths at this location was discussed previously. The double
jet feature, however, is better defined and more visible in the sections than in the
horizontal velocity fields. The double jet can be seen in Figure 44 at each subsequent
section south of line 130, with southward velocity increasing in the offshore jet and
becoming larger than that inshore at Pt. Reyes and along the A line (lines 112
and 104). The jets move offshore between lines 112 and 104 due to separation off
Pt. Reyes as shown in Figure 43. Areas with zero or slightly northward velocity
are found along the continental slope between the two jets at all sites. A region of
northward velocity from 5-20 km offshore at the A line illustrates the relaxation
response that is strongest south of Pt. Reyes. The relaxation contribution to the
time mean also causes slightly northward velocities near the coast just south of Pt.
Arena (line 166), where a relaxation response is present, but much weaker than that
south of Pt. Reyes.

The E line (line 130) is located about 10 km north of Cordell Bank, so it is
possible that upstream influence of the bank causes this double jet velocity structure,
which strengthens to the south as the isobaths are modified significantly by the
presence of the bank (see Figure 34). Other indications of upstream influence of

Cordell Bank will be discussed later in connection with Lagrangian calculations

presented in section 4.6.2. Attempts to find evidence of a similar jet structure in the
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observations, both from WEST and from other northern California programs such
as CODE, did not lead to any conclusive results. It is unclear, however, whether an
appropriate comparison could be made from these observations due to their limited
coverage areas. The southernmost CODE survey line is just north of the E line, and
the WEST CODAR region does not extend offshore of the 200-m isobath around
Cordell Bank and Pt. Reyes. WEST shipboard ADCP surveys during May 2001 (M.
Roughan, personal communication) are available at the A, D, and F lines, but only
for a few days. The ADCP measurements do not always extend far enough onshore
or offshore to capture the necessary range for a comparison. However, one ADCP
survey on May 26 that extends offshore along the D line (line 124) shows negative v
velocity on the shelf, a region of near zero v just offshore at the shelf break (30 km
from the coast), and surface-intensified negative v from about 32 — 50 km from the
coast. The model v, sampled in the same manner as the observations, has a similar
across-shelf structure. This is clearly a qualitative comparison, but one which shows
that relevant available observations are not inconsistent with the model results.
Time mean density fields do not exhibit as noticeable a transformation between
alongshelf locations, although the region of upwelled isopycnals extends farther
offshore as the location progresses south from line 166 to line 104. This difference
between sections is largest at the A line (line 104), where the 26.3 kg m~2 isopycnal
surfaces approximately 40 km offshore, as compared to 15-25 km offshore at lines
166-112. The contrast in across-shelf density front location illustrates that more
dense water is upwelled at the surface over a larger expanse of the shelf south of Pt.

Reyes, where the alongshelf coastal jet is displaced offshore relative to its location

north of Pt. Reyes.
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Figure 43. Time mean depth-averaged velocity vectors with magnitudes in color and
contours of transport streamfunction in black (upper left), bottom velocity vectors
(upper middle), bottom stress vectors 72 (upper right), surface relative vorticity ¢
divided by f (lower left), bottom potential density oy in kg m=3 (lower middle), and

bottom turbulent kinetic energy (tke) in 10* m? s~2 (lower right)
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Figure 44. Sections of time mean alongshelf velocity v in m s~! (left) and potential
density oy in kg m™ (right) plotted as a function of depth (m) and distance offshore
(km). The zero v contour is shown in black. The alongshelf grid numbers shown in
Figure 34 are in the lower right corner of each v section and corresponding WEST
survey lines are in the lower right corner of each o, section.
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4.6 Dynamical Analysis of Upwelling and Relaxation Wind Event
4.6.1. Eulerian analysis

We now focus our discussion on a specific wind event from May 17 — 23, 2001
during which the wind stress begins as upwelling-favorable and greater than 0.1
N m~% until May 19, at which time it decreases to near zero on May 20. Both
components of the wind stress remain near zero until May 23 (see Figure 36). The
modeled upwelling and relaxation response during this event is representative of
those throughout the summer simulation period. This analysis also allows a contrast
between upwelling and relaxation conditions over a typical event time scale. Shown
in Figure 45 are surface velocity vectors, surface temperature, and surface elevation 7
fields on May 18, 20, and 22. The wind stress during the event is provided at the top
for reference. The location of the core of the alongshelf coastal upwelling jet on May
18 1s between the 100-m and 200-m isobaths north of Pt. Arena and approximately
along the 100-m isobath south of Pt. Arena. The jet separates from the coast south
of Pt. Arena and to a greater extent south of Pt. Reyes. Surface temperatures are
coldest and surface elevations are lowest near the coast due to upwelling, with the
coldest water north of Bodega Bay and a large region of cold water with low 7 found
south of Pt. Reves from the coast to the 100-m isobath.

On May 20, surface velocities decrease everywhere except in the coastal jet
region. Surface temperatures decrease between Pt. Reyes and Bodega Bay due to
the southward advection of cold water from north of Bodega Bay. Surface elevations
decrease near the coast by 2-3 cm. May 22 shows the flow response to wind

relaxation with a decrease in surface velocities everywhere, a warming of surface

temperatures near the coast, and an increase in surface elevation near the coast.
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Figure 45. Daily-averaged surface velocity vectors with magnitudes in color (top),
surface temperature (middle), and surface elevation (1) fields over the region from
Pt. Reyes to Pt. Arena on May 18, 20, and 22. The wind stress during the event
period is given at the top. Three section locations along the A, D, and F lines that
will be detailed in Figures 49, 50, and 53 are shown as black lines.
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In order to examine the dynamics of this event in more detail, we study fields
of the depth-averaged velocity and alongshelf momentum term balance in Figures 47
and 46. We write the momentum equation for the depth-averaged alongshelf flow in

the y direction as

oV 1% oV 1 0p 1 1
U —+V— =G —FV+ fU+ —— — — ¥+ — 27
ot oz dy iU p0dy  poD * i poDT (27)

where (U, V) are the depth-averaged currents in the (z, ) directions, 7¢ and 77 are

the y components of the surface and bottom stress, respectively, G¥ is the dispersion

term, £V is the horizontal diffusion term, f is the Coriolis parameter, and D is the
oV

water depth. We refer to the terms S; as acceleration, U% + V%—Z —GY — FY as

. T ; 1 . :
advection, fU + — p 8 as the ageostrophic pressure gradient, ~p7¢ as wind stress,

y
and —Tb as bottom stress.

The depth-averaged velocity is southward with magnitudes of 0.2-0.3 m s~ in
the coastal jet, which is shown to separate off Pt. Arena and Pt. Reyes. Weaker
velocities are found in the lee of the capes. The bifurcation of the jet, as apparently
caused by upstream influence of Cordell Barnk, is also shown with weak velocities
directly over and north of the bank. Velocities increase near the capes on May 20,
then decrease everywhere on May 22 following two days of near zero winds. On
May 18, bottom stress values are high near the coast due to forcing of appreciable
currents in the shallower water depths and off Pt. Reyes and Pt. Arena because
bottom velocities are relatively large near the capes. Wind stress values are large
everywhere on the shelf due to the spatial uniformity of the wind forcing. As the
winds decrease on May 20, bottom stress values decrease near the coast and the

wind stress is near zero everywhere. Bottom stress weakens further on May 22 while

wind stress values increase slightly near the coast.
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Figure 46. Depth-averaged velocity vectors and magnitudes in color (top), alongshelf
surface stress term (middle) and alongshelf bottom stress term (bottom) from the
depth-averaged alongshelf momentum balance over the region from Pt. Reyes to Pt.
Arena on May 18, 20, and 22. The terms are on the left-hand side of the equation
and oriented along the model y-axis. The units for each term are 10~® m s~2. The
locations of the time series shown in Figure 48 are marked with a black X in the
middle right panel.
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Figure 47.  Acceleration term (top), nonlinear advection term (middle), and
ageostrophic pressure gradient term (bottom) from the depth-averaged alongshelf
momentum balance over the region from Pt. Reyes to Pt. Arena on May 18, 20, and
22. The terms are on the left-hand side of the equation and oriented along the model
y-axis. The units for each term are 107% m s~2.
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In Figure 46, large negative acceleration on May 18 is due to the continued
strengthening of the southward coastal jet caused by upwelling wind stress forcing.
In the advection term, we see a spatial pattern of negative advection values offshore
and north of Pt. Arena and Pt. Reyes and positive advection values to the south.
This corresponds to southward spatial acceleration of the southward coastal jet off
the capes and southward spatial deceleration south of the capes. The advection
terms are balanced primarily by the opposite-signed ageostrophic pressure gradient
term. Note the characteristic spatial variation of the advection and ageostrophic
pressure gradient terms around Pt. Reyes and Pt. Arena also occurs on a smaller
scale off Bodega Head, the small cape at the northern end of Bodega Bay in the
center of the WEST study area.

As the winds decrease, the acceleration term switches sign on May 20 over the
shelf and the alongshelf velocity field decelerates. The regions of large advection and
ageostrophic pressure gradient off the capes increase in area and magnitude on May
20. All three terms in Figure 46 then weaken on May 22.

The characteristics of the alongshelf pressure gradient pattern are of interest
because the alongshelf topographic and coastline variability associated with Pt.
Reyes and Pt. Arena are important factors in the dynamics of the shelf flow response.
Gan and Allen (2002a) found a similar alongshelf pressure gradient distribution
during upwelling-favorable winds in numerical modeling studies of this region. They
explain the pattern as a response to decreased surface elevation south of the capes,
which is related to increased velocities around the capes. In addition to a geostrophic
balance in the across-shelf direction, which leads to lower surface elevation in regions

of increased alongshelf velocities, nonlinear advection contributes significantly near
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Pt. Reyes and Pt. Arena. This leads to a gradient wind-like balance with a nonlinear
centrifugal force term V?/R that is important due to increased V and decreased
radius of curvature R around the capes. Thus, the surface elevation response is
tied to the alongshelf velocity through the across-shelf momentum balance, and the
modified surface elevation field serves to intensify the alongshelf pressure gradient.
In this study, we find similar results in daily plots of surface elevation 7 (Figure 45)
and in the ageostrophic pressure gradient and nonlinear advection terms from the
across-shelf momentum balance (not shown). The surface elevation is low near the
coast and south of Pt. Reyes and an across-shelf ageostrophic pressure gradient
balances a relatively large nonlinear advection term near Pt. Reyes and also near
Pt. Arena. Throughout the event, surface elevation is a minimum in the region
south of Pt. Reyes on May 20, and correspondingly, depth-averaged velocity vectors
are largest just off Pt. Reyes and Pt. Arena on May 20 (Figure 46). In support of
the previous argument, the change in  and depth-averaged velocity from May 18
— 20 is consistent with the strengthening of the alongshelf nonlinear advection and
ageostrophic pressure gradient terms.

Time series of the modeled depth-averaged alongshelf momentum terms at the
locations of the D line moorings and at 90 m depth on the A and F lines allow us to
investigate further the dynamics as they develop in response to the variable winds
and the differences as a function of shelf location (Figure 48). Several upwelling
events occur during the period shown, including the event that is the focus of this
discussion. At all five moorings, the characteristics during upwelling forcing include
a positive surface stress term that forces a negative acceleration of the upwelling

jet followed by a negative bottom stress. The relative magnitude of the bottom
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stress decreases as the depth increases from D040 to D130. The major qualitative
difference between the dynamics at D040 and the offshore moorings is the sign of
the ageostrophic pressure gradient and advection terms. At D040, the advection is
negative, and is balanced by a positive ageostrophic pressure gradient, presumably
reflecting a southward spatial acceleration of the nearshore alongshelf current around
Bodega Head, similar to the more intense behavior found off Pt. Reyes and Pt.
Arena (Figure 46) during upwelling wind forcing. In contrast, generally positive
advection terms are found at the other four moorings, illustrating the southward
spatial deceleration of the coastal jet as it moves offshore to adjust to the presence
of Pt. Reyes. The ageostrophic pressure gradient is generally negative, balancing
positive wind stress and advection and also positive acceleration when it occurs
during wind relaxation events. The ageostrophic pressure gradient term has the
highest zero-lag correlation with the wind stress term (correlation coefficients of
0.42-0.78) and the advection term (correlation coefficients of 0.51-0.9) at all five
moorings, with the exception of F090, which has a very low correlation between the

advection and ageostrophic pressure gradient at all lags.




126

g\l." 0.1
£ 0
Z 0.1\
w
v 7 08/23 08/30 06/06 06/13
AN
\\I '\H'\\l \HHIH“HIII]ﬂ
0.5 T T T T
g 0 > < - == o T8 ey, 7 TSty
(@] & /= \\/\/’ O ///" S -~ s \%Z N
[ 1 "Jl Y 1 - \—l
a7 05/23 05/30 06/06 06/13
INAANARR AR NARRVERRNARRRNERRRIRY
0.2 T 5 < T T
o ~ N 7> s - \:/ ! \ AN \/
§ 0"\ el \\ z =z ‘\/v’\ > S =~
_0‘2 = 1 1 1 1
05/17 05/23 05/30 06/06 06/13
T T YT T T T T T[T T7] B AaE
. SARVES ERNRRANANARN
o = = z\
2 oF = < = —— =
Q2 - 7
-0.2 1 L \ 1 1
05/17 05/23 05/30 06/06 06/13
\I|l"/’\\‘\||"l | TT]
| L LN ERARRNARNARRARY
8 b - - —
L? 0—>\- - - - A 5 e BN
_0.2 1 L 1 1
05/17 05/23 05/30 06/06 06/13
FERARRAR AR RERAYVERRNARVAVEARLRR LA
aol == T //\I Ty ’l\ /'\\/\l
o ) Ay g Bl B - - o ~ i
é’ 0?} By o \s—(\/'v N o AL T e (G SIS Rl b4
-0.2 : , MA[——«/
05/17 05/23 05/30 06/06 06/13
—— Ageo Press Grad
— ~ Advection Io.2ms'1
—— Acceleration
—— Surface Stress
— — Bottom Stress

Figure 48. Time series of depth-averaged alongshelf momentum balance terms (10-5
m s~2) at the D line moorings and at 90 m on the A and F lines from May 17 -
June 20. The terms are on the left-hand side of the equation and are rotated to the
direction of the time mean depth-averaged velocity at each mooring (337 T at D040,
335 T at D090, 342 T at D130, 354 T at A090, and 306 T at F090). Time series of
corresponding depth-averaged velocity vectors (relative to the same direction) from
these locations are also shown. The scale for the velocity vectors is given at the
bottom. Note the different vertical scale for the time series of terms at D040 and
A090.
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Alongshelf variability is also illustrated by the different responses at A090, F090,
and D090. To the north, F090 shows similar wind stress and acceleration magnitudes,
but smaller ageostrophic pressure gradient and advection terms, reflecting smaller
effects of alongshelf topographic variability. The lack in correlation between the
pressure gradient and advection time series also points to a significantly different
response than that in the regions of influence of capes, as represented by the other
time series. To the south, the terms at A090 show considerably larger ageostrophic
pressure gradient and nonlinear advection terms. These terms are dominant in this
region because of the influence of Pt. Reyes on the alongshelf advection processes
and on the alongshelf pressure gradient field, as discussed previously. Acceleration,
surface stress and bottom stress play a smaller role in the balance. The bottom slope
is very small in this portion of the shelf at the A line, so that a wide range of sites,
all with depths of 85 - 90 m, produce quantitatively different alongshelf momentum
balances, but with the common characteristic that the dominant balance is between
the nonlinear advection term and the ageostrophic pressure gradient. The A line
dynamics therefore cannot be identified by approximate water depth, but rather
across-shelf location must also be considered in interpreting the momentum balance
time series.

Also of interest is the variability of the flow response (Figure 49) and the
dynamical balances (Figure 50) across sections at the A, D, and F lines. The
structure of the alongshelf velocity and density during the event is quite different
at these locations, as expected from the time mean fields discussed in Figure 44.

The F line (line 148) shows a coastal jet that weakens from May 20 to May 22

with near-zero velocities inshore on May 22. The upwelled isopycnals also retreat
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slightly toward the coast following the relaxation of upwelling winds. The jet region
is characterized (Figure 50) by positive advection, reflecting southward spatial
deceleration in the slightly onshore-directed coastal jet (Figure 46). Nonlinear
advection is balanced by a negative ageostrophic pressure gradient which also,
through the Coriolis force, balances vertical diffusion in the surface and bottom
boundary layers. The acceleration term (not shown) is about one half the magnitude
of the other terms and has a spatial pattern similar to the nonlinear advection term
with opposite sign. This corresponds to increasing southward velocities when the jet
strengthens on May 18.

At the D line (line 124), the velocity structure is more complex due to the strong
inshore jet and weaker offshore jet with northward velocities at depth in between.
The momentum term balance shows a pattern of negative advection corresponding
to southward spatial acceleration (balanced by a positive pressure gradient) on the
offshore side of the weaker offshore jet, and positive advection corresponding to
southward spatial deceleration (balanced by a negative pressure gradient) on the
inshore side. In contrast, the dynamical structure of the stronger inshore jet is
similar to that at the I line. This result leads to the conclusion that the inshore
portion of the bifurcated jet matches the signature of the coastal upwelling jet north
of Pt. Reyes, whereas the offshore portion of the bifurcated jet exhibits different
dynamics and a generally weaker dynamical response in the momentum balance
fields.

At the southernmost A line (line 104), the complexity increases as velocities in

the offshore jet are as strong as those in the inshore jet. Both jets are displaced

offshore relative to their D line locations due to separation off Pt. Reyes, and a




129

region of significant northward velocities is found inshore. The density front is

30 km offshore and relatively dense water covers the broad shallow shelf inshore,
illustrating the effectiveness of the upwelling shelf circulation at the A line. The
bottom boundary layer under the inshore jet is also displaced offshore at the A
line relative to the D and F lines (Figure 50). Large negative vertical diffusion,
corresponding to onshore flow, is also found in the water column on May 20 and 22
on the inshore side of the southward coastal jet, about 20-25 km offshore. Inshore
below the region of northward velocities near the coast is positive vertical diffusion
in the bottom layer, corresponding to offshore flow. Hence, convergence in the
bottom boundary layer could lead to the considerable vertical diffusion values that
extend upwards into the water column at the boundary between the southward and
northward velocities. The advection and ageostrophic pressure gradient fields on
the shelf, which have maximum values on May 20, show significant vertical and
horizontal structure. This includes large positive advection in the region of strong
northward velocities within about 20 km of the coast (corresponding to northward
spatial acceleration), which is balanced by a negative (northward) pressure gradient
force. The advection and pressure gradient terms switch sign progressing offshore
into the region of the nearshore coastal jet, then once again between the two jets
where alongshelf velocities are near zero, and a final time in the region of the offshore
Jet. This pattern reflects the spatial acceleration and deceleration associated with
the complex velocity structure on the shelf and slope just south of Pt. Reyes. The

magnitude of these terms in the offshore jet region is weaker than that inshore, as

discussed previously along the D line.
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Figure 49. Sections of alongshelf velocity v (left) and potential density o, (right)
along the F (line 148 — top), D (line 124 — middle), and A (line 104 — bottom) lines
on May 18, 20, and 22. The zero v contour is shown in black.
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Figure 50. Sections of the alongshelf momentum term balance, including the
ageostrophic pressure gradient (left), vertical diffusion (middle), and advection (right)
on May 18, 20, and 22. The section locations are the same as in Figure 49. Contours
of v with a 0.1 m s™! contour interval are shown in black over the pressure gradient
contours. The terms are on the left-hand side of the equation and are rotated to the
direction of the cross-sectional average of the time mean (over the entire simulation
period) depth-averaged velocity (319 T on line 148, 342 T on line 124, and 325 T on
line 104). The units for each term are 10¢ m s~2.




4.6.2. Lagrangian analysis

Lagrangian fluid motion is calculated using two different techniques. The first

approach involves computing parcel trajectories by solving the differential equations

dx dy _,
a " a

(28)

Parcels are indexed by their initial positions at every (z,y) grid point. In the
vertical, parcels are initialized at the center of the grid cell next to the surface and
remain at this depth throughout the simulation. Numerical solutions to ( 28) are
calculated utilizing a fourth-order Milne Predictor Hamming Corrector scheme. The
time step used for the Predictor-Corrector scheme is the model internal time step.
The updated positions obtained from the solutions to ( 28) are recorded daily for
each initial parcel position.

In addition to tracking individual water parcels, we utilize a second technique
that provides Lagrangian trajectories for a continuous field of parcels. This approach
involves the definition of three Lagrangian label fields that are advected by the
model velocities (Kuebel Cervantes et al., 2003). The Lagrangian labels, X (z, v, z,t),
Y(z,y,2,t), and Z(x,y, z,t), satisfy the following equations:

DX _ DY _ DZ

— = — = — =90 9
Dt ’ Dt ’ Dt ’ (2 )

where D% = % + u% + v% + w%. The initial conditions are
X(z,y,2,t=0)=2, Y(z,y,2,t=0)=y, Z(z,y,zt=0)=-=. (30)

For calculations without errors, i.e., those performed in the limit of vanishing spatial
grid sizes and time steps, the Lagrangian parcel trajectories obtained from both

techniques would be equivalent.
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In this application of the Lagrangian labels, the initial ¥ and Z labels are a
function of their initial alongshelf and vertical location, respectively, as in ( 30). To
aid in the physical interpretation, however, the X label is initialized as the water

depth h,
X(z,y,2,t =0) = h(z,y). (31)

This allows a ready assessment of across-isobath displacement of water parcels,
which we refer to as onshore/offshore displacement in the following discussion. The
labels X, Y, and Z are calculated as fields on the model grid with the third-order
upstream bias advection scheme. Since the model also includes a parameterization
of small-scale turbulence, these Lagrangian parcel trajectories comprise only the
resolved part of the full fluid motion represented in the model.

Examination of the time evolution of the label fields helps to provide insight into
the Lagrangian characteristics of the flow. Surface distributions of the Y label and
of the Lagrangian parcels, both initialized on May 17, are shown in Figure 51. The
colorbar indicates values from 100 — 400 km, measured as distance from the southern
boundary of the model domain. The alongshelf locations of the surface parcels
(bottom) have been color-coded to allow a comparison of the evolution of the surface
Y label (top) and the parcels. A striking feature in Figure 51 is the significant
southward advection in the region of the coastal jet, with parcels being advected
up to 100 km southward by May 22. The structure shows a well-defined split in
the trajectories that occurs near Cordell Bank, with significant southward advection
both offshore of the bank and inshore along the 100-m isobath. In regions inshore of
the 100-m isobath, on Cordell Bank, and south of Pt. Reyes, the southward surface

advection is decreased. Just off Pt. Reyes, a cyclonic recirculation region is apparent
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due to the interaction of northward flow south of the cape and the southward coastal
jet. This cyclonic recirculation is also evident in velocity and temperature fields in
Figure 45. This feature is located inshore of the recirculation region found in the

mean depth-averaged velocity field (Figure 43).
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Figure 51. Surface Y Lagrangian label in km (top) and Lagrangian parcels (bottom)
initialized on May 17 and plotted on May 18, 20, and 22. Spatial correlation coeffi-
cients between the labels and the parcels are given for each day at the bottom. The
colorbar indicates values from 100 — 400 km, measured as distance from the southern
boundary of the model domain. The initial Y values at the southern and northern
boundaries of the region plotted are 150 km and 320 km, respectively. The locations
of the A, D, and F lines are indicated in the right ¥ panel.
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The evolution throughout the event is shown most clearly in the Y label fields,
but the parcel tracking shows a very similar response. Spatial correlations between
the Y label and the parcels computed at the parcel locations range from 0.99 on
May 18 to 0.95 on May 22. The comparison in Figure 51 is evidence that the two
techniques perform consistently and provides a quantitative check on the ability of
the Lagrangian methods.

Depth-averaged values of the AX and AY Lagrangian label displacements and
surface values of AZ are shown in Figure 52 during the event. The label displacements
are calculated as AX(xz,y,2,1) = X(z,y,2,t = 0) — X(z,9,2,1), AY (2,y,2,1) =
Y(z,y,2,t = 0) = Y(2,y,2,t), and AZ(z,y,z,t) = Z(z,y, 2,t) — Z(z,y, 2,t = 0)
where the time of initialization ¢ = 0 corresponds to May 17. Recall that the X
Lagrangian label is initialized as water depth ( 31) so that positive values of AX,
AY, and AZ denote onshore, southward, and upward displacements, respectively.
On May 18, the AY" displacement is relatively small, but by May 20, areas of
southward advection are found in the region of the coastal jet. AY values are
small south of Pt. Reyes, due to the coastal jet separation, and are small inshore
of the jet near the coast. Southward AY displacements increase significantly from
May 20 to May 22, however the pattern remains much the same. A large region of
onshore displacement (positive AX) just offshore of the 200-m isobath is apparent
near the F line on May 18, with offshore displacement (negative AX) to the north
and south. Velocity fields on May 16 and 17 (not shown) indicate evidence for a
cyclonic eddy-like circulation south of Pt. Arena that weakens as the southward
alongshelf currents intensify on May 18. Velocities along the F line are onshore at

the southern edge of this eddy, apparently leading to the onshore displacement seen
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in AX at this location. The negative regions just off the shelf break are caused by

offshore velocities due to the coastal jet separation off Pt. Reyes and Pt. Arena. The
positive AX patch is advected southward and distorted on May 20 — 22. Inshore of
the 100-m isobath between Pt. Reyes and Pt. Arena, the AX values are generally

positive, reflecting net onshore displacement.

Surface AZ shows upwelling of water from about 40 m depth in a few locations
near the coast on May 18. Significantly more water from depth is found on May 20
and May 22, with initial depths greater than 60 m from the coast to about 10 km
offshore everywhere north of Pt. Reyes. The response south of Pt. Reyes shows
that the spatial pattern of upwelling is complex and extends offshore in response
to the separated coastal jet, rather than being contained in a cohesive region near
the coast, and that water upwells to the surface from shallower depths there than
north of Pt. Reyes. Note the effects of the cyclonic recirculation south of Pt. Reyes
discussed previously with reference to Figure 51. This feature is associated with
upwelling of water from the north and offshore transport of water parcels (positive

AY and AZ and negative AX).



137

E O TSI
Z -01f .
o, -0.2 L L ! 1 L
© 0517 05/18 05/19 05/20 05/21 05/22 05/23
1e5km May 18 May 20
200
150
E Pt. Arena
% 100
el
S
@ 50
2
i
& 0
§- jega Bay
. Reyes -50
0 -100
75 km 0
120
100
€
3 80
Z
'§, 60
IS
2 40
i
? 20
0
-20
60
50
£ 40
N
§ 30
=
3
@ 20
10
0

Figure 52. Depth-averaged Lagrangian label displacements AX (top) and AY (mid-
dle), and surface AZ (bottom) over the region from Pt. Reyes to Pt. Arena on May
18, 20, and 22. The differences AX, AY, and AZ are calculated as defined in the
text so that positive values denote onshore, southward, and upward displacements,
respectively. The locations of the A, D, and F lines are indicated in the right panels
and the locations of the time series shown in Figures 54 and 55 are marked with a
black x in the middle left panel.
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A Lagrangian investigation corresponding to the discussion of Figures 49 and 50
in section 4.6.1 is presented with sections of all three Lagrangian label displacement
fields along the A, D, and F lines during the upwelling and relaxation event
(Figure 53). The AY Lagrangian label displacement shows a structure very similar
to the alongshelf velocity, with the largest southward displacement corresponding to
the jet location at all three sections. Upwelling of parcels occurs across the shelf,
with upward displacements of up to 60 m in AZ. Offshore displacements indicated
by negative AX occur in the region of the upwelling jet, with the largest values at
the surface due to the surface Ekman flow, and decreasing values with depth. Large
patches of onshore displacement are found on the shelf at the F line (148) on May
18 and at the D line (124) on May 22, corresponding to the feature discussed in
Figure 52. At the A line (104), the region of offshore displacements is a striking
feature that is clearly centered over the offshore upwelling jet core. The AX response
at the A line is caused by the coastal jet separation off Pt. Reyes, so that water
in the jet is advected southward and offshore. Because the depth rapidly increases
offshore of 100 m at the A line, the AX values are large just off the shelf break,
although the actual offshore advection distance is 20 km or less. On the shelf at the
A line, values of the label displacements are smaller than those at the D and F lines.
A conclusion of the analysis of Figure 53 is that the source of upwelled water near
the coast at the D and F lines is farther north and deeper than that at the A line,
given the larger values of AY and AZ. Hence, water that is upwelled on the shelf
just south of Pt. Reyes is from a more local source because the presence of the cape
significantly impacts the upwelling dynamics through jet separation. As shown in

Figure 49, the upwelling circulation that occurs at the A line is effective at bringing
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more dense water to the surface across the entire shelf.
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Figure 53. Sections of Lagrangian label displacements AX (left), AY (middle), and
AZ (right) on May 18, 20, and 22. The differences AX, AY, and AZ are calculated
as defined in the text so that positive values denote onshore, southward, and upward
displacements, respectively. The section locations are the same as in Figure 49. The
zero AY contour is shown in black. The locations of the D040, D090, and D130 time
series plotted in Figure 54 and the A090 and F090 time series plotted in Figure 55
are shown as black lines in the far right column.
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In order to further explore the question of how the Lagrangian dynamics vary
as a function of across-shelf distance, we plot contours of all three Lagrangian label
displacements, as well as v and oy, as a function of depth and time during the
event at the D line moorings (Figure 54). Significant upwelling of deeper and more
dense water from about 40 km to the north occurs at D040. At D090, upwelling
of water from about 80 km to the north occurs but the deeper water does not
surface as at D040. The appearance of water from offshore is seen in AX at 40 m
depth on May 19. This patch of offshore water corresponds to a small positive AX
region at the D line on May 20 in Figure 53 and the onshore spreading of the large
positive AX region in Figure 52. The water appears to be upwelled, as shown by its
location at the upper edge of the upwelled water in AZ. With regard to Lagrangian
displacements, the upwelling response at D090 is clearly more complex than at D040.

At D130, there are distinct contrasts with the inshore moorings. Noticeable
upwelling is not evident in either AZ or gy, but further evidence of the onshore
patch of water discussed previously is found. AX shows that water from offshore
(and 100 km to the north as shown by AY') is advected into the site at 40 m depth
on May 21 and displaced downward to 100 m depth by May 23. Because there is no
corresponding signal in AZ, this water is not upwelled from depth.

A final illustration of the alongshelf variability of the Lagrangian characteristics
is provided by time series of v, 09, AX, AY, and AZ at 90 m depth along the A
and I lines (Figure 55). The alongshelf velocity v is weaker than at D090, especially
at the F line, where v is near zero below about 20 m over much of the event period.

Deeper isopycnals reach the surface at 90 m depth at the F line than at the D line,

but upwelling in the isopycnals at the A line is much less evident. The A090 location
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is on the edge of the density front, just inshore of the signature of Cordell Bank (see
Figure 49). The density front is farther offshore at the A line than at the northern
lines, as discussed previously. Thus, upwelling occurs over much of the shelf region at
the A line (Figures 52 and 53), but the evolution throughout the event is relatively
weak at this 90-m location. The structure of the AY time series is similar at all
three locations, especially at the A and D lines. Note that the location of A090 is
offshore of the region of locally upwelled water on the A line discussed previously
and it shows a significant signal in AY. While AY displacements are comparable
between the A, D, and F lines during the event, the AX and AZ responses are
quite different. AZ displacements are generally complex at all three locations. AZ
shows that water at depth after May 19 is upwelled from shallower depths on the
F line as compared to the A and D lines. As shown in Figure 53, deep water is
upwelled at F, however it doesn’t reach as far inshore. AX shows that significantly
less across-isobath motion occurs at 90-m depth at the A and F lines than at the
D line. The A and F lines do not show evidence at 90 m of the large patch of

onshore-displaced water that is prevalent at the D line in Figures 52, 53, and 54.
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Figure 54. Time series of v (row 1), o (row 2), Lagrangian label displacements AX
(row 3), AY (row 4), and AZ (row 5) at the D line moorings from May 17 — 23. Zero
contours are shown in black.
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The main results from the three-dimensional Lagrangian analysis discussed in
this section are summarized here. The influence of the double jet structure on the
southward displacement of parcels over the shelf is clearly shown to produce greater
southward displacement along the 100-m isobath and offshore of Cordell Bank.
Directly over the bank and near the coast, southward displacement is decreased.
Alongshelf variability in fluid parcel displacement is also introduced by the presence
of Pt. Arena and Pt. Reyes. Offshore of these capes, parcels are advected off the
shelf due to the offshore-directed velocities associated with the separation of the
coastal upwelling jet. A cyclonic recirculation feature detected south of Pt. Arena
prior to the event discussed leads to a large patch of onshore-displaced parcels that
first appears near the F line and is displaced southward and distorted in time. This
behavior shows directly that eddy-like structures that develop in the coastal jet as a
result of flow-topography interactions can have a significant impact on across-shelf
transport. South of Pt. Reyes, the upwelling response of the fluid parcels contrasts
from that north of Pt. Reyes in that water upwelled near the coast is from a more
local source and the spatial pattern of upwelling is variable rather than occurring
in a defined region near the coast. Across-shelf variability in the response of water
parcels along the D line is also evident, including decreased vertical displacement
of upwelled water parcels and increased southward displacement of parcels in the

offshore direction.

4.7 Summary

We have presented a modeling application using the Regional Ocean Modeling

System (ROMS) with the objective of studying and understanding the wind-driven
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flows off Northern California in the region of the Wind Events and Shelf Transport
(WEST) project. In this modeling effort, we set out to answer questions about flow
variability across and along the shelf, flow complexities introduced by Cordell Bank,
and the source of upwelled water in the region. To address these questions, we used
both an Eulerian and a Lagrangian approach and focused analysis on an upwelling

and relaxation wind event that is representative of those occurring throughout the

summer in this region.

Numerous model-data comparisons suggest that the model performs reasonably
well in this region, with high correlations between modeled and measured depth-
averaged velocities at the mooring locations, surface velocities in the CODAR region,
and potential density along survey lines. A weakness of the model is the inability to
fully capture the reversal of southward velocities that is observed following relaxation
of upwelling winds.

The mean circulation over the period of May 5 — June 20, 2001 is dominated
by an upwelling response, including a southward coastal jet of up to 1 m s~! that
separates from the coast off Pt. Arena and Pt. Reyes. The capes are regions of
nonlinearity in the surface flow and significant turbulence near the bottom. Sections
of alongshelf velocity at several locations reveal significant alongshelf variability and
the existence of a distinct double jet structure that develops just north of Bodega
Bay. Upstream influence of Cordell Bank is postulated to be the cause for this
double jet.

With regard to the time variability of the flow, we have focused attention on a
specific upwelling and subsequent relaxation wind event. Flows around Pt. Reyes

show a different response north and south due to interactions of the shelf flow
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with the highly variable coastline shape and shelf geometry. South of Pt. Reyes,
the upwelling circulation is effective in bringing relatively cold, dense water to the
surface over the entire shelf. Relaxation of upwelling winds causes the development
of northward velocities south of Pt. Reyes and near the coast between Pt. Reyes and
Pt. Arena. Depth-averaged momentum balance terms illustrate the importance of
the alongshelf topographic and coastline variability in causing a negative nonlinear
advection offshore of Pt. Reyes and Pt. Arena, balanced by positive ageostrophic
pressure gradient. This pattern is due to the spatial acceleration of the velocity
around the capes.

Variability in the across-shelf direction is also investigated through time series
of the depth-averaged alongshelf momentum balance terms at the D line moorings.
The response is similar at 90 m and 130 m, however at 40 m the dynamics are
different as shown by the opposite sign of the nonlinear advection and ageostrophic
pressure gradient terms resulting from the small cape structure of Bodega Head.
Differences in the D090 time series and those at 90-m depth along the A and F lines
again point to the importance of variability of the topography and coastline on the
details of the depth-averaged momentum balance. At F090, a region with relatively
similar topography along the shelf, the advection and ageostrophic pressure gradient
terms are small compared to the wind stress, while at A090, just south of Pt. Reyes,
these terms constitute the dominant balance.

The Lagrangian shelf characteristics and their relationship to the Eulerian fields
throughout the wind event are also discussed. We show the upwelling and relaxation

response at D040 is strong as compared to the offshore moorings using time series

of v, 0g, and Lagrangian label displacements AX, AY, and AZ. The Lagrangian
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displacement fields are a useful tool in determining the response of water parcels to
upwelling wind forcing. Alongshelf sections and area maps of AX, AY. and AZ also
show the source of upwelled water near the coast at the A line is local, as compared
to that north of Pt. Reyes, which has a signature of deeper water from farther north.
This result once again points to a fundamentally different upwelling response north
and south of Pt. Reyes, and gives further evidence of the significance of the coastline

shape in the behavior of the shelf flow.
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5 Summary

Wind-driven continental shelves are regions of high biological productivity
because upwelling brings nutrient-rich waters to the surface. Thus, the importance of
understanding the dynamics of the coastal ocean is recognized as an interdisciplinary
problem. This has led to the organization of large observational efforts, including
CoOP ISS and CoOP WEST, which are discussed here. Both studies had primary
goals of learning how physical processes impact productivity and distribution of
lower trophic level species on continental shelves.

The numerical modeling studies presented in this dissertation focus on the
regions of interest in the ISS and WEST projects and address questions that
the observational programs were set up to answer. Chapter 2 presents the two-
dimensional upwelling and downwelling responses forced by real ISS winds during
both stratified (August) and unstratified (October) conditions. The two periods
show contrasting results due to different forcing and stratification. The nonlinear
advection terms contribute significantly to the alongshelf momentum balance in
depths less than 10 m during upwelling, but not during downwelling. Downwelling
events during October are also characterized by a decreased transport relative to the
theoretical Ekman transport in the surface and bottom layers. The dynamics of a
strong downwelling event during 4-5 September are discussed in detail and shown
to be in general agreement with those from the idealized modeling study of Austin
(1998).

A Lagrangian label advection technique is also introduced in Chapter 2 and
utilized to obtain information about the three-dimensional Lagrangian characteristics

of the modeled flows. The Lagrangian label fields compare reasonably well to a parcel
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tracking technique for the mean motion over the months of August and October. The
results show significant advection in all three dimensions and complicated patterns
during August due to fluctuating alongshelf winds. This conclusion motivates further
investigation in Chapter 3 of the Lagrangian characteristics of two-dimensional flows
forced by periodic alongshelf winds. The fluid parcel paths over a period show
features from both the upwelling and downwelling forcing phases, as do the mean
Eulerian velocities. Asymmetries between upwelling and downwelling surface and
bottom layer thicknesses produce clear signals in the parcel paths.

The periodicity of the forcing allows for the technique of iterating the one-period
parcel displacement map for many periods. By following the progression of maps
initialized at different times in the forcing period, the displacements of parcels in
different regions of the shelf are determined. The complexity of the Lagrangian
motion near the coast, which is apparent after just one period, is quantified by
calculation of the largest Lyapunov exponent from the map. This complicated region
is characterized by a Lyapunov exponent greater than one and is clearly separated
from a more regular surface cell feature offshore.

Chapter 4 encompasses a three-dimensional modeling study of the wind-driven
flow in the region of the CoOP WEST experiment. The model is forced by observed
winds and heat flux for the summer 2001 period. An extensive comparison of
modeled fields to the WEST observations shows reasonably high correlations that
vary with shelf location. The mean circulation is dominated by the upwelling
response, with a surface-intensified coastal jet that separates from the coast off Pt.

Reyes and less significantly off Pt. Arena. Just north of Bodega Bay, a double jet

develops and strengthens to the south.
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The primary focus of Chapter 4 is the discussion of the shelf response to an
upwelling and subsequent relaxation wind event. Flows around Pt. Reyes are
complex and show a different response north and south due to interactions of the
shelf flow with the highly variable coastline shape and shelf geometry. South of Pt.
Reyes, upwelling is effective and brings cold, dense water to the surface over the
entire shelf. Depth-averaged momentum balance terms illustrate the importance of
the alongshelf topographic and coastline variability in causing a negative nonlinear
advection offshore of Pt. Reyes and Pt. Arena, balanced by positive ageostrophic
pressure gradient. This pattern is due to the spatial acceleration of the velocity
around the capes and the ageostrophic pressure gradient is intensified by an
associated decrease in surface elevation south of the capes.

Area maps of Lagrangian label displacements AX, AY, and AZ show the effect
of the coastal jet separation off Pt. Reyes on water parcel motion. Combined with
alongshelf sections of the label displacements, the maps also reveal that the source
of upwelled water near the coast at the A line is local, as compared to that north of
Pt. Reyes, which has a signature of deeper water from farther north. This result
once again points to a fundamentally different upwelling response north and south
of Pt. Reyes, and gives further evidence of the significance of the coastline shape in
the behavior of the shelf flow.

Across-shelf variability of the Eulerian and Lagrangian fields is also investigated.
Time series of the depth-averaged alongshelf momentum balance terms on the D
line show the response is similar at 90 m and 130 m, however at 40 m the dynamics
are different as shown by the opposite sign of the pressure gradient and advection

terms. This is due to the small cape structure at the north end of Bodega Bay.
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Also at D040, the upwelling and relaxation response is stronger and less complex
than at the offshore moorings, illustrated with time series of v, oy, and the three
Lagrangian labels. The Lagrangian dynamics throughout the event are discussed as
they relate to the Eulerian upwelling and relaxation response. As in Chapters 2 and
3, the two Lagrangian techniques employed in Chapter 4 prove to be a useful tool in

determining the response of water parcels to upwelling wind forcing.
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