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Effects of small-scale features and local wind forcing on tracer
dispersion and estimates of population connectivity
in a regional scale circulation model
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[11 A small-scale model of the Southern California—Northern Baja California coastline
has been developed to explore dispersion over the continental shelf, with specific attention
to physical parameters pertinent to simulations of larval dispersal and population
connectivity. The ROMS simulation employs a nested grid system, with an inner domain
resolution of 600 m and an outer domain resolution of 1.5 km. Realistic bathymetry and
forcing were employed to investigate the effects of passive transport of tracers
introduced at locations with known communities of mytilid mussels along the coastline.
The effects of topographic resolution, boundary conditions, and choice of meteorological
forcing products on dispersion rates, tracer trajectories, and the subsequent measures

of population connectivity were examined. In particular, the choice of wind forcing
product resulted in different circulation patterns and tracer trajectories and had especially
important consequences on measures of larval connectivity such as self-seeding, potential
for larval settlement (import), and contribution to the pool of available larvae (export).
While some forcing products performed better when model data were compared to field
measurements, no product was clearly superior. The uncertainty in results, which

may appear minor in larger-scale temperature or surface velocity fields, is significant when

examining a sensitive passive tracer. This modeling uncertainty needs to be addressed

when interpreting connectivity results.
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1. Introduction

[2] Numerical ocean circulation models are used increas-
ingly in environmental and ecological applications, includ-
ing assessing larval dispersion and connectivity, dispersion
of point source pollutants, and transport of toxic or invasive
species of marine life. Model simulations are often used
because larvae are small and field sampling is constrained
by the practicalities of cost, scale, and biological feasibility.
When in situ methods such as chemical tracers, lagrangian
drifters, and biological tagging are impractical because of
high dilution rates, difficulty and expense of tracking, or the
small size, large range, and complex life history of the
organisms, models can provide a flexible alternative plat-
form for experimentation.
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[3] However numerical models also have many limita-
tions. While large basin-scale and meso-scale circulation
models have advanced rapidly over the last decades, mod-
eling processes on small scales continues to be a challenge.
Larval dispersion over large spatial and temporal scales may
be studied with basin-scale or mesoscale numerical models
[Cowen et al., 2000; Kettle and Haines, 2006; Paris et al.,
2005] and genetic methods [Galindo et al., 2006; Palumbi,
2003; Hedgecock et al., 2007] but many of the problems in
marine ecology, conservation, and environmental protection
operate on regional scales or smaller. Examples include
sustainability and connectivity of local populations [Siegel
et al., 2003; James et al., 2002], propagation of invasive
species [Anderson et al., 2005; Johnson et al., 2005], and
health and ecological impacts of sewage outfalls and oil
spills [Signell et al., 2000; Byers and Pringle, 2006;
Largier, 2003; Hodgins et al., 1998; Washburn et al.,
1992]. For these applications, models must be able to
simulate processes that are forced locally by small-scale
variations in topography, wind fields, and source inputs.
Models utilizing idealized topography or forcing have
provided insight into specific processes, for example the
effects of topographic features such as headlands or islands
[Signell and Geyer, 1991; Caldeira et al., 2005], frontal
dynamics [Scotti and Pineda, 2007], and stochastic pro-
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cesses [Mitarai et al., 2007]. However, while the physical
variability and intermittency of the system has a large effect
on both long- and short-term connectivity patterns, the
products used to force small-scale models may introduce
another significant source of uncertainty to results.

[4] The dependence of dispersion results on the interac-
tion of small-scale bathymetric features, locally variable
wind fields, and episodic events is still problematic [Kinlan
and Gaines, 2003; Werner et al., 2007]. Differences in eddy
formation, meanders, and eddy kinetic energy have been
shown to be related to coastline topography and model
resolution [Marchesiello et al., 2003]. In addition, the
availability of high-resolution wind forcing data near the
coast has been a long standing impediment to realistic
simulations of inner shelf processes. [Marchesiello et al.,
2003] examined the California Current system in a 3.5 km
resolution model and found significant differences in the
structure of alongshore currents and countercurrents
depending on the resolution of the wind product used.
Similarly, Capet et al. [2004] found differences in nearshore
wind speed drop off and wind stress curl between three
resolutions of modeled winds that changed the strength and
location of nearshore upwelling responses.

[s] Here we describe the development of a physical
circulation model designed to investigate larval dispersion
and connectivity along the Southern California/Northern
Baja California coastline. This region is one of complex
bottom topography, a weak and highly variable wind field,
and significant effects from remote forcing [Pringle and
Riser, 2003]. Located in the lee of Pt Conception and in the
southeast quadrant of the Catalina Eddy, the wind field here
is weaker than along the coast to the north and south and
varies on a shorter temporal scale (hours to days). These
features make simulation of tracer transport especially
sensitive to model resolution, small-scale accuracy in forc-
ing products, and bathymetry.

[6] Through the development of a small-scale (0.6—1.5 km)
coastal model designed for inner-shelf dispersion and pop-
ulation connectivity applications, we address modeling
issues of particular importance for processes with high
variability over small spatial or temporal scales. We present
an ensemble of results to highlight the impact of model
forcing choices on biological questions. Our emphasis is on
processes critical to regional larval dispersion problems,
such as vertical structure of the water column and tracer
dispersion patterns. These processes are found to be very
sensitive to details of wind forcing, including the relative
effects of local vs remote forcing, and are more sensitive to
small variations and uncertainties than physical fields such
as temperature. Wind forcing products for the inner shelf
regions have been particularly problematic for small-scale
circulation modeling, and we use a case-study to explore in
depth the consequences of forcing choices on the interpreta-
tion of results for estimating larval transport and connectivity.

2. Model Formulation

[7] The Regional Ocean Modeling system (ROMS) is a
free surface, terrain-following primitive equation ocean
model [Shchepetkin and McWilliams, 2005; Moore et al.,
2004; Song and Haidvogel, 1994] capable of high-resolution
descriptions of coastal and basin-wide flows. The use of
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ROMS is widespread in the oceanographic community and a
variety of studies exist that investigate the dynamics of
coastal ocean circulation [She and Klinck, 2000; Di Lorenzo,
2003; Marchesiello et al., 2003; Koné et al., 2005; Di
Lorenzo et al., 2005; Warner et al., 2005; Penven et al.,
2006]. Development of various ROMS simulations with
about 1 km resolution for coastal California (California
Current, Southern California Bight) is ongoing and will
provide a source for intercomparison of results and/or model
data for nesting or boundary conditions [e.g., Dong and
McWilliams, 2007].

2.1. Domain and Model Configuration

[8] The ROMS 3.0 simulation designed for this region
consists of two 1-way nested model domains. The domain
size was selected to enable larval connectivity experiments
with simulated releases at actual spawning sites, and to
provide ample room north and south of the sites to track
tracer releases for a typical larval planktonic period of the
mytilid mussel species under study, M. californianus and
M. galloprovincialis (2—4 weeks). The outer domain size
was also designed to extend far enough to include the
stronger wind forcing south of 32N which can have a
significant effect on local circulation in the San Diego
area Pringle and Riser [2003]. Both model domains contain
30 terrain-following vertical layers, with highest resolution
near the surface. The outer domain extends 150 x 300 km,
with a resolution of 1.5 km, and the inner domain covers
65 x 150 km with 600 m resolution (Figure 1).

[v] The model region has an assortment of topographic
features that all may affect final dispersion patterns, includ-
ing headlands, steep submarine canyons, and offshore
islands and seamounts. Compared to early simulations with
more idealized coastline and bathymetry, inclusion of more
realistic topography added small-scale features to the inner
shelf circulation such as local retention zones and transport
barriers which are critical to determining the fate of larvae
or pollutants. The final bathymetry was created from a
combination of ETOPO2 2-minute and NOAA 15-second
data. The bathymetry has been smoothed to a maximum
slope parameter 7., of 0.10. The slope parameter (r = Ah/
2Nhean) 18 a ratio of the maximum difference between
adjacent grid cell depths and the mean depth at that point,
used to assess the potential impact of errors induced by
terrain-following (s-coordinate) horizontal layers. In regions
with steep terrain combined with shallow depths, a relatively
small 7, 1S necessary to prevent pressure gradient errors
which result in artificial currents developing from a state of
rest with no forcing [Mellor et al., 1998; Haney, 1991;
Beckmann and Haidvogel, 1993]. To estimate the magnitude
of flow induced from pressure gradients caused by the
terrain-following sigma layers, the model was run for
21 days with horizontally uniform stratification and no wind
or heat flux forcing. We find that with » < 0.10, these
residual velocities are small (2—3 cm/s) compared to the
actual forced currents. She and Klinck [2000] were able to
achieve error flows as small as 0.7 cm/s in a simulation of
flow around a canyon, but the scale of the feature was much
larger than those in this domain, and the equivalent 7,,,,, was
approximately 0.05.

[10] The advection schemes employed by the simulation
are third-order upwind horizontal and fourth-order centered
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Domain and bathymetry for inner (600 m resolution) and outer (1.5 km resolution) grids.

Blue dots indicate the modeled larval release sites, Site 1 at the north through Site 9 at the south. White
dots are the CalCOFI CTD stations used to initialized the model.

vertical for temperature, salinity and passive tracers. Lap-
lacian horizontal mixing is used for momentum, temperature,
salinity and tracers. In addition, the Large/McWilliams/
Doney interior mixing scheme is employed for mixing due
to shear instability and the LMD local K-Profile Parameter-
ization is applied at the surface boundary layer, and for non-
local transport [Large et al., 1994]. Input parameters are
given in the Appendix.

[11] Coordinate systems for the model grid are oriented
with u velocity in the cross-shelf direction (perpendicular to
the long axis of the domain, positive shoreward) and v in the
alongshore direction (parallel to the long axis, positive
northward). Coordinates are not rotated for wind speed
plots, but oceanographic orientation is used such that u is
the westward component and v is the northward component.

2.2. Initialization and Boundary Conditions

[12] Initial conditions are taken from quarterly California
Cooperative Oceanic Fisheries Investigation (CalCOFI)
cruises (Scripps Institution of Oceanography, 2006). Because
of the cross-shelf uniformity of the data on the transect in the
center of the domain, a single profile from transect line 93
was selected as representative. T,S data from the cruise

nearest in time are applied to the domain according to depth
and are uniform horizontally (for a similar approach see
Cervantes and Allen [2006]). Surface heat flux forcing is
from NCEP reanalysis daily climatic data. All simulation
results shown are from models started on 1 May 2003 after
prior spin up of 3—4 days. The time period was chosen to
correspond to dates of population connectivity field experi-
ments in this region utilizing trace elemental fingerprinting of
juvenile mussels [Becker et al., 2007].

[13] A number of experiments were run to test the effect
of boundary conditions on the circulation within the inner
domain. Figure 2 shows surface velocity for the inner
domain run over the same time period with open versus
closed boundaries. Both simulations are forced with a
spatially uniform but temporally variable wind field. The
model is spun up with the same wind field for 3—4 days,
and the velocity fields shown are 21 days later. The open
boundary simulation incorporates T, S, surface height, and
velocity boundary conditions from a simultaneous run of the
outer domain, forced with the same wind field. Including
the velocity field from the outer domain as a boundary
condition significantly changed the circulation pattern and
the velocity magnitude in the inner domain. Subsurface and
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