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LONG-TERM GOALS
The U.S. Navy transitions from an open-ocean 1/25○ HYCOM model down to Delft3D for the
nearshore region. To seamlessly forecast from the coast to the deep-ocean, the relevant variability
in the surfzone and inner-shelf must be accounted for. If the correct physics are not included or the
variability is not resolved (due to too large grid resolution), these processes must be parameterized.
Surfzone breaking waves generate vertical vorticity on the scales of 10-20 m, leading to surfzone
eddies and transient rip current ejections on the scales of 50–100 m (e.g., Fig. 1). Rip current
variability, with source in the surfzone, at these length- scales is ubiquitous along the inner-shelf, as
seen in both inner-shelf dye and temperature fields. This results in thermal and material exchange
between the surfzone and inner shelf and onto the mid-shelf.
Only wave-resolving (e.g., Boussinesq) models (such as funwaveC) include the finite-crest
length wave breaking physics to generate this eddy variability. Wave-averaged models such as
Delft3D, NearCom or COAWST (coupled ROMS/SWAN) cannot. Without these processes, crossshelf eddy fluxes or cross-shelf material exchange on the inner-shelf will not be resolved. However, wave-resolving models (funwaveC) do not include important shelf physics such as vertically
sheared currents or stratification, and are computationally expensive. Thus, parameterizations of
the surfzone eddy generation by finite-crest length wave breaking must be developed to use in
wave-averaged models. However, Boussinesq models cannot represent internal waves that enter
the nearshore region. COAWST can represent the internal wave field, however, often models are
run without tidal or internal tidal boundary conditions. Just as with rip currents this may have
significant effect on the resulting stratification and exchange.
The overall project objectives are to understand the effects of finite-crest length wave breaking
on surfzone to inner-shelf exchange. Secondarily, the goal is to understand the effects of dissipating
internal tide on nearshore and coastal stratifcation and determine its importance as it is often not
included in offshore boundary conditions. These objectives are realized in a number of avenues.
First we focus on develop and test parameterizations for incorporating the vorticity generation
due to finite-crest length wave breaking in manners analogous to methodologies used to force
2D turbulence or those used for open ocean wave breaking effects on mixed layers. We will
then develop a subroutine for COAWST-ROMS that provides the finite-crest breaking wave eddy
1

forcing as a body force to ROMS given the wave information provided by SWAN. However, the
method will be general so that it can be applied to other wave-averaged models such as Delft3D.
For coastal models that lack sufficient inner-shelf resolution to resolve the 50–100 m scales of
transient rip currents, we will also develop parameterizations for the effect of transient rip currents
on the inner to mid shelf.
OBJECTIVES
The time-scales of exchange processes in the surfzone (< 10 min) and inner-shelf (hours+)
are quite different. The interaction of these processes governs this exchange, and depends on the
waves, wind, tide, and stratification. New coupling of numerical models and new parameterizations for numerical models are needed to accurately represent these processes. Specific objectives
include:
1. Develop offline coupling of the wave-resolving surfzone model funwaveC and the waveaveraged model COAWST (coupled ROMS/SWAN) to study the interaction of transient rip
currents on a stratified inner-shelf.
2. Develop parameterizations for the breaking-wave eddy generation mechanisms for use in
wave-averaged models
3. Develop parameterization of the rip-current induced lateral mixing for use in wave-averaged
models.
4. Understand the effects of internal tide dissipation on coastal and nearshore stratification.
5. Use the model to diagnose mechanisms of tracer exchange and determine their importance
given different incident wave, wind, stratification, tide, and Coriolis conditions that would
be appropriate for various regions in the world of interest to the Navy. This work will quantitatively improve out ability to make predictions of the fate of pollutants and contaminants,
in addition to other tracers, in the nearshore region.
TASKS COMPLETED
Tasks 1 has been completed. Task number 2 has had substantial progress. Tasks number 3
& 4 have been nearly completed, and task 5 remains to be completed. Note that this is work was
performed as a collaboration between the PI, postdoctoral researchers Nirnimesh Kumar and Sutara
Suanda, project scientist Matthew Spydell, and undergraduate Native American Jessica Whiteaker.
An unanticipated task was the need to redo, test, and validate the Boussinesq model wavemaker
for the purpose of generating requested directionally spread wave fields. This is very important
in studying surfzone eddy generation and had never been done. This led to a new publication in
Coastal Engineering (Suanda et al., 2016).
Task 1. Coupling the wave-resolving surfzone model funwaveC and the wave-averaged model
COAWST (coupled ROMS/SWAN).
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Transient rip current ejection of surfzone water onto the inner-shelf has many potential implications for the dilution of polluted near-shoreline waters and cross-shore exchange of larvae,
nutrients, sediment, and other tracers. The ejection of vorticity filaments of surfzone origin will
lead to intrinsic shelf variability. More recently, it has been recognized that the surfzone often
has a lateral temperature difference from the inner-shelf and that the inner-shelf very close to the
well-mixed surfzone can be strongly stratified (Hally-Rosendahl et al., 2014; Marmorino et al.,
2013; Sinnett and Feddersen, 2014). Thus, inner-shelf stratification may affect the cross-shore extent of transient rip currents which, through transport of surfzone water, will also have an affect on
inner-shelf stratification.
Only wave-resolving (e.g., Boussinesq) models (such as funwaveC) include the finite-crest
length wave breaking physics to generate surfzone eddies and the resulting rip currents (Feddersen,
2014). Wave-averaged models such as Delft3D, NearCom or COAWST (coupled ROMS/SWAN)
cannot. Without these processes, cross-shelf eddy fluxes or cross-shelf material exchange on the
inner-shelf will not be resolved. However, wave-resolving models (funwaveC) do not include important shelf physics such as vertically sheared currents or stratification, and are computationally
expensive. Thus, wave-resolving and wave-averaged models must be coupled in order to properly represent all aspects of cross-shelf exchange. The approach here is the use a wave-resolving
Boussinesq model to parameterize the vorticity generation due to short-crested breaking of individual waves. The Boussinesq model funwaveC used here, developed by the PI and distributed as
open-source software, has been validated in ONR funded studies for surfzone waves, mean currents, and surfzone eddies (Feddersen et al., 2011; Feddersen, 2014), surfzone drifter dispersion
(Spydell and Feddersen, 2009), surfzone dye dispersion (Clark et al., 2011), and shoreline runup
(Guza and Feddersen, 2012)
We have developed off-line coupling methods to allow the breaking wave surfzone eddy generation mechanism (funwaveC) to be inserted into the wave-resolving COAWST (coupled ROMS/SWAN)
model so that surfzone eddies and transient rip currents are accurately generated.
As discussed earlier, wave-resolving models (funwaveC) do not include stratification or vertical flow variation, and wave-averaged models (COAWST or Delft3D), do not include the surfzone
eddy generation by ∇ × Fbr . Thus, these two models must be coupled or ∇ × Fbr must be parameterized in order to accurately represent transient rip current effects on inner-shelf variability.
The wave-resolving funwaveC and wave-averaged COAWST-ROMS has been coupled being
coupled in order to diagnose the effect of breaking-wave eddy generation on rip currents on a stratified inner-shelf (Kumar and Feddersen, 2017a,b). This successful coupling means that surfzone
eddy generation mechanism (funwaveC) and 3D processes including stratification (COAWST) to
be resolved, and allows for study of transient rip currents on a stratified inner-shelf
An example idealized surfzone and stratified inner-shelf simulation that highlights the interaction of rip currents with inner-shelf stratification over 24 hrs is shown in Fig. 1. In this simulation,
directionally spread waves generate vertical vorticity (surfzone eddies) and the breaking wave generated turbulence makes the surfzone vertically uniform in temperature. The surfzone eddies lead
to transient rip currents that eject onto the inner-shelf. These resulting inner-shelf eddies (of surfzone origin) have a strong influence on inner-shelf temperature structure. These eddies are in
cyclostrophic balance and have associated vertical velocity drawing up colder water from below.
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The temperature structure seen here is reminiscent of features seen in surfzone aerial IR images
(Marmorino et al., 2013).
The time-evolution of these features also reveals interesting features that have not yet been
considered (Fig. 1. The rip currents ejected onto the inner-shelf lead to the development of a
temperature front 2–3 surfzone widths from shore, with sloping isopycnals. This frontal structure,
under the influence of waves and Coriolis may undergo additional larger scale instability providing
a new mechanism for exchange from the near inner-shelf to much farther offshore. These effects
have been explored in two papers published in Journal of Physical Oceanography (Kumar and
Feddersen, 2017a,b)
Task 2. Parameterizing Wave-Resolving Surfzone Eddy Generation
In order to capture the appropriate surfzone eddy physics and the inner-shelf stratified physics,
we seek to parameterize the surfzone eddy generation within wave-resolving models for use in
wave-averaged models. This is computationally much more efficient that the funwaveC and COAWST
model coupling explored in Task 3. Within a wave-resolving Boussinesq model, the eddy (vertical
vorticity) generation is due to short-crested breaking of individual waves. The Boussinesq model
funwaveC used here, developed by the PI and distributed as open-source software, has been validated in ONR funded studies for surfzone waves, mean currents, and surfzone eddies (Feddersen
et al., 2011; Feddersen, 2014), surfzone drifter dispersion (Spydell and Feddersen, 2009), surfzone
dye dispersion (Clark et al., 2011), and shoreline runup (Guza and Feddersen, 2012)
The overall approach is to develop and test parameterizations for incorporating the vorticity
generation due to finite-crest length wave breaking in manners analogous to methodologies used
to force 2D turbulence (e.g., Maltrud and Vallis, 1991; Srinivasan and Young, 2014) or those
used for open ocean wave breaking effects on mixed layers (Sullivan et al., 2004, 2007). We will
then develop a subroutine for COAWST-ROMS that provides the finite-crest breaking wave eddy
forcing as a body force to ROMS given the wave information provided by SWAN.
To parameterize breaking wave surfzone eddy generation, we focus on quantifying an individual wave breaking event, a la parameterizations individual wave breaking in a LES model of the
ocean mixed layer (Sullivan et al., 2004). Here, the idea is to use funwaveC to parameterize the
vorticity variability forcing terms and then stochastically insert them into the a ROMS model that
includes the surfzone. As ROMS is a primitive equation model, vertically integrated it is simply
the shallow water equations. Thus, the generated eddies would be able to evolve according to 2D
turbulence. The wave forcing vector due to an individual breaking wave is represented as Fbr ,
which can be divided into an irrotational scalar (φF ) and a rotational vector quantity (ψF ) such that
Fbr = −∇φF + ∇ × ψF
where the rotational part of the wave forcing is the part that has a non-zero curl, ie,
∇ × Fbr = −∇2 ψF

(1)

By parameterizing the breaking wave forcing events via ψF , then these events can be inserted as
forcings into ROMS.
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Figure 1: Temperature (a1 -a5 ) and vertical vorticity (b1 -b5 ) at z = −1 m versus cross-shore x and
alongshore coordinates y; and temperature (c1 -c5 ) versus cross-shore x and vertical z coordinates
at y = −600 m at times 1 (a1 -c1 ), 6 (a2 -c2 ), 12 (a3 -c3 ), and 18 (a4 -c4 ) hours.
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Fig. 2 is an example of the application of this decomposition to a single wave breaking event.
Simulations were conducted for an alongshore uniform beach, with the cross-shore profile representative of the HB06 beach profile. At the offshore boundary two wave trains with same amplitude
and frequency, but different angle of incidence are allowed to propagate towards the shoreline, thus
creating regions of constructive and destructive interference. The consistent group pattern begins
to generate rip currents. The wave breaking (see normalized eddy viscosities), forces non-zero
∇ × Fbr . This can be isolated by solving (1) to get ψF (right panel). This can then be used to force
surfzone eddies in COAWST.

Figure 2: Maps of (left to right) vorticity, sea-surface elevation η, breaking-eddy viscosity, forcing
of vorticity ∇ × Fbr , and forcing streamfunction ψF as a function of cross-shore coordinate x and
alongshore coordinate y.
Over 250 model simulations over a range of beach slopes and wave conditions have been
completed and are being used to extract the breaking wave forcing which will be parameterized.
This work was presented at the 2016 ASLO/AGU Ocean Sciences Meeting and preparation for a
publication will begin soon.
To parameterize this rotational wave forcing in terms of bulk wave parameters available from
a wave-averaged numerical ocean and wave propagation model. For normally-incident waves the
mean ∇×Fbr is zero, therefore in this study we focus on accurately representing the cross-shore (x)
and time-variability of ∇ × Fbr as estimated through standard deviation of ∇ × Fbr i.e., σ∇×Fbr (x).
As a first step towards establishing a scaling for rotational wave forcing, the relationship between wave forcing in general and wave-dissipation is explored. In wave-averaged numerical
models (e.g., COAWST, DELFT3D), the wave forcing depends upon wave-dissipation Dw and
wave phase speed c via
Dw
(irot)
(2)
Fbr =
c
The wave dissipation (for normally incident waves) is given by,
Dw =

∂
(Ecg )
∂x
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(3)

where E is√the wave energy, and cg is the group velocity. Assuming shallow water wave conditions
(i.e., c = gh) and considering that Eq. 2 is the force for the entire water-column, a general
representation of depth-normalized breaking force F (units ms−2 ) is given as:
Fbr ∝

Dw
(gh3 )1/2

(4)

We then use the wavenumber k as an inverse length-scale to represent the rotational wave forcing
∇ × Fbr , i.e.,
kDw
∇ × Fbr ∝
.
(5)
(gh3 )1/2
This implies that the ratio
(gh3 )1/2 ∇ × Fbr
= f (non − dimensional parameters)
kDw

(6)

is should only be a function of non-dimensional parameters. An example of standard deviation of
∇ × Fbr , wave-dissipation (Dw ) and scaled wave dissipation kDw /(gh3 )1/2 γ 3 is shown (Fig. 3c).
The important non-dimensional parameters are σθ and γ = Hs /h. In fact, the ratio
(gh3 )1/2 γ 3 ∇ × Fbr
= f (σθ )
kDw

(7)

largely collapses the cross-shore variability of the rotational wave forcing (Fig. 4) over 54 different
simulations with variable bottom slope, wave height, period, and directional spread. There is a
secondary dependence upon the breakpoint γb .
The technique above scales well the cross-shore dependency of ∇ × Fbr . However, dependency
also exists on the alongshore wavenumber spectra of ∇ × Fbr . As an example cross-shore distribution of σ∇×Fbr are shown for 5 simulation with Hs = 0.8 m, Tp = 8 s, σθ = 10○ with beach slope
of 0.02 − 0.06 (Fig. 5a). The cyclic-alongshore wavenumber spectra normalized by the variance of
∇ × Fbr at mid-surfzone is also shown for all 5 simulations, and indicates that at low wavenumbers the normalized spectra is white, with a subsequent decay at higher wavenumbers (Fig. 5b).
The transition from white to red spectrum, and the slope of decay are both function of the beach
slope and also directional spread (not shown here). Both the wavenumber at which transition of
the spectra occurs, and the spectral slope need to be scaled as a function of bulk wave parameters,
to complete the representation of ∇ × Fbr in wave-averaged models. This is the next step of the
analysis.
Task 3. Develop parameterization of the rip-current induced lateral mixing for use in wave-averaged
models.
A further issue is that operational wave-averaged models are often run in the nearshore with
grid sizes of order 25 m or larger. At this resolution it is difficult to resolve the individual rip
currents generated by the vorticity induced by the breaking waves. In this case, a larger scale parameterization of the lateral mixing induced by surfzone eddies and rip currents is necessary. To
this end, Project Scientist Matthew Spydell (with Sutara Suanda and myself) is developing a theory
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Figure 3: (a) Depth h, (b) significant wave height Hs , (c) standard deviation of the wave breaking
force curl σ∇×Fbr , and (d) cross-shore wave dissipation scaled Dw versus cross-shore distance for
a single simulation.
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Figure 4: Non-dimensional breaking-wave vorticity forcing (gh3 )1/2 γ 3 σ∇×Fbr /(kDw ) versus
breakpoint directional spread σθ . Color represents breaking point γb .
that predicts the surfzone eddy-induced lateral diffusivity using the known Eulerian statistics. This
work was presented at the 2016 Ocean Sciences meeting and is nearly ready to be submitted. The
approach is to use virtual drifters within a numerical model (Figure 6). The true diffusivity K can
be estimated by the dispersion rate of the virtual drifters. Then Eulerian flow field statistics, which
can be well estimated from standard numerical models are used to develop parameterizations of
the Lagrangian velocities, time-scales, and length-scales, from which a parameterized diffusivity
can be estimated. The results are very promising (Figure 7). Both the cross-shore and alongshore
diffusivity as a function of the cross-shore is very well parameterized by this theory (compare red
and black curves in Figure 7). It is interesting that the standard paramerization does a poor job
(blue curve in Figure 7), particularly for the cross-shore diffusivity responsible for cross-shelf material exchange. This work is being written by for publication in Journal of Physical Oeanography
(Spydell, Suanda, and Feddersen, in preparation).
Task 4. Understand the effects of internal tide propagation and dissipation on coastal and nearshore
stratification.
One of this NOPP’s goals is to transition from global ocean to coastal scales seamlessly. In
many operational coastal and global ocean models, tides are neglected. Currently, tidal generating
force is being included in Global HYCOM. Yet, one big question is what is the effect of tides on
the temperature and stratification in the coastal ocean relative to neglecting tides. The difference
in SST including barotropic and baroclinic tides can be as large as ±2○ C (Fig. 8) with particular
spatial structures during upwelling and relaxation periods.
Here, we run 3 different models: NT has no tides, LT has barotropic tides only, and WT
has both barotropic and baroclinic (internal) tides. Over a 10-day long upwelling period the ∆T
can be sunstantial. To show an example of this subsurface temperature and differences between
simulations are examined on a cross-shore depth transect at 35.0o N, from the shoreline to the 1009

(a)

(b)

Figure 5: (a) Standard deviation of the wave breaking force curl σ∇×Fbr versus normalized crossshore distance; and (b) Normalized alongshore wavenumber spectra S/σ 2 ∣∇×Fbr at mid-surfzone
x = xb versus cyclic alongshore wavenumber ky for beach slope from 0.02 − 0.06.
(x, z) is indicative of coastal upwelling
m isobath (Fig. 9). The analysis period averaged T
with upward and onshore tilted isotherms in the upper 40 m of the water column (Fig. 9a). At
depth, isotherms are tilted downwards consistent with a poleward undercurrent due to the poleward
pressure gradient force, a feature of continental shelf observations within the California Current
system.
(LT)
(LT−NT)
, a spatial root-meanThe LT average T (x, z) is very similar to NT with weak ∆T
square (rms) temperature difference of 0.04 o C and no clear spatial pattern (Fig. 9b). Cross-section
(WT−NT)
is also small with a value of 0.02 o C, albeit with more significant temperature
average ∆T
(WT−NT)
differences and an rms difference of 0.25 o C (Fig. 9c). The largest ∆T
values are about 0.4
o C found at 70-m water depth. Except for the small amount of bottom cooling offshore near the
(WT−NT)
is consistent across the shelf. Relative to NT, the
100-m isobath, the spatial pattern of ∆T
mean water temperature has cooled by about 0.25 o C in the near-surface at water depths shallower
than 20 m, and warmed by approximately the same amount at depth.
(NT)

IMPACT/APPLICATIONS
This work will have significant impact as it will allow for a single model to be used to study
exchange processes from the surfzone to the shelf-break.
RELATED PROJECTS
These projects are directly related to the upcoming ONR Inner-shelf DRI.
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Figure 9: Analysis period averages on a cross-shore and depth transect (x, z) at latitude 35.0o N
(NT)
(a) average NT temperature T
with isotherms contour lines in 2o C increments (black). (b) Av(LT−NT)
erage temperature difference between LT and NT simulations ∆T
. (c) Average temperature
(WT−NT)
difference between the WT and NT simulations ∆T
. Color bar in (c) also applies to (b).
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