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Motivation

A need to assess the fate of coastal 
pollutants, sediments, ecosystems, 

people  …

Tijuana river 
sewage plume

Coastal hazards

Coastal erosion
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Motivation

coastal pollutants …

Phosphates liquid waste discharged into the 
coastal waters without treatment  

(photo: A. Blivi, Togo 2006)
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Stationary and transient 
circulation

Littoral Drift

Channeled Rip Currents

Moulton et al. (2023)

Flash rips from short-crested waves

Vertical circulation

JMVPR2023



Biscarrosse Beach, June 2007 
(Marchesiello et al., 2015)
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3D wave-averaged CROCO
Channeled rip currents

non-asymptotic in the sense that some additional non-wave terms,
beyond the minimum required for asymptotic consistency as defined
in MRL04, are included for completeness (e.g., the time-derivative of
surface elevation in the kinematic boundary condition and depth-
integrated mass balance), along with additional non-conservative
wave effects (e.g., breaker acceleration).

We first write the model equations in Cartesian (x,y,z,t) coordi-
nates. The notation is slightly different from MRL04, and the quan-
tities are dimensional. We combine the infragravity wave and
current dynamics, which were asymptotically separated in
MRL04. The momentum balance is written in terms of a dynamic
pressure / (normalized by mean density q0) and sea level f after
subtracting the wave-averaged quasi-static components /̂ and f̂
(n.b., MRL04, Sections 6 and 9.2.3, and LRM07, Eqs. (3.8)–(3.10))
that occur even without currents. All wave quantities are refer-
enced to the local wave-averaged sea level, z ¼ fþ f̂, rather than
the mean sea level, z = 0. The vertical coordinate range is
#hðxÞ 6 z 6 fþ f̂. The equations make the particular gauge choice
for the decomposition between VF (J,K) and Bernoulli head K de-
scribed in MRL04, Section 9.6. The new WEC terms for ROMS are
written on the right side of the equations below. Boldface vectors
are horizontal only, and 3D vectors are designated by (horizontal,
vertical).

ou
ot

þ ðu & $?Þuþw
ou
oz
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F is the non-wave non-conservative forces, Fw is the wave-induced
non-conservative forces, c is any material tracer concentration (e.g.,
T and S), and C is the non-conservative tracer forcing, where $? is
the horizontal differential operator. The system (1) is completed
with the equation of state.

The 3D Stokes velocity (uSt,wSt) is non-divergent and defined for
a monochromatic wave field by

uSt ¼ A2r
2sinh2½H)

cosh½2Z)k;

wStðzÞ ¼ #$? &
Z z

#h
uSt dz0:

ð2Þ

h(x) is the resting depth of the ocean; A is the wave amplitude; k is
its wavenumber vector and k is its magnitude;

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gk tanh½H)

q
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is its intrinsic frequency; and normalized vertical lengths are

H ¼ k hþ fþ f̂
$ %

* kD; and Z ¼ kðzþ hÞ; ð4Þ

where D ¼ hþ fþ f̂ is the wave-averaged thickness of the water
column. The horizontal and vertical VF (inclusive of the Stokes–
Coriolis term) and Bernoulli head (after removing quasi-static
terms) are
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with V ¼ k & u. The wave-induced tracer diffusivity is defined by

E ¼ 1
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The quasi-static sea-level component is defined by

f̂ ¼ # patm

gq0
# A2k
2 sinh½2H)

: ð7Þ

It contains both an inverse-barometric response to changes in
atmospheric pressure patm and a wave-averaged setup/setdown.

With a multi-component wave field, A2 is replaced in (2)–(7) by
the sea-level spectrum G(h,r) with integration over wavenumber-
vector angle h and frequency r. This implies a superposition of the
WEC contributions from different components, consistent with the
asymptotic theoretical assumption of small wave slope Ak.

2.2. Boundary conditions

The boundary conditions for ROMS include the usual stress and
heat and material flux conditions plus the following kinematic and
pressure continuity conditions, again with the additional WEC
terms on the right side:
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In MRL04, Section 9.3, there are additional quasi-static components
inP of higher asymptotic order in the wave slope Ak, but, unlike in f̂
in (8), they have no dynamical coupling with the currents in (1) and
(8). So, without a specific motivation for examining the various de-
leted quasi-static terms, they are not presently included in ROMS,
although they could easily be added as a diagnostic.

2.3. Barotropic mode

The barotropic mode is derived from (1) as a vertical integral of
the continuity equation and a vertical average of the horizontal
momentum equation. With the WEC terms kept on the right side,
the result is
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The dots in the barotropic momentum equation indicate contribu-
tions from all the left-side terms in the horizontal momentum
equation in (1) other than the acceleration. Here

U ¼
Z fþf̂

#h
udz and USt ¼

Z fþf̂

#h
uSt dz ð11Þ

are the horizontal volume transports by Eulerian and Stokes
currents, respectively, and !u ¼ U=D is the barotropic velocity. (Note

18 Y. Uchiyama et al. / Ocean Modelling 34 (2010) 16–35

Wave-averaged equations (McWilliams et al., 2004):
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Flash Rips

Mini rips

Small scales 
(foam)

Surfer

✓ The nearshore zone is 
essentially non-stationary 
(Tang & Dalrymple, 1989): 
‣ need for wave-resolving models

✓ Surfzone eddies affected by vertical 
shear (Marchesiello et al., 2021): 
‣ need for 3D wave-resolving models

What about transient rips ?

Vertical circulation

JMVPR2023



Flash rips in 2D Boussinesq 
wave-resolving models

Vorticity 
generation

2D wave-resolving Boussinesq model 
(Feddersen et al., 2011) 

7
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Vorticity 
generation

2D wave-resolving Boussinesq model 
(Feddersen et al., 2011) 
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Boussinesq 
(1872)

Too much VLF energy?

 Feddersen et al. (2011) 
Also Spydell & Feddersen (2009) 
 Kirby & Derakhti (2019)

Flash rips in 2D Boussinesq 
wave-resolving models

JMVPR2023



! VOF/SPH LES models: “Direct” turbulence 

! Free-surface RANS models:

3D wave-resolving models
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!"#$ %&'($ < )'*$ +$,"-.

!"#$ %&'($ > )'*$ +$,"-.

(Lubin & Glockner, 2015)

(Marchesiello et al., 2021)

CROCO 
NHWAVE 
SWASH

A turbulence model is needed 
for time scales < wave period

CROCO 2023



CROCO project: 
✓ Accuracy & efficiency 
✓ Realistic applications 
✓ Large user community

ROMS

CROCO

SNBQ

MARS
HYCOM

NEMO

CONSORTIUM

10
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Non-hydrostatic solver

11
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! Weakly compressible approach (Auclair et al., 2018)

Non-hydrostatic solver
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En
er

gy

Frequency

incompressible 
NH dynamics

slow acoustic waves

Weakly-compressible  
spectrum

cs < 1500 m/s

In the nearshore, where long waves are slow, we can use a 
sound speed of order 10 m/s

JMVPR2023



! Weakly compressible approach

Local NH pressure correction 
rather than global correction through elliptic 
solver: 
❖ better parallel performances 
❖ Exact boundary conditions 

Efficiency :  
❖ Small  
❖ Time-splitting

cs ( ≳ gh)

13

/01

Non-hydrostatic solver

JMVPR2023

Homogeneous linearized equations

Boundaty conditions

p = pa + pH + c2
s ρf

∂tu = − g∂xη − c2
s ∂xρf /ρ0

∂tw = − c2
s ∂zρf /ρ0

∂t ρf = − ρ0 (∂xu + ∂zw)

ρf|z=η = 0
∂tη = w|z=0
w|z=−H = 0



CROCO test cases:  
TANK
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Chen et al. (2003)

Standing wave caused by a sinusoidal 
free-surface set-up  

D=10 m

L=10 m

ηi = a cos k x

a = 1 mm
k = π /L

JMVPR2023



Sloshing test cases:  
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Chen et al. (2003)

Standing wave caused by a sinusoidal 
free-surface set-up  

D=10 m

L=10 m

ηi = a cos k x

a = 1 mm
k = π /L

Non-Hydrostatic Case
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TANK test case

Analytical hydro

Analytical N-hydro

Numerical N-hydro
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u = aσ
sin σ t

sinh kD
sin k x cosh kz

w = − aσ
sin σ t

sinh kD
cos k x sinh kz

NH Waves

σ = gk tanh kD

T ∼ 3.6 s

η = a cos k x cos σ t

JMVPR2023



Wavemaker correction

16
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JONSWAP wave spectrum 
with directional spreading

Wavemaker with frequency and directional spreading

JMVPR2023
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Wavemaker correction for the standing wave problem

ηbc(y, t) = ∑
i

ai ∑
j

djcos(ky,i, jy − ωit − ϕij)

Amplitude depending on a 

frequency spectrum

Directional spread

Wave-resolving models generally use a classical 
double summation wave-maker:

… leading to wave coherence, i.e., 
stationary interferences between 
waves of different directions with 
same frequencies (phase-locking) 

Darlymple (1975), Salatin et al. (2021)

Wave 
directional 

spread

Littoral 
drift

spurious 
rip

JMVPR2023
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ηbc(y, t) = ∑
i

ai ∑
j

djcos(ky,i, jy − ωit − ϕij)

Amplitude depending on a 

frequency spectrum

Directional spread

Wave-resolving models generally use a classical 
double summation wave-maker:

Wave-maker modification such that all wave 
components have distinct frequencies and 
directions:

ηbc(y, t) = ∑
i

aidicos(ky,iy − ωit − ϕi)

Wave 
directional 

spread

Littoral 
drift

spurious 
rip

Wavemaker correction for the standing wave problem

Darlymple (1975), Salatin et al. (2021)

JMVPR2023



Validation of nearshore waves and 
currents with laboratory experiments

20
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GLOBEX (B2) - Michalet et al. (2014)

Validation with flume experiments

Scheldt Wave Flume (Deltares)  

21

✓ Resolution: 6 cm, 10 sigma levels 
✓ Breaking-induced turbulence: 
   WENO5 + k-⍵ model

undertow

JMVPR2023



LIP-11D (1B) - Roelvink & Reniers (1995)
Large-scale flume
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Delta Flume (Deltares)  

JONSWAP 
waves

Mean U

Test of 
turbulence 

closure

TKE

JMVPR2023



Turbulence model : 
overmixing in potential flow region
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Overmixing when  Ω ≪ S

Well-known problem:  the stagnation point anomaly (Launder and Kato, 1993)

Ωij = 1
2 ( ∂ui

∂xj
−

∂uj

∂xi )

Sij = 1
2 ( ∂ui

∂xj
+

∂uj

∂xi ) Strain

vorticity

JMVPR2023
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Larsen & Fuhrman (2018), 
Marchesiello & Treillou (2023)

Stabilized turbulence closure
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k-⍵ model Stabilized k-⍵ 

A stabilized turbulence model (limiting P) is needed in 
potential flow regions to maintain innershelf stratification

JMVPR2023

∂k
∂t

= P − ϵ

∂ω
∂t

= ω
k

(cω1P − cω2ϵ)

P = − u′ iu′ j
∂ui

∂xj
= 2νtS2

Boussinesq hypothesis

limitation when Ω /S < λ



3D application to a natural beach

25
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Application to a longshore-uniform 
beach in Grand Popo, Benin

26

Resolution: 50 cm, 10 lev. 
SGS model:  WENO5 + k-⍵

JONSWAP wave spectrum 
with directional spreading 

Hs=1.15 m, Tp=11 s, Dir=10° 
(mid-tide, March 13 2014)

JMVPR2023



Shallow vs. Deep breaking experiments

28

Shallow breaking (3D) Deep breaking (pseudo-2D)

Cross-shore 
currents

Longshore 
currents

JMVPR2023
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Deep breaking (2D)

Wave-mean vertical vorticity patterns 
Flash rips and mini-rips

Shallow breaking (3D)

Rib structure

JMVPR2023



Rib structures in turbidity 
with a suspended sediment model
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Shallow breaking (3D) Deep breaking (2D)

Turbidity patterns (brown) and foam/convergence lines (white)

Rib structure

Drone image

JMVPR2023



Vertical Shear instability 
spanwise rollers & streamwise vortices

31

 Cross-shore 
  Alongshore

Q = �1

2

@ui

@xj

@uj

@xi

<latexit sha1_base64="rBRFeY5ZUYgig5W6VYozBbh+BX8="></latexit>

Primary & Secondary instability 
(Pierrehumbert & Widnall, 1982):

JMVPR2023

 is vorticity thickness δ ΔU / ∂u
∂z *+,

∼ 40 cm

λstream / span ∼ 14δ ∼ 5 m

fstream / span ∼ 0.015 U
δ

∼ (40 s)−1



Vertical shear instability 
Energy production
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Inflection 
point−u′ w′ ∂zū

JMVPR2023
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Turbulence cascades 
less VLF, more IG eddies

 [
m

2
/
s3

]

[m-1]

3D

2D

Inverse cascade
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Turbulence cascades 
less VLF, more IG eddies

VLF

Infragravity

Swell2D

3D data

2D

3D

JMVPR2023



Nearshore mixing
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Hally-Rosendahl & Feddersen (2016)
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SWELL

LITTORAL 
DRIFT

Imperial Beach, California

fluorometers (dye 
concentration 

measure)

SA4

 IB09 experiment for nearshore mixing in the Southern 

California Bight (Hally-Rosendahl & Feddersen, 2016) 

PINC 2023 Campaign (https://pinc.ucsd.edu/
2023/01/22/first-dye-release/) 

Nearshore mixing 
IB09 tracer experiment 

PhD thesis of Simon Treillou

JMVPR2023

https://pinc.ucsd.edu/2023/01/22/first-dye-release/
https://pinc.ucsd.edu/2023/01/22/first-dye-release/
https://pinc.ucsd.edu/2023/01/22/first-dye-release/
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IB09 modeling with Funwave

Reasonable results with 2D wave-resolving model, but: 
• underestimates mixing in the surfzone 
• overestimates exchange with the inner shelf

Hally-Rosendahl & Feddersen (2016)

Aerial obs. funwave-C

JMVPR2023
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a necessary “background” diffusion  
in 2D models

Geiman et al. (2011): 
model-data comparison 
of drifter dispersion

κbg ∼ 0.3 m2s−1

κbg ∼ 0

JMVPR2023
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fluorometers (dye 
concentration 

measure)

dye 
release

Pressure, velocity, 
concentration 

sensors

WIND STRESS  
0.085N . m−2

Modified from Hally-Rosendahl & Feddersen (2016)

JONSWAP wave 
spectrum 

with directional 
spreading 

=0.8 m, =13 s,  

=17°, =10°,  
(October 13 2009)

Hs Tp
θ σ γ = 20

Resolution: 1 m, 
10 vertical levels 

WENO5 + k-⍵ 
Timestep 20ms

IB09 CROCO modeling 

JMVPR2023
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Shallow breaking (3D) Deep breaking (2D)

ω z
 (s

−1
)

ω z
 (s

−1
)

IB09 CROCO modeling 
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Tracer profile at y =1000 m

Obs

CROCO

Funwave

SurfzoneInnershelf

Surf-shelf exchange 

JMVPR2023
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2D with  
background diffusivity

2D without  
background diffusivity

3D without  
background diffusivity

Surfzone mixing

JMVPR2023
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Effective diffusivity

Breaking waves (Svenden et al., 1987) Shear dispersion (Pearson et al., 2009)

Surf eddies (Clark et al., 2010)

κx ∼ 0.01 gh3 ∼ 0.04 m2s−1 κx ∼ 0.01 U2
b h2

κz
∼ 0.1 m2s−1

  (Clark et al., 2010)κx ∼ 1 m2s−1

UbUb

kz

z

xinitial plug of 
pollutants

shear flow differential 
advection

transverse 
diffusion

Mini-ripsFlash rips

OR

κx ∼ 0.1 UMR LMRκx ∼ 0.1 UFR LFR

κx ∼ 0.1 U L ∼ 1 m2s−1
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Shear dispersion Shear dispersion 
+ mini-rips

Shear dispersion 
+ mini-rips + 

Flash rips

JMVPR2023

(monochrom. waves 
no perturbation)

Effective diffusivity
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Estimation of surfzone cross-shore diffusivity 
(Clark et al., 2010):

κxx = 1
2

dσ2

dt
σ2 =

∫ 0
−xb

[x]2D̄(x, y)dx

∫ ∞
−∞ D̄(x, y)dx

with

JMVPR2023

Effective diffusivity
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Effective diffusivity



CONCLUSIONS

◆ Free-surface, wave-resolving RANS models are 
now ready for realistic nearshore problems 

◆ Vertical shear alters nearshore dynamics 
◆ Shear instability produces mini rips: intermediate 

range of turbulence (within IG range) 
◆ Reduces inverse cascade toward VLF (flash rips) 
◆ Reduces instability of longshore drift 

◆ Impact on nearshore dispersion 
◆ Weaker flash rips reduce surf-shelf exchange 
◆ Shear dispersion and mini-rips provide fast mixing in 

the surfzone (background diffusivity)

47
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