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COAWST: Coupled-Ocean-Atmosphere-Wave- Sediment Transport Modeling System.
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Sediment Transport Components

• Erosion / deposition / bed model (sand, mud, or mixed)
• Settling
• Bedload transport and flux divergence
• Morphological evolution
• Flocculation/aggregation
• Sediment influence on density
• Positive-definite advection scheme (MPDATA, HSIND)
• Wave input (specified, or SWAN, 1- or 2-way coupled)
• Wave-current combined bottom stresses
• Wetting and drying
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• Active layer thickness

• Erosion

• Sedimentation

• Net deposition

Resuspension and Deposition

𝐹" = 𝐸 𝜏& − 𝜏() /𝜏()

𝛿,-. = max[ 𝑘4(𝜏& − 𝜏())/𝜏(), 0] + 𝑘;𝐷=>

𝑘4 = 0.007mPa−1; 𝑘; = 6

𝐹E = −𝑤G𝐶

Δ𝐶
Δ𝑡

= 𝐹E + max 𝐹",
𝑚>
Δ𝑡

− 𝐹E
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Bedload

• Meyer-Peter Müeller (1948)

• Or Soulsby and Damgaard (2005)

• Accounts for net transport over a wave cycle of 
components parallel and perpendicular to mean currents

• Bed slope effect

where

• Upwind flux differencing

Φ = max[ 8(𝜃GO − 𝜃()4.=, 0]

Φ
!"
=max[A2θ

0.5(θsf −θc )
θ
!
sf

θsf
, 0]

Φ
!"
= (Φ!,Φ⊥

), θ
!
sf = (θsf !,θsf ⊥ )

𝑞&Q_GQST" =
tan𝜑,

(tan𝜑, − tan 𝛽) cos 𝛽

β = tan−1(dz / dx)
ϕm= friction angle
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…presently adding 
asymmetrical wave-
driven bedload 
transport similar to 
SANTOSS formula



Bottom Boundary Layer

• Roughness (z0): grains, saltation, ripples, biogenic 
features

• Law of the wall 

where |u| is current speed, u*cw is shear velocity, z
is elevation, k is von Kármán’s constant
• Apparent roughness (z0a) is a function of z0 and 

wave-current interaction

𝑧> = max[ 𝑧>] + 𝑧>^_ + 𝑧>`a, 𝑧>bc]]

𝑢 =
𝑢∗f(
𝜅

ln
𝑧
𝑧>i
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Wave-Current Bottom Boundary Layer

• Orbital motions of waves near bottom creates 
more turbulence than currents alone

• More turbulence, better coupling of flow to 
bottom, more drag on mean flow (u*cw, z0a)

• Also, higher instantaneous bed stresses to 
mobilize sediment

• Madsen (1994) or Styles and Glenn (2000) or
Soulsby (1997)
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Ripple Roughness

• Ripples increase roughness of seabed, adding 
drag and increasing stresses

• Ripple geometry (height, wavelength, maybe 
orientation) are computed from instantaneous 
equilibrium (Malarky and Davies, 2003 method of 
Wiberg and Harris, 1994)

• z0BF ~ height2/wavelength
• Some of this is form drag; that portion does not 

contribute to the skin friction stresses that move 
sediment: corrected according to Smith and 
McLean (1997) and Wiberg and Nelson (1992)
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COAWST/CSTMS 
Sediment 

- Cohesive/mixed bed
- Biodiffusion
- Stratigraphy
- Flocs
- Biogeochemistry   
Courtney Harris and 
students (Aaron Bever, 
J.P. Rinehimer, Kelsey 
Fall, Julia Moriarty, 
Danielle Tarpley)

***

*

*

if SEDIMENT
sediment.F - Initiate sediment routines
if BEDLOAD
sed_bedload.F - Bedload transport

endif
if SUSPLOAD

if SED_FLOCS
sed_flocs.F - Floc dynamics

endif
sed_settling.F - Suspended sediment settling
sed_fluxes.F - Erosion / Deposition

endif
if COHESIVE_BED or MIXED_BED
sed_bed_cohesive.F *- Cohesive / mixed stratigraphy
if SED_FLOCS and SED_DEFLOC
sed_bed_cohesive.F *- Adjust floc distribution in bed

endif
elseif NONCOHESIVE_BED2
sed_bed2.F *- Non-cohesive stratigraphy (revised)

else
sed_bed.F - Non-cohesive stratigraphy (original)

endif
if SED_BIODIFF
sed_biodiff.F* - Biodiffusive mixing of bed

endif
sed_surface.F - Update surface properties

endif
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Example: non-cohesive bed

Study the sediment size 
distribution (Mass Bay):

Warner et al., CSR, 2008

boulders) and because other processes, most notably the
transgression by rising sea level, played a major role in
reworking and redistributing these sediments which are not
modeled. The second study consisted of three simulations
to explore the pathways and fate of sediments and
associated contaminants in the bay. In this case, we are
interested in the exploring the transport and fate of the
tracer silver that was introduced into the Massachusetts
Bay system from the discharge of sewage into Boston
Harbor and that has accumulated in Cape Cod Bay and

Stellwagen Basin. Results from this simulation are also
used to explore the residence time of material in
Massachusetts Bay.

4.3.1. Evolution of surficial sediment distribution
In this simulation the sediment bed was initialized with

10 vertical levels: the top 6 layers at 0.01m thick and the
bottom 4 at 0.10m thick, a porosity of 0.50, and equal
distributions of 7 sediment grain size fractions (Table 3).
The sediments ranged from 7 phi (fine silt, 0.0078mm) to 1

ARTICLE IN PRESS

 

 

 

BOTTOM CURRENT SPEED

IN METERS PER SECOND

0.05 0.100 0.15 0.20

BOTTOM CURRENT

METERS PER SECOND

0.2

BOTTOM CURRENT

METERS PER SECOND

0.2

 

 

 

-0.05-0.10 0.05 0.100

SURFACE ELEVATION SETUP

IN METERS

WIND
DIRECTION

SURFACE CURRENT

METERS PER SECOND

0.2

SURFACE CURENT 

METERS PER SECOND

0.2

 

  

 

WIND
DIRECTION

BOTTOM CURRENT

METERS PER SECOND

0.2

SURFACE CURRENT 

METERS PER SECOND

0.2

Fig. 10. Steady-state response of surface (left) and near-bottom currents (right) driven by a surface wind of 10m s!1 (20 knots, surface stress of 0.14 Pa)
from 0, 45, and 135 degrees (wind direction indicated by bold arrow). Arrows on the map show current magnitude and direction. Color indicates the
surface elevation (left panels) and near-bottom current speed (right panels). The 40m isobath is shown in red. The semi-enclosed geometry of
Massachusetts Bay produces a wind-driven flow pattern where there is a component of surface flow in the direction of the wind in the shallow water along
the coast in Massachusetts Bay and along the outer Cape, and flow opposite to the direction of the wind in deeper parts of Massachusetts or Cape Cod Bay
(right panels). The flow along the western shore of Massachusetts Bay switches from southeastward to northwestward at winds from about 70 degrees.

J.C. Warner et al. / Continental Shelf Research 28 (2008) 257–282270
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Cohesive behavior

Development:
• Harris, Rinehimer + VIMS 
• Sherwood, Ferré, Aretxabaleta  

+ USGS Rinehimer, 2008
Sherwood et al., 2018
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Erosion of a Cohesive Bed

• Key bed property: critical shear stress

Initial equilibrium

tcb profile
Erosion of ~2 mm,

new tcb profile
tcb relaxes to

equilibrium
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Deposition on a Cohesive Bed

1) Initial profile.
2) Deposition of 2 mm. tc profile (black) is extended to new surface; 

sediment at surface is easier to erode.
3) In absence of further deposition or erosion, tc profile slowly 

reverts toward reference profile (red)
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Cohesive behavior

Equilibrium
critical stress 

profile

Time-varying 
critical stress 

profile

Ambient 
Bottom 
Stress

Initial
profile

DepositionBed swelling
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1-D case with 4 sediment classes
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Non-Cohesive Bed Mixed Bed Cohesive Bed
Erosion depends on 

each sed. class 
critical stress

Mud fraction < 3-
10%

Erosive behavior 
depends on   

mud/sand ratio

3-10% < Mud 
fraction < 20-30%

Erosion depends on 
entire bed critical 

stress

Mud fraction > 20-
30%

Mixed bed behavior
Thresholds from Mitchener and Torfs, Coast.Engin., 1996

3.3. Suspended-sediment transport

Temperature, salinity, and sediment suspended in
the water column are transported by solving the
advection–diffusion equation (5). However for
suspended-sediment, an additional source/sink term
is added for vertical settling and exchange with the
bed as

Csource;m ¼ "
qws;mCm

qs
þ Es;m (22)

where ws,m is the vertical-settling velocity (positive
upwards), Es,m is the erosion source (defined below),
and m equals one through the number of classes.
The model solves each term of Eq. (5) indepen-
dently, in the sequence: vertical settling, source/sink,
horizontal advection, vertical advection, vertical
diffusion, and finally horizontal diffusion. Separa-
tion of these calculations has practical advantages

because it allows (1) reuse of the routines for
advection and diffusion of water-column tracers, (2)
use of high-order numerical schemes for vertical
settling, and (3) formulation of the flux conditions
to ensure conservation of sediment in both bottom
sediments and the water column.

The vertical advection algorithm includes a piece-
wise parabolic method (Colella and Woodward,
1984) and a weighted essentially non-oscillatory
(WENO) scheme (Liu et al., 1994). This method
integrates depositional flux over multiple grid cells,
so it is not constrained by the CFL criterion. Zero-
flux boundary conditions are imposed at the surface
and bottom in the vertical diffusion equation. The
source or sink term in the advection equation
represents the net of downward settling and upward
flux of eroded material and is only applied to the
bottom computational cell. Erosional flux is para-
meterized following Ariathurai and Arulanandan
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Active layer thickness (Harris and Wiberg, 1997).
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erosion_flux =
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Create new layer if 
deposition > user defined thickness.
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Fig. 2. Distribution of vertical layers in bed model. During erosion top layer thickness is increased to meet active layer thickness.
Deposition creates a new layer if timing and thickness criteria are met. Total number of layers must be constant, often requiring a merge or
splitting of bottom cells.

J.C. Warner et al. / Computers & Geosciences 34 (2008) 1284–1306 1293
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fc is the cohesive fraction:
fc < fnc thresh (~0.03)   ->   fully non-cohesive behavior (Pcoh = 0)
fc > fc thresh (~0.20)   ->   fully cohesive behavior (Pcoh = 1)
fnc thresh <  fc < fc thresh ->   intermediate behavior: 

“Cohesive behavior” Pcoh is then applied to the critical shear stress and active - layer 
thickness. 

Mixed bed behavior

Determine how cohesive the bed is (Pcoh)
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If dt is the time step, E0 the surface erosion rate, fri the fraction for each 
class, tw the maximum bottom shear stress and j the bed porosity:

fluxi = max (0, dt E0( 1- j ) fri (tw - tcr) )

Resuspension flux near bottom

Mixed bed behavior

sand

clay

silt
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Biodiffusion

Sherwood et al., CSR, 2002

Kolpack (1987) and Niedoroda et al. (1996), and
are illustrated in Fig. 3. In this study, we have
quantified the following processes:

(1) burial or erosion caused by spatial gradients in
sediment transport and/or temporal variation
in sediment supply;

(2) biological activities that cause local solid-
phase mixing of the bed sediment and
associated contaminants;

(3) resuspension of contaminated sediment and
subsequent loss of contaminant to overlying
water via desorption;

(4) in situ desorption of contaminant to pore-
water in the bed, followed by molecular
diffusion to the overlying sea water, and/or
loss through bed irrigation processes;

(5) apparent contaminant losses or gains due to
diagenetic transformation (e.g., reductive de-
chlorination of p;p0-DDE to p;p0-DDMU;
Quensen et al., 1998, 2000; Deming and
Carpenter, 2000; Eganhouse and Pontolillo,
2000).

We did not include compaction, non-local
advection of contaminated sediments, or loss

Fig. 3. Conceptual model of resuspension and desorption, redeposition, and biodiffusive mixing of sediment and contaminant C on
the Palos Verdes shelf (after LACSD, 1992, Fig. 41.A; and Niedoroda et al., 1996). A typical shape for the biodiffusion rate Dbprofile
is shown at the left of the top panel (see also Fig. 5), and evolving contaminant profiles are shown on the right of each panel.

C.R. Sherwood et al. / Continental Shelf Research 22 (2002) 1025–1058 1029

Resuspension
& Desorption

Biodiffusion

Redeposition

Bioturbation causes 
mixing in the bed 
C CDb
t z z
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Zero below some 
depth (~30 cm)

Exponential decrease

Constant (in surface
layer (< 5 cm)

Typical values in top ~5-8 cm of the bed are
10 cm2/y (O 10-7 m2 s-1)



Biodiffusion + Mixed bed
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Verney et al., 2011

Flocculation
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Description of the SCB model – FLOCMOD
Verney et al., 2011; Maerz et al., 2011; Mietta et al., 2011

Based on the population equation proposed by Smoluchowski (1917) : 

𝑑𝑛m
𝑑𝑡

= 𝐺ioo) + 𝐺&)"im_Gp"i) + 𝐺&)"im_(SQQ − 𝐿ioo) − 𝐿&)"im_Gp"i) − 𝐿&)"im_(SQQ

The floc population is described by N size classes, logarithmically distributed, e.g.:
D - 1: 50µm ; 2: 77µm ; 3: 118µm ; 4: 180µm ; 5: 275µm ; 6: 421µm ; 7: 643µm 
Ws - 1: 0.13   ; 2: 0.19   ;  3: 0.28      ; 4: 0.41      ; 5: 0.61     ;  6: 0.89      ; 7:  1.30 mm/s

assuming a fractal dimension of nf=1.9. nf relates floc mass to volume through floc 
density. nf = 3 are solid spheres, lower nf = lower floc densities. 

Mass moves among these classes through aggregation and fragmentation processes
represented by kernel formulations.

Flocculation
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FLOCMOD in COAWST
• FLOCMOD computed at each x,y,z,t

– Dt = 1/4 to 1 s
– 7 to 15 floc classes (4 – 1500 µm)
– 1 to 3 sand classes (125 – 250 µm) 
– Dp = 4 µm, rs = 2650 kg/m3, nf = 2 
– Binary fragmentation
– No floc deposition
– Other parameters according to Verney et al., 2011

Verney Tank Experiment
Constant concentration = 0.093 kg/m3
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FLOCS in COAWST
Steady flow, no settling, no deposition
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FLOCS in COAWST
Example: Steady flow

25Sherwood et al., 2018



Vegetation Module
Beudin et al., 2017, Comp. & Geosci.

26

- Depth-averaged horizontal velocity (u,v)
- Water level (h,η)

- Wave parameters (Hs, λ, Tt, Tb, Ub, Sd)



Effect of SAV on flow dynamics 

• 3-D SAV represented by cylindrical
structures

• Modify mean and turbulent flow

• Local adjustment of water level

• Wave dissipation

• Within the canopy, reduced TKE

• Above the canopy, enhancing TKE

Schematic showing 
submerged vegetation 

canopy 



Modeling SAV effect on flow dynamics

Process modeled Additional terms in the model 

1. Momentum extraction Drag force in momentum equation (ROMS)

2. Turbulence production Turbulent generation in the TKE equation (ROMS),
Uittenbogaard (2003),

3. Turbulence dissipation Generic length scale (ROMS)

4. Flexible SAV Reduction of drag due to bending of flexible SAV
(ROMS), Luhar and Nepf, 2011

5. Wave dissipation Source term in wave action equation (SWAN),
Dalrymple et al. (1984) and Mendez and Losada (2004)

6. Wave streaming Wave averaged forcing in momentum (SWAN+ROMS),
Luhar et al., 2010; Luhar and Nepf, 2013



What is different about sediment in 
COAWST? (external differences)

• Minimal
– Switches in .h file
– Changes in .in file
– Need sediment.in file
– Need to modify (a copy of) ana_sediment.F
– …or provide more info in init.nc file
– New output in his.nc file

• Many applications also need
– More info in init.nc file (initial bed)
– Wave input
– River sediment input
– Boundary conditions
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Cohesive Sediment Transport Models in an 
Idealized Estuary

Danielle Tarpley (Ph.D. Candidate)

Courtney K. Harris*, Carl Friedrichs
Department of Physical Sciences

Chris Sherwood
US Geological Survey

*presenting the webinar today
CSDMS Webinar

November 18, 2019



COAWST user group meeting, February 2019

Community Sediment Transport 
Modeling System • Described in Warner et al. (2008).

• Implemented in ROMS.
• Versions have also been ported to 

SCHISM, FVCOM, and other models.
• Noncohesive sediment model.
• Treats particulate tracers as inert.



CSTMS Now Includes Flocculation and Bed Consolidation

FLOCMOD

Figure from Verney 
et al. 2011.

Recent
Erosion

Recent
Deposition

More
Erodible

Less
Erodible

Bed consolidation 
Rinehimer et al. 2008; 
Sanford 2008



Processes Impacting Floc Size Over a 
Tidal Cycle in an Idealized Estuary Model

Danielle R.N. Tarpley1

Courtney K. Harris1, Carl T. Friedrichs1,
and Christopher R. Sherwood2

1Virginia Institute of Marine Science
2US Geological Survey, Woods Hole
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Including Cohesive Processes in an 
Idealized Estuary

Tarpley, Harris, Friedrichs 
and Sherwood, 2019.

Included Cohesive Processes
Neglected Flocculation
Neglected Bed Consolidation
Neglected Stratification
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Flocculation shifted distribution 
toward coarser sediment in ETM

q Difference in sediment 
concentration between 
two model runs.

q For each size class:
• Red -> Flocculation 

increased 
concentration

• Blue -> Flocculation 
decreased
concentration

Tarpley, Harris, Friedrichs and Sherwood, 2019.
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Question:  Do floc sizes reach equilibrium in the 
idealized estuary?

Answer: Sometimes. 

Sherwood et al., 2018

De = Dp +
kAc
kb G

Winterwerp, 1998
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from the equilibrium floc model.
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Increasing Flow
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Increasing Flow
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Conclusions from Idealized Estuary:
o The idealized estuary model reproduced key features such as estuarine circulation the 

ETM, and and relied on inclusion of cohesive processes (bed consolidation and 
flocculation). (Tarpley et al. 2019)

o Flocculation had the largest impact on SSC within the ETM. It reduced the average 
depth-integrated suspended mass by ~50% there. (Tarpley et al. 2019)

o Outside of the ETM, bed consolidation had the largest impact. It decreased the average 
depth-integrated suspended mass by ~50%. (Tarpley et al. 2019)

o Flocculation transferred as much or more sediment mass than horizontal and vertical 
advection and settling in the ETM.

o The floc model produced floc sizes that were often not equilibrated with the scaling 
expected by rs t



COAWST:  Model Coupling

from:  https://woodshole.er.usgs.gov/operations/modeling/COAWST/


