
Ocean modeling  

With material borrowed from M. Bentsen (BCCR), E. Chassignet 
(FSU) and many co-workers at the MSC 



“A donkey will never run as 
fast as a horse, no matter 

how short you cut the ears” 

Unofficial saying in the Alps 

Meaning: don’t expect data assimilation to 
compensate for bad model design 



Purposes/uses of ocean models 

  Scientifically rationalize the real ocean. 
  Test hypotheses for physical, chemical, or biological 

mechanisms underlying observations.    
  Predict future changes in the ocean.  

  Forecast mesoscale features 
  Only the ocean has enough memory for climate predictions 

  Provide scientifically based advice to policy makers for 
managing coastal related commerce 



Requirements 

 High resolution operational  oceanography: requires accurate depiction of 
upper ocean structure and of mesoscale features such as eddies and 
meandering fronts - accurate sea level representation is crucial for 
coastal models (response to wind, tides, and surface pressure) 

 Seasonal-to-interannual forecasts: require a good representation of  the 
upper ocean mass field and the coupling to an active atmosphere 

  This diversity of applications implies that it is unlikely that a single model 
configuration will be sufficiently flexible to satisfy all the objectives 

  Several community models are available  
  MOM, ROMS, HYCOM, MITgcm, NEMO,… 
  Realistic modeling is no longer a “one-man show” 



Outline 

  Numerical choices 
  Vertical coordinate 
  Horizontal grid 
  Time stepping 
  Advection schemes 

  Setup 
  Bathymetry  
  Initialization 
  Surface boundary 

conditions 
  Lateral boundary 

conditions 

  Validation 
  Actual vs. statistical 

validation 
  Point measurements 
  Satellite data  





Numerical analysis 
  Consistency  

  The equations are discretized (resolution Δx, time step Δt) 
  Increasing resolution tends to the continuous solution 

  Δx -> 0, Δt -> 0, Δv -> δv + O(Δx) + O(Δt) 
  Higher order convergence: second order O(Δx2), fourth order O(Δx4), … 

  Stability  
  Small change of initial conditions make small change of the solution 

 Courant Friedrichs Lewy (CFL) condition |u| Δt < Δx  
 Von Neumann condition (spectral radius ≤1) 
  Both are necessary but not sufficient (ex.: Leapfrog scheme does not satisfy 

them) 

  Convergence to the true solution  
  Is ensured if both consistency and stability are satisfied  

  Lax Equivalence Theorem 



Pro Con 

z 

Simple discretization 
No pressure gradient problems 
Accurate equation of state 
Mixed layer representation 

Tracer advection and diffusion 
Bottom boundary layer 
representation 

σ 
Bottom boundary layer 
representation 
Accurate equation of state 

Tracer advection and diffusion 
Pressure gradient problems 

ρ 
Tracer advection and diffusion 
No pressure gradient problems 
Thermocline representation 
Bottom topography representation 

Mixed layer representation 
Simplified equation of state 
Bottom boundary layer 
representation 

What vertical 
coordinate to use? 



•  HYCOM: HYbrid Coordinate Ocean Model, University of Miami 
•  HYPOP: Hybrid version of POP (Parallel Ocean Program), Los Alamos 

Hybrid coordinate models 

January July 
Fig. 1. HYCOM vertical section at 25°W in January of year 21. Shaded 
field: density. Thin solid lines; layer interfaces. Thick line: mixed-layer 
depth. Depth range: 500 m. Numbers along bottom indicate latitude. Tick 
marks at the top and bottom indicate horizontal mesh size. 



Unstructured grids 
Methods: finite element, spectral element 

Structured grids 
Method: finite difference 

Horizontal grids 



Time dependent adaptive grids 
Add resolution to regions as needed (ICOM) 



The properties of the grids can be studied 
with the linearized shallow-water equations 

Arakawa A Arakawa B Arakawa C 
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Staggered grids 



Why does the various grids perform the way they do? 
Arakawa A: averaging in the evaluation 
of the height gradients 

Arakawa B: averaging in the 
evaluation of the height 
gradients 

Arakawa C: averaging in the 
evaluation of the Coriolis terms 
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Recent methods to overcome the problems 
of traditional grids 

•  C-D grid by Adcroft et al. (1999). 

•  Shifted approximations by Nechaev and Yaremchuk (2004). 

•  Reversibly staggered grids by McGregor (2005). 



SSH  
2004-2006 

DATA 

1/12° 1/4° 

Increased resolution 



SSH  
variance  

DATA 

1/12° 1/4° 

Increased resolution 



Horizontal resolution  

TOPAZ2, 18 to 36 km TOPAZ3, 11 to 16 km 



We will consider the 1D hyperbolic system of equations 

which is an simple analog to the barotropic mode in the absence of 
Coriolis force and topography. Assuming a wave solution, we can 
express the evolution of Fourier components for wavenumber k as 

In the case of the Leapfrog algorithm, these equations can be 
discretized as 

where  

Time stepping 

Deduce amplitude and phase errors from  
the complex roots of the characteristic polynomial ... 



Time stepping 

  The most common: Leap-frog  
  No amplitude error but large phase errors 
  Computational mode needs to be filtered 
  Additional Asselin filter worsens the phase error 

  More advanced: Forward-Backward algorithms  
  Shchepetkin and McWilliams (2005)  
  No amplitude but large phase error 
  Uses a predictor-corrector step 
  Is more stable.  
  Used in last versions of ROMS and MOM.  



Proper treatment of transport processes is very 
important in many geophysical applications. We are 
often faced with a continuity equation 

together with a tracer equation 

Transport 



2D advection test (split cylinder) 

Solid body rotation as described in 
Zalesak, J. Comput. Phys, 31, 1979. 

To complete one revolution, 628 time 
steps are needed. 

Initial condition 



MPDATA [0…1] Multidimensional Positive Definite Advection Transport Algorithm 

MPDATA [1…2] 

0 

1 

1 

2 

MPDATA is positive definite, but not monotonous 



FCT4 (4th order)  

FCT2 Flux Corrected Transport (see Iskandarani et al.) 2nd order  



High-resolution applications 
 well-resolved radius of deformation 

MPDATA FCT2 

Model SST in 
HYCOM, 5km 
resolution, Gulf of 
Mexico, 2 different 
tracer advection 
schemes 

Y. Morel, in the 
TOPAZ final report,  

Bertino et al. (2004)  



WENO3 Weighted Essencially Non-Oscillatory (3rd order) Liu et al. 
(1994) 

WENO5 (5th order)  



Incremental remapping 
(Dukowicz and Baumgardner, 2000) 
Very promising for models including 
a large number of tracers. 



Outline 

  Theoretical background 
  Why doing ocean modeling at 

all? 
  Numerical choices 

  Vertical coordinate 
  Horizontal grid 
  Time stepping 
  Advection schemes 

  Setup 
  Initialization 
  Bathymetry  
  Surface boundary conditions 
  Lateral boundary conditions 

  Validation 
  Actual vs. statistical 

validation 
  Satellite data  



Initialization 
The difficult trade-off of spinup time 

  Start from a 3D T/S climatology 
  Levitus, GDEM (Teague et al.), ...  
  But u and v = 0!  

  The currents must equilibrate 
(=“spin up”) 

  Yes, but for how long? 
  Models drift in time 
  Long spinup leads to unrealistic 

water masses 
  Should not be “too long” to avoid 

being far off reality 

  Depends on the purpose 
  The waves of interest must have 

crossed several times the model 
domain. 
  Barotropic waves = days  
  Indian Ocean MOC = 10.000 years.  

  The wave celerity depends on the 
vertical structure 

  Vertical resolution (j) matters 
  Higher vertical resolution = longer 

spinup times  € 

c 2 =
1
j 2π 2 .g

ρbot − ρtop
ρ 

H



Bottom topography 
  Lower mode waves interact with the 

topography to excite higher mode waves 
  Smoothing the topography degrades the 

signal 
  Necessary for sigma-coordinates model 

  In practice 
  Start from a digital database 

(GEBCO, ETOPO, Smith and 
Sandwell)  

  Correct by hand the problems 
  Potential errors in the database 

(islands, seamounts ...)  
  Straits narrower than 2 grid cells 

  Open or close them 
  Difficult areas connecting basins: 

Gibraltar, Red Sea, must be deep 
enough 

North Sea Norwegian Sea 



Surface conditions 
Ocean model in forced mode 

  The ocean receives  
  Heat 

  Short wave (sunlight) 
  Long wave (Infrared)  
  Sensible, latent heat 

  QS =ρ Cp CS U10 (ts - ta) 
  QL =ρ LE CL U10 (qs - qa) 

  Momentum  
  Wind Stress τ= ρair CD U10

2 
  Freshwater  

  E-P: Evaporation minus 
precipitation 

  Penetration of the flux depends on the 
Jerlov water type (Jerlov, 1976)  

  Global reanalyses from  
  ECMWF (ERA40, ERA-interim) 
  NCEP  
  MRI (Japan)  

  What to look for: 
  Temporal resolution <1 day 
  Spatial resolution comparable to ocean 

model  
  Avoid pollution near coast 



Inspired	  from	  Maykut	  and	  Untersteiner	  (1971)	  

Snow	  
one	  or	  many	  layers	  

Sea	  ice	  
one	  or	  many	  layers	  

Oceanic	  
boundary	  layer	  

Atmospheric	  
boundary	  layer	  

A	  word	  on	  thermodynamics	  

Oceanic	  heat	  flux	  
Brine	  rejec7on	  and	  freshwater	  input	  

Heat	  conduc7on	  
Radia7on	  absorp7on	  
Lateral	  mel7ng	  
Latent	  heat	  flux	  at	  phase	  transi7on	  

Heat	  conduc7on	  
Radia7on	  absorp7on	  
Snow-‐ice	  mass	  balance	  

Radia7ve	  fluxes	  (snow	  and	  ice	  albedo)	  
Turbulent	  fluxes	  
Sublima7on	  



River input 

Hydrological model (TRIP, Oki &Sud, 1998), fed with 
ERA-Interim run-off.  



1-‐way	  interac3on	  

2-‐way	  interac3on	  

Nesting 
 	  A	  lot	  of	  prac3cal	  issues	  (see	  Debreu	  and	  Blayo	  
2008	  for	  a	  review)	  :	  

 	  conserva3on	  of	  mass	  and	  tracers	  (flux	  
correc3on	  algorithms)	  

 	  high-‐order	  +	  conserva3ve	  interpola3on	  
schemes	  

 	  use	  of	  highly	  selec3ve	  restric3on	  
operators,	  to	  prevent	  aliasing	  errors	  

 	  consistency	  between	  interpola3on	  and	  
restric3on	  operators	  

 	  use	  of	  addi3onal	  noise	  control	  techniques	  

Most current applications are performed in the context of mesh refinement, 
several of them using the AGRIF software 



Lateral boundary 
conditions 

  Dynamical downscaling 
  Consider different modes 

  Slow mode (baroclinic) 
  Relaxation is OK 

  Fast mode (barotropic) 
  Relaxation is BAD (waves 

reflect at the boundary) 
  Method of characteristics 

(Flather bc) 

  Complete review in  
  Blayo and Debreu (OM, 2005)  

TOPAZ2 nested in Barents Sea 

SST and sea-ice 



[ B. Backeberg ] 



Parallelization 

  2 “paradigms” in parallel computing 
  Shared memory: OpenMP 

  Distribute parallel loops to different 
processors 

  Domain lines sent to different processors 
  Easy to implement, non-intrusive 
  BUT: requires shared-memory machine ($$) 

  Distributed memory: MPI  
  Split the model domain 
  Intrusive (redefine tables, need to account for 

“ghost zones”) 
  Runs on cheaper hardware  

  Necessity of load balance and memory 
constraints 

  Scaling (ideally linear) depends on hardware  
  I/O efficiency and fast interconnect  

Uniform MPI partitioning of the domain  

better memory usage  

Non-Uniform MPI partitioning of the domain 

Better load balance 



Outline 

  Theoretical background 
  Why doing ocean modeling at 

all? 
  Numerical choices 

  Vertical coordinate 
  Horizontal grid 
  Time stepping 
  Advection schemes 

  Setup 
  Bathymetry  
  Initialization 
  Surface boundary conditions 
  Lateral boundary conditions 

  Validation 
  Actual vs. statistical 

validation 
  Satellite SST 
  Satellite Altimeter data 

  Examples of applications  
  Ocean forecasting  

  TOPAZ 

  Climate modeling 
  Bergen Climate Model 



Validation 
What should we expect? 

  Some processes 
should be in time  

  Forced events (tides, 
upwelling, monsoon 
reversal, Rossby waves) 

  Qualitative comparison  
  Anomaly correlations 

  Some others appear at 
random times  

  Mesoscale eddies, internal 
variability of climate  

  Statistical validation  
  Mean, variability 

  Assimilation can constrain 
these phenomena 



  HYCOM  
  14 km (North) 
  42 km (South) 
  Constant 

Indonesian 
Throughflow 

M. S. George 



Indian Ocean SST 
HYCOM 

Arabian Sea 

B. Bengal 

Equatorial IO 

M. S. George 



M. S. George 



Arabian Sea 

B. Bengal 

Equatorial IO 

M. S. George 



Outline 

  Theoretical background 
  Why doing ocean modeling at 

all? 
  Numerical choices 

  Vertical coordinate 
  Horizontal grid 
  Time stepping 
  Advection schemes 

  Setup 
  Bathymetry  
  Initialization 
  Surface boundary conditions 
  Lateral boundary conditions 

  Validation 
  Actual vs. statistical 

validation 
  Point measurements 
  Satellite data  

  Examples of applications  
  Ocean forecasting  

  TOPAZ 

  Climate modeling 
  Bergen Climate Model 



Challenges for ocean 
modeling 

  Interactions between the mixed 
layer, atmosphere and subsurface 
ocean  

  Influence of marginal seas and 
topographic control on the open 
ocean 

  Influence of open ocean circulation 
on shelf circulation and ecosystems 

  Coupling ocean-ice-wave-
atmosphere 

  Improved understanding of modes 
of large-scale ocean variability 

  Role of mesoscale eddies 
  Ocean initialization  
  Physically consistent estimates 

and parameterizations of 
diapycnal mixing 

  Replacing numerical closures 
with physical parameterizations 

  Reducing bias induced by model 
numerics 



Conclusions 

  Models are not reality  
  Observations are sparse 
  Correct mathematics can 

make them more realistic 
  International collaborations 

operations 
  www.godae.org  
  www.myocean.eu.org  

  Ocean models are used in 
climate modeling  
  www.clivar.org  

  Issues not covered here: 
  Mixing schemes  

  Mellor-Yamada, Krauss-Tuner, 
KPP, GOTM … 

  Tides  
  Coastal modeling  
  Some applications require 

adequate data assimilation 



Two	  dynamical	  regimes	  

Viscous-‐plasBc	  material	  

• 	  slowing	  creeping	  
• 	  resist	  to	  stresses	  
• 	  ridging	  
• 	  lead	  formaBon	  along	  shear	  lines	  

Collisional	  fluid	  

• 	  granular	  material	  
• 	  floe-‐floe	  collisions	  
• 	  lower	  resistance	  to	  stresses	  



Two	  dynamical	  regimes	  

Viscous-‐plas3c	  rheology	  (Hibler	  1979)	  

• 	  conBnuum	  
• 	  plasBc	  yield	  curve	  

Collisional	  rheology	  (Shen	  et	  al.	  1987)	  

• 	  granular	  material	  
• 	  non-‐newtonian	  fluid	  
• 	  no	  yield	  curve	  
• 	  low	  viscosity	  



DisconBnuous	  flow	  under	  
conBnuous	  stress	  

du/dt = τ + div(σ) 

plasBc	  yield	  curve	  

Hibler	  (1979)	  /	  Hunke	  and	  Dukowicz	  (1997)	  /	  Hunke	  (2001)	  

divergence	  (leads)	  

convergence	  (ridging)	  

shear	  

The	  viscous-‐plas3c	  rheology	  



Bagnold	  (1954)	  /	  Shen	  et	  al.	  (1986,	  1987)	  /	  NERSC	  Tech	  Report	  No.	  311	  

internal	  stress	  

number	  of	  ice	  floes	  
per	  unit	  distance	  

collision	  frequency	  

average	  transfer	  of	  linear	  
momentum	  between	  two	  

colliding	  disks	  

The	  collisional	  rheology	  



~	  10-‐7	  Pa	  m	  

Both	  rheologies	  compared	  

~	  104	  Pa	  m	  


