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The need for multi-scale/physics models 
• Phenomena occurring in geophysical and environmental fluid 
flows span an enormous range of space and time scales.  

     
• One of the greatest challenges modellers are currently faced with 
is to widen the range of explicitly resolved phenomena.  
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Structured vs unstructured grids in 
geophysical and environmental fluid dynamics (GEFD) models 
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Structured vs unstructured grids 

 

 

Ireland 
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Wales Wales 

Irish 

Sea 

Celtic 

Sea 

structured grid 
1st generation 

unstructured grid 
2nd generation 

Impossible to transform step by step a first generation 
dynamical core into a second generation one. 

A tough choice is to be made! 
This not a mere “technical” detail, since the flows to be dealt 

with are intrinsically multi-scale. 
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Are adaptive- and unstructured-mesh GEFD models 
coming of age? 

 

• Classical structured-mesh GEFD models with (almost) constant 
resolution or grid nesting systems may be getting obsolete.   
• Time may be ripe for developing models in which resolution 
may be enhanced where and when needed.   
• Encouraging example: reduced-gravity simulation of a baroclinic 
eddy (e.g. Lewis and Kirwan, JGR 1987) in the Gulf of Mexico by 
means of a Discontinuous Galerkin (DG), finite-element, adaptive-
mesh model (Bernard et al., Ocean Dynamics, 2007). 
This simulation is one order of magnitude cheaper than a 
constant-resolution one of the same accuracy!  

⇒  movie1 
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The Second-generation Louvain-la-Neuve Ice-ocean Model 
(SLIM, www.climate.be/slim) 

 
•  SLIM's development started about 15 years ago, aiming at the 
multi-scale/physics modelling of (some of the components) of the 
hydrosphere.  
•  Key steps:  

- Collaboration of mechanical engineers and GEFD specialists; 
- Programming in C++; 
- Adopting the finite element (FE) method, then switching to 

Discontinuous Galerkin FE (DG FE ≈ hybrid of FE and FV); 
- Inserting SLIM in the FE software built around the source 

code of Gmsh (www.geuz.org/gmsh) ⇒ durability of SLIM.  
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What SLIM can and cannot do (I) 
 
•  SLIM solves partial differential equations in 1, 2 or 3 space 
dimensions for unknowns of the form !(t,x). The generic form of 
(most of) these equations is: 
 

!!
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Dealt with by SLIM on an 
unstructured mesh by means of 

the discontinuous Galerkin 
finite element method 

in a C++ code 

Dealt with by SLIM or by 
external modules interfaced 

with SLIM 

We are not (always) reinventing the wheel... 
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What SLIM can and cannot do (II) 
 
•  SLIM is capable of being interfaced with well-established 
models/modules often based on (radically) different numerical 
methods (e.g. finite differences) and programming languages 
(e.g. FORTRAN): 

- in SLIM's hydrodynamic module, the turbulence closure is 
GOTM (General Ocean Turbulence Model, www.gotm.net); 
- the sea ice thermodynamics is now that of LIM3 (Louvain-la-
Neuve Sea Ice Model, version #3, www.climate.be/lim); 

•  SLIM solves CART's equations (www.climate.be/cart), to obtain 
diagnostic timescales (age, residence time, exposure time, etc.). 
•  Most in- and out-put files are to be dealt with by means of 
specific routines, owing to the unstructured nature of the mesh. 
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Sea ice in the Arctic 
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• Finite element formulation of Hibler's 
rheology 

• Semtner's zero-layer thermodynamics 
• Slab ocean (no ocean current) 
•Coupling with hydrodynamic module in 

progress 
 

⇒  movie2 

Lietaer et al. (Ocean Modelling, 2008) 
Vancoppenolle et al. (Ocean Modelling, 2009) 
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Groundwater and surface water 
   

    

We have developed a coupled discontinuous Galerkin

finite element model of surface and subsurface flows

Outline:

1 3D subsurface flows

2 2D runoff

3 coupling between

surface/subsurface

Surface flows: 
diffusive wave approximation of 

the shallow-water equations 
(solved with DG FEM) 

Subsurface flows: 
Richards equation 

(soved with DG FEM) 
de Maet et al. (Journal of Hydrodynamics, 2014) 
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The Mahakam river-sea continuum (Indonesia) (I)  

 
 

Borneo 

Work carried out with Prof Ton Hoitink and coworkers (Wageningen) 
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de Brye et al. (Ocean Dynamics, 2011) 
Sassi et al. (Ocean Dynamics, 2011) 

Sassi et al. (JGR Earth Surface, 2012) 

Hydrodynamics in 1D + 2D (tides, river discharge) 
Tidal impact on the division of river discharge over distributary channels 

Hydraulic geometry of the delta 
Modelling fine-grained sediment transport 
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The Mahakam river-sea continuum (Indonesia) (II) 
 

                               

Water discharge 
in the delta 
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The Mahakam river-sea continuum (Indonesia) (III) 
 

                                                                     

  

Suspended sediment concentration (SSC) 
at Samarinda 

(a little upstream of the delta apex) 
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The Mahakam river-sea continuum (Indonesia) (IV) 
 

                               

SSC in 
the delta 

DAN DAS 

FBN FBS 
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The Scheldt river-sea continuum (I) 
The main advantage of unstructured meshes probably is that multi-
scale modelling is rendered easier. Example: the Scheldt 
tributaries, River, Estuary and the adjacent coastal zone. 

                                       

=> movie3 

• 40% of the meshes in 
the estuary, which 
represents 0.3% of the 
computational domain. 
 
• No major problem 
with open boundary 
conditions (for tides, 
storms, river discharge). 
 SLIM's DG FEM wetting-drying schemes:  

Gourgue et al. (Advances in Water Research, 2009) 
Kärnä et al. (Computer Methods in Applied Mechanics and Engineering, 2011) 
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The Scheldt river-sea continuum (II) 
 
•  Hydrodynamics is forced by tides (prescribed at the shelf break) 
and wind stress. 
•  Tidal components (amplitude and phase) are well represented, as 
well as salinity (treated as a passive tracer). 

 

 
 
 
 
 

 
 

 

de Brye et al. (Coastal 
Engineering, 2010) 
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The Scheldt river-sea continuum (III) 
 
•  CART's water renewal timescales (age, residence time, exposure 
time) and return coefficient for the estuary have been simulated at 
any time and position. 

 
•  Surprising result: the large time variability of the residence time. 
 

 

    
 

The tidally averaged exposure time increases monotonically with
the distance from the mouth. This maximum reaches 67 days for the
winter situation, 88 days for the average situation and 111 days for
the summer situation. The average of the exposure time for the
whole estuary is 45 days for the winter situation, 57 days for the
average situation and 69 days for the winter situation (Table 3).

In Soetaert and Herman (1995), the residence time was computed
by means of a box division of the Scheldt Estuary and using the fol-
lowing initial dates: 1 January 1984 and 1 June 1984. de Brauwere
et al. (2011) reproduced this set-up and computed the residence
and exposure times using SLIM instead of a tidally-averaged box
model of the Scheldt. In addition, two initial hours were selected for
each date in order to obtain the timescales at high tide and low tide.
Although the discharges are varying in time and more tidal compo-
nents were used in de Brauwere et al. (2011), the timescales for the
summer and winter situations are similar to those obtained in this
paper. de Brauwere et al. (2011) found a maximum value of 64 days
for the residence time and 80 days for the exposure time in winter.
The values of 80 days and 100 days were obtained for the summer sit-
uation, respectively. However, these results (and hence also the re-
sults from the current study) are significantly longer that the
timescales reported by Soetaert and Herman (1995). Section 5.4 in-
vestigates in more detail the effect of resolving the tide for computing
timescales using CART.

The results in terms of the M2 amplitude of the residence time and
exposure time may appear startling. Depending on the moment of
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residence time (days) M2 variability of 
residence time (days) 

Blaise et al. (Ocean Dynamics, 2010), de Brauwere et al. (Journal of Marine Systems, 2011) 
de Brye et al. (Journal of Marine Systems, 2012) 
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The Scheldt river-sea continuum (IV) 
•  We developed a simple sediment module, which is a prerequisite 
for simulating the fate of several classes of contaminants (fecal 
bacteria, trace metals). 
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Suspended sediment concentration: 
results of SLIM (1D+2D) are not that different 

from those of the 3D, much more complex 
LTVmud model 

de Brauwere et al. (Env. Model. & Soft., 2009) 
de Brauwere et al. (Water Research, 2011) 
Gourgue et al. (J. Marine Systems, 2013) 

de Brauwere et al. (STOTEN, 2014) 
Elskens et al. (STOTEN, 2014) 

=> movie4 
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The Great Barrier Reef, Australia (GBR) (I) 
 

 

The Great Barrier Reef

• 2600km long
• 2500 reefs from 0.01km2 to

100 km2

• interreef channels from ∼10 km
to ∼100 m

• UNESCO World Heritage

100km
N

Cairns

Townsville

Rockhampton

Isobath 200m

Coral Sea

1000km

Australia

10km

Whitsunday Islands

!
!"
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1 hour
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1 year

time-space scales of GBR hydrodynamics

 

general circulation, 
exchanges with Coral Sea 

flow around 
an archipelago 

flow around one 
reef / island 

eddies, 
tidal jets 

parameterization of 
free shear layers 

tidal friction steering 
large-scale circulation 

See Wolanski et al. (2003, in: Advances in Coastal 
Modeling, V.C. Lakhan (Ed.)) 

The widest range of time and space scales we have 
addressed so far! 
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The Great Barrier Reef, Australia (GBR) (II) 
  

                                             

•  triangles, with 

            

• Forcings: wind, tides, Coral Sea 
inflow 
• A wide spectrum of hydrodynamic 
processes simulated (eddies, tidal jets, 
“sticky waters”, general circulation) 
• Modelling of sediment transport, 
turtle hatchlings, etc. 

Legrand et al. (Est., Coast. and Shelf Sci., 2006) 
Lambrechts et al. (Est., Coast. and Shelf Sci., 2008) 
Lambrechts et al. (Est., Coast. and Shelf Sci., 2010) 

Andutta et al. (Est., Coast. and Shelf Sci., 2011) 
Hamann et al. (Ecological Modelling, 2011) 

Wolanski et al. (Cont. Shelf Res., 2013) 



 

 

20 

The Great Barrier Reef, Australia (GBR) (III)      

  

Average over 35 days of the depth-
averaged horizontal velocity 
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The Great Barrier Reef, Australia (GBR) (IV) 
 
 
         

  

• Modelling the transport of coral 
larvae with a Lagrangian transport 
module. 
 
• Assess inter-reef connectivity. 
 
• Use tools from graph theory to 
identify clusters of highly connected 
reefs (sites.uclouvain.be/networks). 
 
• Identify reef clusters weakly 
connected to the rest of the GBR, i.e. 
the most vulnerable reefs. 

Thomas et al. (Ecological Modelling, 2014) 
Thomas (Reef Encounter, 2014) 

Thomas et al. (Diversity and Distributions, submitted) 

Map of reefs in the central GBR with reefs 
grouped into clusters (coloured dots). 

Red lines represent connections 
between reefs. 
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Conclusion 
 
• SLIM already has some of the building blocks of a multi-
scale/physics hydrospheric model, which are progressively 
coupled with eachother. 
 
• The computational efficiency must be increased significantly  
       
• Key numerical 
issues are yet to be 
addressed!  

 

Seny et al. (Int. J. Num. Meth. Fluids., 2013) - Seny et al. (J. Comput. Physics, 2014) 
Seny et al. (J. Comput. Physics, submitted) 

Isaac Newton Institute for Mathematical Sciences

Multiscale Numerics for the Atmosphere and Ocean
22 August - 21 December 2012

Organisers: David Ham (Imperial College London), Matthew Piggott (Imperial College London), Todd Ringler (Los Alamos), Hilary Weller (Reading) and Nigel Wood (Met Office)

Programme Theme

Numerical models of the atmosphere and ocean have proved to be immensely valuable forecasting tools for short time-scale weather and longer time-scale seasonal and climate
prediction. As the decades pass, these models have been improving due to increased computing power, improved modelling of the dynamics, improved parametrisation of sub-grid scale
processes and improved use of observations. These modelling improvements may be slowing and further large increases in computing power will almost certainly emerge from
heterogenous computing architectures configued in even more massively parallel machines. If we are unable to exploit these new opportunities in high-performance computing, our
current models and codes risk becoming obsolete.
This programme will bring together leading developers of ocean and atmosphere models with numericists and computer scientists to explore radical new formulations which will address
the limitations of current models and enable the most effective use of the computing platforms of the future.
Particular themes will include:
Adaptive simulation techniques
Adaptive meshes
Criteria for refinement
Mesh movement vs mesh refinement vs locally increasing polynomial order
Data assimilation and inverse problems on adaptive meshes
Numerical techniques
Closures accurate over a wide range of resolutions
Discretisations suited to the atmosphere and ocean
Solution of equation sets appropriate for the local mesh resolution
Preservation of balance, conservation, monotonicity, accuracy and high curvature under adaptation
Spurious wave reflection and refraction from mesh inhomogeneity
Computing techniques
Algorithims with sufficient computational efficiency and parallelism
Mapping numerical schemes to emerging massively parallel computer architectures

A number of SLIM-team members have 
participated in the Newton Institute workshop. 
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www.climate.be/slim 


