
Future numerical developments in FESOM



Many	important	extensions	in	the	dynamical	core	of	FESOM	are	planned.

A	part	of	activity	is	funded	through	TRR181	(Energy	Transfer	in	Atmosphere	and	Ocean)

In	last	years	our	focus	in	the	dynamical	core	part	was	on:	
The	Arbitrary	Lagrangian Eulerian	(ALE)	vertical	coordinate	
and	vertical	mixing	parameterizations	(P.	Scholz).

Viscosity,	backscatter	parameterization	(S.	Juricke)	and	advection
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ALE	vertical	coordinate	is	a	framework:
Many	possibilities,	but	each	requires	additional	work.	

At	present: Full	free	surface,	z*	vertical	coordinate	and	partial	bottom
cells

We	will	work	on:
Vanishing	quasi-sigma	(terrain	following)	coordinate	
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lar meshes (in contrast to orthogonal meshes required by C-
grids). Such meshes are more flexible than the Voronoi quasi-
hexagonal meshes or orthogonal triangular meshes needed
for C-grids.

2.2 Notation

For convenience of model description we introduce the fol-
lowing notation. Quantities defined at cell centroids will be
denoted with the lower index c, and the quantities at vertices
will be denoted with the lower index v. The vertical index
k will appear as the first index, but it will be suppressed if
this does not lead to ambiguities. The agreement is that the
layer index increases downwards. The indices may appear in
pairs or in triples. Thus the pair kc means the vertical layer
(or level for some quantities) k and cell c, and the triple kcv

means that the quantity relates to layer (level) k, cell c and
vertex v of this cell. We use the notation c(v) for the list of
cells that contain vertex v, v(c) for the list of vertices of cell
c, e(v) for the list of edges emanating from vertex v, and
so on. Each edge e is characterized by its vertices v(e), the
neighboring cells c(e), the length vector le directed from the
first vertex in v(e) to the second one and two cross-edge vec-
tors dec directed from the edge center to the cell center of the
left and right cells, respectively (see Fig. 1). The cells in the
list c(e) are ordered so that the first one is on the left of the
vector le. The boundary edges have only one (left) cell in the
list c(e).

We use a spherical coordinate system with the North Pole
displaced to Greenland (commonly 75� N, 50� W). A local
Cartesian reference frame is used on each cell with cellwise-
constant metric coefficients (cosine of latitude). Gradients of
scalar quantities and cell areas are computed with respect to
local coordinates. The vectors dec are stored in a local phys-
ical measure of respective cells c for they always enter in
combination with velocity (defined on cells) to give normal
transports. Vectors le are stored in radian measure. Whenever
their physical length is required, it is computed based on the
mean of cosines on c(e). We will skip other details of spher-
ical geometry and ignore the difference in the representation
of le and dec for brevity below. The x and y directions should
be understood as local zonal and meridional directions.

2.3 Bottom representation

The bottom topography is commonly specified at scalar
points because the elevation is defined there. However,
for discretizations operating with full velocity vectors, this
would imply that velocity points are also at topographic
boundaries. In this case the only safe option is to use the no-
slip boundary conditions, similar to the traditional B-grids.
To avoid this constraint, we use the cellwise representation
of bottom topography. In this case both no-slip and free-slip
boundary conditions are possible. Their implementation re-
lies on the concept of ghost cells which are obtained from the

Figure 2. Schematic of vertical discretization. The thick line repre-
sents the bottom; the thin lines represent the layer boundaries and
vertical faces of prisms. The locations of variables are shown for
the left column only. The blue circles correspond to scalar quanti-
ties (temperature, salinity, pressure), the red circles to the horizontal
velocities and the yellow ones to the vertical exchange velocities.
The bottom can be represented with full cells (three left columns)
or partial cells (the next two). The mesh levels can also be terrain-
following, and the number of layers may vary (the right part of the
schematic). The layer thickness in the ALE procedure may vary in
prisms above the blue line. The height of prisms in contact with the
bottom is fixed.

boundary elements by reflection with respect to the boundary
face (edge in 2-D). The drawback of the elementwise bottom
representation is that the total thickness is undefined at scalar
points if the bottom is stepwise (geopotential vertical coordi-
nate). The motion of level surfaces of the ALE vertical coor-
dinate at each scalar location is then limited to the layers that
do not touch the bottom topography (above the blue line in
Fig. 2). This is related to the implementation of partial cells,
which is much simpler if the thickness of the bottom layer
stays fixed. The layer thickness h is dynamically updated at
scalar points (vertices) in the layers that are affected by the
ALE algorithm and interpolated to the cells

hc = (1/3)

X

v(c)

hv. (1)

The cell thicknesses hc enter the discretized equations as the
products with horizontal velocities.

Because of cellwise bottom representation, algorithms
aiming to closely follow the bottom topography may create
triangular prisms going inland (two lateral faces touch the
land) at certain levels on z-coordinate meshes even if such
prisms were absent along the coast. Such prisms lead to in-
stabilities in practice and have to be excluded. The opposite
situation with land prisms pointing into the ocean is much
less dangerous, yet it is better to avoid them too. We ad-
just the number of layers under each surface triangle at the
stage of mesh design to exclude such potentially dangerous
situations. This issue is absent in FESOM1.4 because of the
difference in the placement of horizontal velocities and no-
slip boundary conditions. Since the number of cells is nearly
twice as large as the number of vertices, the cellwise bottom
representation may contain more detail than can be resolved
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Goal: Improve	representation	of	overflows	
and	exchanges	between	shelf	and	deep	ocean

Work	on:	parameterizations	(vertical	and	eddy	mixing),		
pressure	gradient	errors,	stability.		

Time	line:	Within	TRR181	



where Hbot ! 10:1 C, Htop ! 20:1 C, and zbot ! "487:5 m (note sign
convention on z). The initial wave is
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for x0 " L < x < x0 % L, where L ! 50 km, x0 ! 125 km, and Dz =
25 m. We present a single case with A ! 2:0 C, which is the high
amplitude case shown in Ilicak et al. (2012, Fig. 11b). The perturba-
tion is a single hump of displaced isotherms that initiate symmetric
waves propagating out from the center. The waves meet the solid
(non-periodic) boundary after a day, and then return to the center,
forming higher wavenumber modes as the waves interact and
numerical dispersion takes place. After 200 days the domain is still
active with internal waves, but the models differ substantially in
their shapes and positions, as shown in Fig. 6, and Ilicak et al.
(2012, Fig. 11).

As in the first two test cases, mixing is a strong function of hor-
izontal viscosity (Fig. 7(b)); RPE increases in time and with lower
viscosity. This is summarized in Fig. 7(c), where each simulation
is represented by a symbol. The grid Reynolds number is computed
using (18) with a characteristic velocity of U !

%%%%%%%%%
2KE
p

, where KE is
the average kinetic energy from 10 to 100 days. MPAS-Ocean in
isopycnal mode has zero mixing for the duration of the simulation.
MPAS-Ocean, MITgcm, and MOM have similar mixing for the first
50 days, and diverge somewhat thereafter (Fig. 7(a)). MPAS-Ocean

results are identical for z-level and z-star vertical coordinate set-
tings because internal waves do not influence the sea surface
height. This case was also tested in isopycnal coordinates, using
20 layers of constant temperature.

The internal wave case is the perfect test for the z-tilde scheme,
introduced in Section 2.2. In the z-tilde scheme, layers move verti-
cally with the internal waves, as they do in an isopycnal model.
Layers are initially level and equally spaced for all simulations. Ani-
mations of z-tilde simulations show the grid moving with the
internal waves, so that by 200 days the grid nearly follows the tem-
perature profile (Fig. 6). In z-tilde mode, the grid may be initialized
as level layers, or the initial layers may follow density contours.

The main parameter in the z-tilde scheme is the frequency filter
time scale sDlf . When it is smaller than the physical time scales in
the model, everything is included in the low-frequency compo-
nent, so the high-frequency thickness alteration (hhf ) approaches
zero. In this case the grid does not move and the model behaves
as it would with z-star. As the filter time scale is increased, more
of the physical processes are included in the high frequency diver-
gence, the grid moves more, and mixing is reduced. The internal
wave test provides an illustrative example of how spurious mixing
may be reduced by increasing the filter time scale (Fig. 7). All z-
tilde tests used a time step of 300 s, a high-frequency thickness
restoring timescale (shhf ) of 30 days, and no high frequency thick-
ness diffusion (jhhf ! 0).

Fig. 6. Internal wave test case: Temperature at 200 days with mh ! 0:01 and ReD = 5e4, using (a) z-star and (b) z-tilde with sDlf ! 10 days. Black lines show positions of grid
cell boundaries.
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Use	ALE	to	enforce	that	deep	layers	approximately	
follow	isopycnals

Goal: Reduce	spurious	mixing,	increase	stability	and	
time	step

Steps:
• Time	stepping	(workflow)	algorithm
• Monotone	layer	thickness	advection
• High-order	finite-volume	pressure	gradient	force	

computation
• Design	of	layer	motion	algorithms

There	are	good	examples	(MPAS-o	and	MOM6)	to	follow

z-tilde	vertical	coordinate: Split	div	u into	high	and	low
frequency	component.		High	->	thickness	update,
Low	->	vertical	exchange	velocity.

Time	line:	TRR181	and	beyond	

Erosion	of	isothermal	surfaces	in
z		vs.	isopycnal coordinate	models



New	time	stepping	algorithms:

Split-explicit	method	to	solve	for	surface	elevation	instead	of	implicit	method
and	iterative	solvers

Motivation: Reduced	dissipation	(New	algorithms	with	reduced	damping	were	
proposed	recently)

Runge-Kutta time	stepping	in	3D	part

Motivation: Better	stability	and	monotonicity	of	solutions	(NEMO,	MOM6,	new	
models	of	the	atmosphere)

Momentum	advection:	Vector-invariant	form	and	high-order	flux	form	will	
be	added.

Motivation:	at	high	resolution	the	exchanges	between	MKE	and	EKE	are
strongly	affected	by		damping	build	in	momentum	advection.	

Time	line: 2021	(split-explicit),	RK	– depending	on	the	ALE	activity,	momentum
advection	2021-2022.



Advanced	multi-tracer	techniques:

1. Advection	depending	on	tracer	type
2. Other	(than	FCT)	technologies	to	ensure	nearly	

monotone	solutions	(slope	limiting	or	WENO)
3. Algorithms	optimized	for	multiple	tracers	

(conservative	remapping)
4. Longer	time	steps	for	passive	tracers	(questionable	

for	eddy	resolving	simulations)
5. Mesh	agglomeration	techniques		(9	cells	combined	to	

one	in	NEMO	=>	more	than	10	times	reduction	in	
costs)	

Motivation: Increase	throughput	for	runs	with	biogeochemistry.

Time	line: 1	– 2021,	2	– TRR181	,	3,	4,	5	- ???		

Advection	in	FESOM:
3rd or	4th order	methods	+FCT	for	T,S

Using	2nd order	for	passive	tracer	+FCT
will	make	advection	25%	cheaper		

Using	matrix	form	of	advection	operator	
may	bring	further	speed	up.



Higher	effective	resolution	in	sea-ice	
dynamical	core	(more	LKFs)

Time	line:	2021	

Sea	ice	breaks	under	the	
action	of	a	moving	cyclone
(arrow).	The	domain	is	
512	by	512	km.	

(velocity,	scalar)
p1p1=(node,	node)
ncp1=(edge,	node)
ncp0=(edge,	elem)

Sea	ice	concentration	in	tests



There	are	many	other	things	(mixed	meshes,	parameterizations,	…,	modularization)

But:
Purely	numerical	part	is	only	a	fraction	of	effort	needed	to	make	the	new	technology	
practically	useful.		

More	joint	work	is	needed	to	fill	it	with	life.					




