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Three	new	ocean	models	are	formulated	on	unstructured	meshes:
FESOM		(Danilov	et	al.	2004,	2017;	Wang	et	al.	2014)
MPAS-Ocean (Ringler et	al.	2013)
ICON-o	(Korn 2017)

How	to	better	use	variable	resolution?

Visualization	N.	Koldunov



ü well tested and tuned
ü ocean part of AWI-CM
ü participates in CMIP6
ü many regional and global applications

ü > 3x faster than FESOM 1.4
ü ALE vertical coordinate 
ü coupled to ECHAM6 and OpenIFS

FESOM	1.4	and	FESOM	2.0



Basic	difference:	vertical-horizontal	data	structure	of	FESOM2.
Neighborhood	information	is	propagated	down	the	column.

Almost	no	price	for	‘unstructuredness’ if	the	number	of	vertical
layers	is	high	(and	it	is).

FESOM2:	Quasi-B-grid,	scalars	at	vertices	and	velocities	at	cell	centers.
Scalars	use	median-dual	CV	as	in	FVM.	

766 S. Danilov et al.: FESOM2: from finite elements to finite volumes

and a possibility to choose from a selection of transport algo-
rithms, which was very limited for the continuous Galerkin
discretization of FESOM1.4. A very useful feature of FE-
SOM1.4 is its ability to combine geopotential and terrain-
following vertical mesh levels, namely, it was the reason for
using tetrahedral elements and not triangular prisms. To en-
sure similar functionality in the new version, we introduce
the arbitrary Lagrangian Eulerian (ALE) vertical coordinate
(see, e.g., Donea and Huerta, 2003), which provides a general
approach to incorporating different types of vertical coordi-
nates within the same code.

Although many details of the finite-volume method used
by FESOM2 have already been presented in Danilov (2012),
we will repeat their description here for completeness. Be-
sides, the ALE vertical coordinate redefines the implemen-
tation details. The paper begins with the description of basic
model numerics, delegating some details and implementation
variants to the Appendices. The performance of FESOM2
is compared to that of FESOM1.4 in simulations driven by
the CORE-II forcing (Large and Yeager, 2009). We report on
simulations carried out on a coarse (nominally 1�) mesh used
by FESOM1.4 in the framework of CORE-II intercompari-
son, and on a global mesh with a resolution of about 15 km.
The intention here is to illustrate that FESOM2 is a fully
functional and highly competitive general ocean circulation
model. A detailed model assessment paper will be presented
separately.

2 Basic description

2.1 The placement of variables

FESOM2 uses a cell–vertex placement of variables in the
horizontal directions. The 3-D mesh structure is defined by
the surface triangular mesh and a system of level surfaces
which form a system of prisms. In a horizontal plane, the
horizontal velocities are located at cell (triangle) centroids,
and scalar variables are at mesh (triangle) vertices. The vec-
tor control volumes are the prisms based on mesh surface
cells, and the prisms based on median–dual control volumes
are used for scalars (temperature, salinity, pressure and ele-
vation). The latter are obtained by connecting cell centroids
with edge midpoints, as illustrated in Fig. 1. The same cell–
vertex placement of variables is also used in FVCOM (Chen
et al., 2003); however, FESOM2 differs in almost every nu-
merical aspect, including the implementation of time step-
ping, scalar and momentum advection and dissipation (see
below).

In the vertical direction, the horizontal velocities and
scalars are located at mid-levels. The velocities of inter-layer
exchange (vertical velocities for flat layer surfaces) are lo-
cated at full layers and at scalar points. Figure 2 illustrates
this arrangement.

v
1

v
2

v
7

c
1

c
2

v
3

v
6

v
5

v
4

c
3

c
4

c
5

c
6

v
1

c
2

l
e

c
1

v
2d

ec
2

d
ec

1

Figure 1. Schematic of cell–vertex discretization (left) and the
edge-based structure (right). The horizontal velocities are located
at cell (triangle) centers (red circles) and scalar quantities (the ele-
vation, pressure, temperature and salinity) are at vertices (blue cir-
cles). The vertical velocity and the curl of horizontal velocity (the
relative vorticity) are at the scalar locations too. Scalar control vol-
umes (here the volume associated with vertex v1 is shown) are
obtained by connecting the cell centers with midpoints of edges.
Each cell is characterized by the list of its vertices v(c), which is
(v1,v2,v3) for c = c1, and the list of its nearest neighbors n(c).
For c = c1, n(c) includes c2, c6 and a triangle (not shown) across
the edge formed by v2 and v3. One can also introduce c(v), which
is (c1,c2,c3,c4,c5,c6) for v = v1, and other possible lists. Edge
e (right panel) is characterized by the list of its vertices v(e) =
(v1,v2) and the ordered list of cells c(e) = (c1,c2) with c1 on the
left. The edge vector le connects vertex v1 to vertex v2. The edge
cross-vectors dec1 and dec2 connect the edge midpoint to the re-
spective cell centers.

The layer thicknesses are defined at scalar locations (to be
consistent with the elevation). There are also auxiliary layer
thicknesses at the horizontal velocity locations. They are in-
terpolated from the vertex layer thicknesses.

The cell–vertex discretization selected for FESOM2 can
be viewed as an analog of an Arakawa B-grid (see also be-
low), while that of FESOM1.4 is an analog of an A-grid.
The cell–vertex discretization is free of pressure modes,
which would be excited in the A-grid FESOM1.4 without
its stabilization. However, the cell–vertex discretization al-
lows spurious inertial modes because of excessively many
degrees of freedom used to represent the horizontal veloci-
ties. They can be filtered by the horizontal viscosity. In the
quasi-hexagonal C-grid discretization used by the Model for
Prediction Across Scales (MPAS) (Ringler et al., 2013) the
location of scalar variables is the same (on vertices of a
dual triangular mesh) as in FESOM2. The triangular C-grid
of ICON (www.mpimet.mpg.de/en/science/models/icon/) is
notably different for its scalar variables are located at cells
and there are twice as many of them as in FESOM2. Our pref-
erence for the cell–vertex discretization is mostly due to its
lack of pressure modes, the straightforward way of handling
its spurious modes and the ability to work on general triangu-

Geosci. Model Dev., 10, 765–789, 2017 www.geosci-model-dev.net/10/765/2017/



Mercator grid	resolution	to	represent	the	Rossby deformation	radius	(R.	Hallberg,	OM,	2013)

Ld in	the	ocean	varies	
in	wide	limits;

The	pattern	of	observed	variability
(altimetry)	is	very	non-uniform;

Use	unstructured	meshes	to	better	represent	eddy	variability



Unstructured	meshes	can	be	refined	based	on:
• Baroclinic deformation	radius	Ld
• Linear	instability	wavelength:	the	Phillips	and	Charney types	of	instability	
• Geometrical	factors	(many	jets	are	along	the	continental	break)
• Observed	pattern	of	variability	(as	derived	from	altimetry)
• Desired	focus	on	some	area	(similar	to	nesting)	



reversal of the shear direction, the predominant direction is west-
wards, thus the waves propagate against the current at certain
depths, which will be discussed below.

Both the growth rate xi and the wavelength Lbci of Fig. 1 are
rather noisy in space. This results from the noisy characteristics
of the WOCE climatology, which appears to be less smoothed in
space compared to other climatologies, e.g. Boyer et al. (2006).4

We see the least noisy results for our linear stability analysis using
hydrography from dynamically adjusted assimilation products (not
shown) as also used in Tulloch et al. (2011). We show no results
using such hydrographic climatologies here since we do not expect
any qualitative effect on our results.

3.2. Eddy kinetic energy

The magnitude of diffusivities calculated with Eqs. (8) and (10)
depends largely on the chosen amplitude function w0 ¼ Kw ci Lbci. To
support our choice of the amplitude function and to demonstrate
the natural limitations of our analysis, we calculate eddy kinetic
energy (EKE) from the fastest growing wave solution and compare
it to EKE diagnosed from the global eddy-permitting circulation
model by von Storch et al. (2012) as deviations from seasonal
means, and to an observational estimate by Scharffenberg and

Stammer (2010).5 The EKE related to the linear stability analysis is
given by

u02 þ v 02
2

¼ w2
0

4
k2Reð//$Þ ð12Þ

where k and / are the respective quantities of the fastest growing
wave, and with w0 given by the ad hoc scaling Eq. (11). The EKE
from the linear stability analysis at 150 m depth averaged on a
3& ' 3& horizontal grid is shown in Fig. 2(a), together with the EKE
simulated by the model (Fig. 2(b)) and the near surface observa-
tional estimate (Fig. 2(c)). We use 150 m depth to compare observa-
tions, model and linear stability analysis, since we have to exclude
the mixed layer. Fig. 3 compares the zonal mean EKE from the linear
stability analysis and the numerical simulation.

Near the surface, the EKE from the linear stability analysis
seems to capture the regions of maximum EKE in the ACC and
the large western boundary currents reasonably well, which can
be seen both in the circulation model and the observational esti-
mates. On the other hand, the magnitudes of the EKE maxima in
Fig. 2(a) are smaller than in the model and closer to the observa-
tional estimates. This might point towards an overestimation of
EKE by the model, but on the other hand, it is known that observa-
tional EKE estimates based on satellite altimeter data tend to show

Fig. 1. Growth rate xi in d( 1 (a) and wavelength Lbci ¼ 2p=k in km (c) of the fastest growing baroclinic mode of profiles from WOCE data. Note the nonlinear color scale.
Length scales of slowly growing modes (xi < 0:005 d( 1) are left white. Also shown are the zonally averaged values of xi and Lbci (black, b,d) and the zonally and vertically
averaged zonal geostrophic flow U in cm s( 1 (blue, (b)) and 2pRdef , where Rdef denotes the zonally averaged first baroclinic Rossby radius (blue, (d)). (For interpretation of the
references to colour in this figure caption, the reader is referred to the web version of this article.)

4 We prefer the WOCE climatology since it is interpolated on isopycnals instead of
geopotentials which reduces excessive diapycnal mixing and the creation of spurious
water masses by the interpolation method.

5 This dataset can be found at http://www.icdc.zmaw.de/jtp_velocity_anomaly.
html.

L. Vollmer, C. Eden / Ocean Modelling 72 (2013) 198–209 201

L.	Vollmer,	C.	Eden,	OM,	2013Y.	Soufflet et	al.,	OM,	2016

kLd of	maximum	instability	varies	in	wide	limits



Meshes	based	on	the	observed	variability

Fine
10	km

Coarse	
30	km

Wind-driven	double-gyre	flow	in	stratified
basin	with	Ld=25	km

Difference	Fine-Coarse

axes	in	thousand	km

The	difference
can	be	strongly	
reduced
through	local	
refinement

Sein	et	al.	2016



Zonally	re-entrant	baroclinic channel:	it	takes	some	distance	downstream	to	equilibrate

Meridional	and	time
mean	profiles:

Resolution	from	1/3	
to	1/12	degree,
Ld=25	km

Danilov,	Wang	2015



Agulhas Current and Leakage: 
FESOM vs traditional nesting

Biastoch et al. 2018

FESOM
(MR 0.8 M 2D vertices)

28M 3D vertices

NEMO/AGRIF
25M wet 3D cells
in the nest R
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SSH variabilityAVISO

FESOM

NEMO

Agulhas Current and Leakage: 
FESOM vs traditional nesting

Biastoch et al. 2018



resolution
Refinement according 
to SSH var.
(1.3 M vertices)

Refinement according
to Rossby radius and
SSH var.
dx=max{Ld/2, 4km}
(5.0 M vertices)

MPIOM “STORM” 0.1°
(von Storch et al.,
2012)
(5.5M wet vertices)

temperature bias

Sein	et	al.,	2017

How	to	design	a	global	mesh?



How	to	design	a	global	mesh?

Sein	et	al.,	2017

resolution temperature bias

Refinement according 
to SSH var.

1,3 M vertices

Refinement according
to Rossby radius and
SSH var.

5M vertices

MPIOM “STORM” 0.1°
(von Storch et al., 2012)

5.5M wet points



LR MR HR

Variable-resolution	configurations (Rackow		et	al.	2019)

resolution is smoothly varied in the global
ocean according to specified functions

FESOM, flexible mesh layout



salinity

global	profiles

salinity

FESOM:	role	of	ocean	resolution

difference
to climatology at	
1000m

te
m
pe

ra
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increased resolution reduces model bias!
Rackow	et	al.,	2019

2644 T. Rackow et al.: Sensitivity of deep ocean biases to horizontal resolution

Figure 7. (a) Potential temperature [K] and (b) salinity [psu] biases with respect to PHC (PHC 3.0, updated from Steele et al., 2001) at
1000 m depth, plotted on the observational grid. A systematic decrease of the temperature and salinity biases in the North Atlantic with
increasing resolution (top to bottom) is evident.

Geosci. Model Dev., 12, 2635–2656, 2019 www.geosci-model-dev.net/12/2635/2019/

T. Rackow et al.: Sensitivity of deep ocean biases to horizontal resolution 2641

Figure 4. Profiles of potential temperature (a) and salinity (b) in the North Atlantic Ocean for years 71–100 of the pre-industrial simulations.
Shown is the mean difference to PHC (PHC 3.0, updated from Steele et al., 2001). With the medium- and high-resolution meshes, the biases
around 1000 m depth decrease strongly for both temperature and salinity.

entrainment. Vertical profiles of regionally averaged poten-
tial temperature (Fig. 8b) and salinity (Fig. 8c) in the vicin-
ity of the Strait of Gibraltar show that REF/LR (and MR0)
generate too much Mediterranean outflow waters at 1000 m
depth, while MR and HR lack these at a depth of 1000 m.
Since the simulated model profiles envelop the observed pro-
files from PHC (at 1000 m), there is potential for much bet-
ter agreement by systematically adjusting the representation
of the local bathymetry and the width of the strait. In or-
der to simulate the correct spreading of Mediterranean wa-
ters from the Gulf of Cádiz into the North Atlantic, another
approach could be to add additional physics like the effect of
tides (Izquierdo et al., 2016), which are usually not included
in current climate models. Without tides, ocean models of-
ten simulate erroneous southwestward spreading, leading to
stronger biases when compared to climatology than in simu-
lations with active tides (Izquierdo and Mikolajewicz, 2018).

3.4.2 Surface conditions

Since there are no heat sources or sinks in the interior ocean,
the observed deep bias cannot develop in situ. Furthermore,
since there is no sizable cold (fresh) bias above 1000 m, it
cannot be entirely explained by a vertical redistribution of
heat (salt). Instead, the surface has to be a major origin of
the simulated deep ocean warming, and improvements in the
deep ocean hydrography with higher resolution should be
caused by improved surface fields.

Focusing on the SST bias in the last 30 years of the REF,
MR0, and HR pre-industrial simulations (years 71–100) in
detail (Fig. 9), systematic differences between the simula-
tions are evident (for the discussion of LR and MR, see Ap-
pendix A). The surface is consistently colder than PHC in all
simulations, which is expected, since pre-industrial (PI) runs

are compared with a climatology representing present-day
conditions. However, in the whole Labrador Sea, REF, MR0,
and HR are on the warmer side for years 71–100. When over-
laying their SST bias with simulated surface isopycnals (gray
and black contours in Fig. 9b–d), which represent the map-
ping to the deep ocean in 600–1000 m depth (see details in
the sections below), it is evident that warm SSTs over these
critical regions are systematically reduced when going to the
higher resolutions (Fig. 9b–d). Consistent with uncoupled
ocean-only results for LR and HR (Sein et al., 2016, their
Fig. 7), which show a much better simulation of the position
and separation of the Gulf Stream further south at higher res-
olutions, the coupled simulations analyzed here also show
a successively reduced meridional warm/cold bias pattern
along the east coast of North America.

Despite these clear improvements over the deep convec-
tion sites and over the Gulf Stream region, the cold tem-
perature spot in the Northwest Corner is a persistent bias
and is visible even better in the medium- and high-resolution
coupled simulations, since the surrounding warm biases are
much reduced. Note that also uncoupled ocean-only models
still struggle to properly simulate the Northwest Corner of
the North Atlantic (Sein et al., 2017), and presumably much
higher resolution along with a more detailed representation
of the bathymetry is needed for the Gulf Stream to reach this
area. Although the Gulf Stream and its extension could im-
pact the location of the outcropping regions, the strong cold
temperature spot (hatched in Fig. 9b–d) is, however, not in
direct contact with the deep ocean around 600–1000 m depth
via outcropping isopycnals (as diagnosed from 30-year an-
nual means). Despite possible seasonal excursions, we there-
fore do not expect a major impact on the analysis of the
present study, which is focused on the deep ocean.

www.geosci-model-dev.net/12/2635/2019/ Geosci. Model Dev., 12, 2635–2656, 2019



HR	vs	LR	in	the	North	Atlantic

LR	(a)	and	HR	(b)	ocean	resolution	

Climate	change	(RCP8.5).	SST		

HR/T127		 HR/T63		

LR/T127		 LR/T63		

Ocean	surface	velocity	change	(T63-T127).	Historical	simulations.

LR HR

Sein	et	al.	2018



FESOM:	role	of	ocean	resolution

Sein	et	al.,	2018
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	(c
oa
rs
e)

HR
	(f
in
e)

Potential	temperature	section	at	15W



Eddy resolving in the Fram Strait

Wekerle et al., 2017



Eddy resolving in the Fram Strait

Wekerle et al., 2017



A	snapshot	of	
log10(|u|)	@100	m
in	1	km	Arctic	in	
FESOM2
Mesh	with	
11M	surface	vertices	
(N.	Koldunov)



WANG ET AL.: ARCTIC OCEAN EDDY ENERGETICS X - 3

(a) (b)

Figure S2. Eddy kinetic energy (EKE) at 150 m depth

in the simulations with (a) 4 km and (b) 1 km resolution.

In this figure, EKE is calculated using annual mean to-

tal kinetic energy and velocity as done by Regan et al.

(2020), instead of using monthly mean values as in our

paper (in all other figures). Therefore, this EKE also

includes the components due to mean flow seasonal vari-

ability, and on average is about twice that calculated us-

ing monthly mean values. The so-calculated EKE on the

4 km mesh (a) is very similar to that obtained by Regan

et al. (2020), who used 3-4 km resolution. Note that a

log10 scale is applied to the colorbar.

X - 2 WANG ET AL.: ARCTIC OCEAN EDDY ENERGETICS

Figure S1. The resolution of the two meshes used in

this study. The model is global and the resolution in

the Arctic Ocean is increased to 4km (Exp4km) and 1km

(Exp1km) in the two setups, respectively. The resolution

is defined as the length of triangle edges.

EKE	in	the	Arctic	Ocean

EKE	on	4	km	(left)	and	1	km	(right)	meshes	

Wang	et	al.	2020	



in the interior of the Amerasian Basin is weaker than in the interior of the Eurasian Basin, except for the
central Beaufort Gyre.

Analysis of our model results shows that the mean conversion from eddy available potential energy to EKE
through baroclinic instability is typically much higher than that frommean kinetic energy within the Arctic
Ocean (not shown). Observations in a few limited regions have suggested the same (Pickart et al., 2005;
Pnyushkov et al., 2018; Spall et al., 2008; Timmermans et al., 2008; Woodgate et al., 2001). Figure 3c shows

the baroclinic conversionBCC¼w′b′ (Harrison &Robinson, 1978) integrated over the upper 200 m, wherew

Figure 1. Snapshots of relative vorticity in the two simulations. (a) Beaufort Sea at 100‐m depth in the 1‐km resolution simulation. (b) The same as (a), but in the
4‐km resolution simulation. (c) A region north of Severnaya Zemlya (SZ) and (d) a region north of Laptev Sea (LS) at 500‐m depth in the 1‐km simulation.
(e, f) The same as (c, d), but in the 4‐km simulation. In (a), the black box indicates the Alaskan region (AL) analyzed in the paper, and the regions
shown in (c) and (d) correspond to the two regions in the Eurasian Basin analyzed in the paper. These regions are indicated by black boxes
in the bottom panel, which shows the Arctic bathymetry from IBCAO (Jakobsson et al., 2012).

10.1029/2020GL088550Geophysical Research Letters
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Relative	vorticity	in	runs	on	1	km	and	4	km	meshes

Resolution	much	finer	than	Ld (about	8-10	km)	is	needed	in	the	Arctic	Ocean								(Wang	et	al.	2020)

FESOM2		1	km	Arctic	setup



Ice	thickness,	
snapshot,	mEVP solver

FESOM2	1	km	Arctic	simulations



ROSSBY	4.2	resolution:	max{Ld/4,2km}

km

23M	surface	
nodes
80	vertical
levels



FESOM2	throughput
(4	times	faster	then	FESOM):

2km	resolution	with	23M
surface	nodes	up	to	4	y/day

4km	resolution	with	5M
surface	nodes	up	to	12	y/day			

23

ROSSBY4.2
XR

HR

LR

More	details	in:
JAMES:	
Koldunov et	al.	2019;	Sein	et	al.,	2016,	
2017,	2018;	Sidorenko et	al.,	2018
GMD:
Rackow et	al.,	2019;		Scholz	et	al.	2019



Triangular lattice: Vertices of equilateral triangular lattice
are invariant to translations

x ! x+ z, z = n1a1 + n2a2,

where
a1 = (1, 0)a, a2 = (1/2,

p
3/2)a = (a/2, h)

a and h the triangle side and height, and n1 and n2 integer
numbers.
A rhombus formed by a1 and a2 is the unit cell of triangular lattice.
The unit cell is not unique, but the set of translations z is.

Reciprocal lattice in the wave-number space is given by
translations

q = m1b1 +m2b2,

where m1 and m2 are integers, and the reciprocal vectors are

ai ·bj = 2⇡�ij ,) b1 = (2⇡/a)(�1, 1/
p
3), b2 = (2⇡/a)(0, 2/

p
3).

A unit cell of the reciprocal lattice is a rhombus formed by b1 and
b2.

Wave	vectors	resolvable	on	triangular	and	hexagonal	meshes



Because of the invariance with respect to translations q in k space,
it is su�cient to consider k within the unit reciprocal cell. More
commonly, we consider k within the first Brillouin zone, which is
the Voronoi cell of the reciprocal lattice.

I The representable wave numbers are those within the first
Brillouin zone.

I The amplitude of representable wave number depends on
direction. In the worst case

|k|max = 2⇡/(
p
3a) = ⇡/h,

i.e., the geometrical resolution is given by the height of
triangles. It is 15% better than the resolution of quadrilateral
mesh with the same side a.

I An area S is covered by Nq = S/a2 quads and
Nt = (2/

p
3)S/a2 triangular unit cells. For Nt = Nq a

triangular mesh provides (2/
p
3)1/2 better resolution than its

quadrilateral counterpart.



Linearized	SWE	dispersion	for	Ld/a=0.5	(a	the	side)



Conclusions

Unstructured-mesh	ocean	models	are	mature	enough	to	be	used	in	practice.
They	are	nearly	as	numerically	efficient	as	structured-mesh	models.

Variable	resolution	on	meshes	with	global	focus	is	helpful	in	ocean	modeling,	but	optimal
choice	is	still	a	subject	of	research.

They	can	be	used	as	an	alternative	of	nesting	or	regional	setups	without	the	need	
of	open	boundaries	


