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resolving global unstructured meshes. In particular, the utility of the mesh design approach whereby mesh
horizontal resolution is varied as half the Rossby radius in most of the model domain is explored. Model simulations on such a mesh (FESOM-XR) are compared with FESOM simulations on a smaller-size mesh, where
reﬁnement depends only on the pattern of observed variability (FESOM-HR). We also compare FESOM
results to a simulation of the ocean model of the Max Planck Institute for Meteorology (MPIOM) on a tripolar
regular grid with reﬁnement toward the poles, which uses a number of degrees of freedom similar to
FESOM-XR. The mesh design strategy, which relies on the Rossby radius and/or the observed variability pattern, tends to coarsen the resolution in tropical and partly subtropical latitudes compared to the regular
MPIOM grid. Excessive variations of mesh resolution are found to affect the performance in other nearby
areas, presumably through dissipation that increases if resolution is coarsened. The largest improvement
shown by FESOM-XR is a reduction of the surface temperature bias in the so-called North-West corner of
the North Atlantic Ocean where horizontal resolution was increased dramatically. However, other biases in
FESOM-XR remain largely unchanged compared to FESOM-HR. We conclude that resolving the Rossby
radius alone (with two points per Rossby radius) is insufﬁcient, and that careful use of a priori information
on eddy dynamics is required to exploit the full potential of ocean models on unstructured meshes.

1. Introduction
Eddy-permitting and eddy-resolving ocean simulations are becoming more and more common in climate
studies. Eddies modulate numerous processes in the ocean, such as lateral spreading of heat or salt and
interaction of the ﬂow with topography. There are indications that increased ocean resolution may contribute to the reduction of sea surface temperature biases and to improvements in the representation of ocean
heat transport (see, e.g., Grifﬁes et al., 2015; Hewitt et al., 2016; Roberts et al., 2016; Small et al., 2014). In
order to maintain mesoscale eddy dynamics in a model, it is widely assumed that ocean grids need to
resolve the ﬁrst internal Rossby radius of deformation locally. In fact, Hallberg (2013) demonstrates that a
resolution of two grid intervals per Rossby radius marks a sharp boundary between noneddying and eddypermitting regimes, implying that a resolution ﬁner than that should be aimed for by eddy-resolving
models.
C 2017. The Authors.
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The Rossby radius of deformation in the ocean generally decreases with increasing latitude. The resolution
of ocean circulation models using quasi-Mercator grids partly follows this tendency. However, even grids
with nominal resolution of 1/128 at the equator remain only eddy-permitting in certain regions at high latitudes (e.g., most of the Arctic Ocean). A new generation of models formulated on unstructured meshes offer
more ﬂexibility in designing meshes. For example, it is possible to vary the horizontal resolution locally so
that the grid cell size follows the local Rossby radius. Such models have matured sufﬁciently (e.g., Danilov
et al., 2004; Ringler et al., 2013; Wang et al., 2014) and already serve as valuable tools in climate research
(e.g., Rackow et al., 2016; Sidorenko et al., 2015).
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However, the question of what is the best strategy for selecting horizontal model resolution remains open.
The ﬂexibility of unstructured meshes gives a wide range of possible options for mesh design including, for
example, the classical quasi-Mercator approach with grid reﬁnement toward the poles, construction of complicated functions according to ocean bathymetry or SSH variability (Sein et al., 2016) or adjusting resolution
following the local Rossby radius (for an illustration refer to Figure 1 from Hallberg, 2013). Moreover, there is
the option to combine several approaches. There are two potential issues when it comes to designing
unstructured meshes. First, as shown by Danilov and Wang (2015), the proximity of coarse and ﬁne areas on
a single mesh may have consequences for the high-resolution part. This is because eddies can be damped
in high-resolution regions if their dynamics depends on upstream perturbations coming from nearby
regions that employ coarse resolution. Second, dissipative parameters such as viscosity and lateral

Figure 1. (left in km) Spatial distribution of horizontal resolution of the ocean model grids used in this study (right) along
with model sea surface temperature (SST in 8C) biases relative to GDEM3 climatology (Carnes, 2009).
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diffusivity are scaled on variable resolution meshes according to the mesh cell size—a coarser mesh, even if
it locally resolves the Rossby radius, may thus imply enhanced local dissipation which will suppress eddy
dynamics.
This manuscript is a follow-up study to Sein et al. (2016), which suggested to use the observed SSH variance
pattern to deﬁne regions of reﬁned resolution of unstructured meshes. In the current work, we employ a
resolution dependence that is based on the Rossby radius and that results in a multiresolution ocean grid
(XR) with a number of degrees of freedom (the number of mesh vertices) comparable to a more conventional 1/108 global grid. On the XR mesh, the resolution over a substantial part of the ocean area follows the
main criterion of two grid intervals per local Rossby radius; it is further reﬁned in some areas based on the
patterns of observed variability but is capped at 4 km in the Northern Hemisphere and at 7 km in the Southern Hemisphere, resulting in a mesh size that is still manageable for currently available high performance
computing systems. We discuss the resolution/dissipation dichotomy and show that locally resolving the
Rossby radius alone is not necessarily sufﬁcient for maintaining eddy dynamics at a level similar to that
known from observations, because the dependence of dissipation on resolution affects eddy dynamics on
its own.
In summary, the purpose of this study is to address the following questions:
1. What do we gain by using a mesh design strategy based not only on ocean variability, but also on the
local Rossby radius?
2. How does such a ‘‘quasi eddy-resolving mesh’’ compare to ocean simulations by a structured-mesh
model with a similar amount of degrees of freedom (but nearly uniformly distributed in space)?
To answer these questions, we compare FESOM-XR simulation to FESOM simulations on a smaller mesh
that is reﬁned according to the pattern of observed sea surface height variability (FESOM-HR, Sein et al.
2016) and to a simulation on a regular mesh carried out with the Max Planck Institute Ocean Model (MPIOM).
The structure of the paper is as follows: in section 2, we describe the conﬁguration of the setups used; section 3 presents the discussion, with focus on the simulated variability in areas with strong eddy activity; the
last section gives a discussion and provides conclusions.

2. Simulations and Methods
2.1. FESOM at Medium and High Resolution
Model simulations used in this study are summarized in Table 1. Two of them were carried out using the
Finite Element Sea Ice-Ocean Model (FESOM1.4, Wang et al., 2014) and have different multiresolution
meshes. The ﬁrst mesh, with medium high resolution (FESOM-HR) has approximately 1.3 3 106 wet surface
nodes (vertices) and roughly matches the size of a 1=48 quasi-Mercator mesh (1.5 3 106 surface nodes, of
which about 106 are wet points). The second, ‘‘eXtremely’’ high-resolution mesh (FESOM-XR) has about 5 3
106 wet surface nodes and is close in size to a 1/108 quasi-Mercator mesh (about 5.6 3 106 wet points). The
mesh resolution, deﬁned as the square root of twice the area of the triangles is shown in Figure 1 (left). The
resolution of both FESOM meshes varies considerably, ranging from 10 to 60 km in HR and from 4 to 60 km
in XR. The principles underlying the mesh design will be explained in detail in section 2.3. Both FESOM simulations are driven by the CORE-II forcing (Large & Yeager, 2009) and run over a period of 1948–2007.

Table 1
Basic Parameters of Models Used in the Study

Simulation
FESOM-HR
FESOM-XR
STORM

SEIN ET AL.

Model
FESOM 1.4
FESOM 1.4
MPIOM

Number of wet
surface points
(degrees of freedom)
6

1.3 3 10
5.0 3 106
5.6 3 106
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Atmospheric
forcing

Period

CORE II
CORE II
NCEP/NCAR reanalysis-1

1948–2007
1948–2007
1948–2010
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The Gent-McWilliams (GM) parameterization (Gent & McWilliams, 1990) for eddy stirring in FESOM is used in
a default mode for FESOM-HR simulation. In this mode, it is smoothly switched off within the resolution
range from 50 to 25 km. In the FESOM-XR run, the GM parameterization was switched off for the whole
ocean. Both meshes use 47 unevenly spaced z-levels in the vertical, with spacing increasing from 10 m at
the surface to 500 m in the deepest layers.
Figure 2 shows 5 day mean snapshots of velocity (in logarithmic scale) at 100 m depth in the FESOM-XR
simulation. All major current systems of the global ocean are reproduced and strong eddy activity along the
main separation zones of western boundary currents and the Antarctic Circumpolar Current (ACC) front is
clearly visible. The major current systems in the Arctic Ocean are also well represented.

Figure 2. Five daily mean snapshots of velocity (in logarithmic scale) at 100 m depth in the FESOM-XR simulation.
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2.2. Storm
The STORM simulation is a global high-resolution conﬁguration of the Max Planck Institute Ocean Model
(MPIOM, Marsland et al., 2002). It uses a tripolar grid with a nominal resolution of 1/108 around the equator
that increases toward the grid poles located in North America, Eurasia, and over Antarctica. The actual grid
resolution is shown in Figure 1 (bottom). It is the highest in the Southern Ocean, where it reaches 3–4 km in
narrow coastal regions in the Weddell and the Ross Seas. There are 80 z-levels in the vertical, with spacing
increasing from 10 to 15 m in the upper 200 m to about 300 m in the deeper layers. The model was forced
by the NCEP/NCAR reanalysis-1 (Kalnay et al., 1996) data for the period 1948–2010. Similar to the FESOM-XR
simulation, the parameterization of eddy stirring is switched off for the whole ocean. Further information
on the STORM simulation can be found in von Storch et al. (2012) and Li and von Storch (2013).
2.3. Mesh Design Principles
The design of the FESOM-HR mesh was presented and validated in Sein et al. (2016). It is based on the idea
of using ﬁner resolution, and hence computational resources, in those regions where observed eddy variability is high. For this purpose, we use the pattern of sea surface height (SSH) variance derived from satellite altimetry (AVISO). This pattern is ﬁltered to preserve the large-scale components and used as a basis for
the mesh design. The resolution in FESOM-HR is set to be 10 km in places of high variability, including the
western boundary currents and ACC; and it is smoothly coarsened to the background resolution of 60 km in
areas with relatively weak variability (see Sein et al., 2016, for details). The mesh is additionally reﬁned in the
vicinity of coastlines and in certain passages (e.g., 2 km in the Strait of Gibraltar).
If one requires that the total number of nodes is less than the computationally affordable maximum N, the
transitions between the eddy-resolving patches and coarse areas turn out to be relatively sharp, if N
amounts to less than 2 3 106. This limit of N roughly matches the number of nodes for a regular 1=48 ocean
mesh, which can be considered as the current goal for global climate modeling. The close proximity of
coarser mesh regions may effectively damp eddies each time they encounter the coarser mesh elements,
which would result in a reduction of the efﬁcient resolution. An additional caveat is in the implementation
of the GM parameterization which is resolution-dependent. Being active in the areas of coarse and intermediate resolution it may damp the eddy dynamics in the reﬁned regions, which signiﬁcantly relies on perturbations coming from the outside.
The main criticism of the approach above is that a single target resolution (10 km in this particular case) for
the areas of high observed eddy variability can perhaps be a good option for the most intense western
boundary currents, but it has to be adjusted for weaker eddies encountered in other regions such as in high
latitudes. More generally, one expects that the eddy dynamics and hence the resolution has to be related
to the Rossby radius of deformation. According to Hallberg (2013), the transition between eddy-permitting
and eddy-resolving meshes is marked by the resolution of two grid intervals per the ﬁrst internal Rossby
radius. Note that this is only a lower boundary, and even ﬁner resolution might be needed to fully model
mesoscale eddy dynamics (see, e.g., Soufﬂet et al. 2016, where eddy kinetic energy spectra are compared as
function of resolution). In order to obtain manageable mesh sizes, we take it as a basic principle in this
study, although we hypothesize already that it may need further adjustments, especially on highly variable
meshes.
In summary, the FESOM-XR mesh is based on varying resolution equal to half of the local Rossby radius,
which is capped at 4 km (7 km) in the Northern Hemisphere (Southern Hemisphere). The Rossby radius is
calculated using the PHC3 climatology (Steele et al., 2001). Since the equatorial Rossby radius is rather large,
an upper bound of 60km is employed for the coarsest resolution. This basic resolution is further improved
in some key regions by reﬁnement relying on the observed high SSH variability. In other words, the resolution of the FESOM-XR mesh is designed using a combination of two criteria. The ﬁrst one is to enforce a
grid size of half the Rossby radius, and the second one (mainly equatorial and tropical regions) is to scale
the grid size by observed SSH variability. There are other necessary resolution adjustments on the FESOMXR mesh, but they are of geometrical character aiming at resolving the geometry of some passages.
Although they introduce grid cell sizes smaller than 4 km (e.g., 2 km in the Strait of Gibraltar), they are of
less relevance to this study and will not be discussed further. Because of relatively high-resolution upper
bounds for reﬁnement used in high latitudes (4 and 7 km), the total number of nodes on the FESOM-XR
mesh turns out to be much larger than on the HR mesh (Table 1), and in terms of degrees of freedom it ﬁts
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into the same category as 1/88 to 1/108 quasi-Mercator structured meshes. With the lower bound (60 km)
selected on the coarser side, the Rossby-radius-based background resolution still leads to a relatively coarse
mesh in the equatorial belt and subtropics, which—in retrospective—proved to be a disadvantage and has
a substantial impact on the results. The main body of the analysis below serves to illustrate this point.
The FESOM-XR conﬁguration is intended for studies with focus on high latitudes in the Northern Hemisphere, which will be reported elsewhere. Here we will largely deal only with one aspect of the simulation
in this conﬁguration that bears on the mesh design principles.
The STORM mesh follows a quasi-Mercator stretching, with bounded resolution at high latitudes of the
Northern Hemisphere. It has about 5.6 M wet surface nodes, and in this sense is very similar to the FESOMXR mesh. Note that when comparing the meshes used for FESOM and the STORM runs, we count the number of mesh vertices (which is approximately also the number of cells for STORM). One obvious difference
lies in the representation of the tropics and subtropics where STORM maintains its nominal resolution
whereas FESOM-XR becomes relatively coarse (Figure 1). The other obvious difference lies in the relative
importance given to the two hemispheres—the strongest reﬁnement for STORM is in the Southern Hemisphere, whereas for FESOM-XR a higher resolution is employed in the Northern Hemisphere.

3. Global SSH Variability and SST Biases
The main motivation for increasing the horizontal resolution in the open ocean is to explicitly account for
mesoscale eddy dynamics. SSH variability is a good measure of the quality of the high-resolution model in
simulating the surface circulation since it reﬂects both main pathways of major ocean currents as well as
eddy activity. Figure 3 compares the variance of the sea surface height in the models to estimates obtained
from satellite altimetry (AVISO, Ducet et al., 2000; Le Traon et al., 1998).

Figure 3. The sea surface height (SSH in cm) variability (i.e., the standard deviation of SSH) in models (left column) and in
observations (AVISO, right column).
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As is evident from Figure 3, the FESOM-HR setup underestimates SSH variability compared to AVISO. The
lack of variability is especially noticeable in places where the resolution is kept relatively coarse (Figure 1,
left) such as the central parts of the ocean subtropical gyres. However, even in most places where major
reﬁnements were made the simulated SSH variability remains lower than observed.
The increase in resolution in the FESOM-XR simulation leads to increased variability in energetically active
ocean areas. However, small-scale variability in the centers of subtropical ocean gyres is still underrepresented. Ironically, despite of the much larger node count some places (such as Brazil-Malvinas Conﬂuence and Kuroshio) show even weaker variability compared to FESOM-HR simulation. In comparison to
both FESOM simulations, STORM shows overall larger amplitudes of variability and better resolves smallscale structures visible in the AVISO data. One example is the Indian Ocean, where both FESOM simulations
only show two ‘‘belts’’ of relatively high SSH variability, while in STORM and AVISO there is an additional
‘‘belt’’ between the southern tip of Madagascar and the Australian coast. On another hand, variability simulated in STORM along the Gulf Stream is too high compared to observations.
In order to see whether the variable resolution improves the quality of simulation of the sea surface temperature (SST), which is a key parameter for coupled climate simulations, we show in Figure 1 (right column)
SST biases relative to the GDEM3 climatology (Carnes, 2009). The most prominent improvement in FESOMXR compared to the FESOM-HR simulation is a considerable reduction of the negative temperature bias in
the so-called ‘‘North-West corner’’ of the North Atlantic (will be discussed in section 4). The temperature
bias in the Kuroshio extension region is reduced in FESOM-XR, but the bias around Japan becomes larger.
FESOM-XR simulates a stronger positive temperature bias in the Paciﬁc sector of the Southern Ocean. Interestingly, the STORM simulation shares its strength and structure. The appearance of this bias correlates with
too high eddy variability simulated by both models in this region, and probably is related to the accompanying eddy-induced stirring.
The STORM simulation displays more warm temperature biases compared to both FESOM-HR and FESOMXR in large part of the ocean. Note that when comparing STORM and FESOM simulation one should keep in
mind the difference in the atmospheric forcing which was used to conduct the simulations (see Table 1).
To summarize, there is a small increase in the overall SSH variability in FESOM-XR compared to FESOM-HR,
but it still remains lower than in the observations and in the STORM simulation on a quasi-Mercator horizontal mesh. Some local SST biases in FESOM-XR are substantially reduced, but their overall spatial structure
and amplitude remains quite similar to FESOM-HR.

4. North Atlantic
The North Atlantic is a region where—based on previous studies and on our own experiences—an increase
in horizontal resolution is expected to lead to signiﬁcant improvements in model realism. Although some
aspects of the European climate can be reproduced even in models without ocean dynamics, e.g., the winter temperature contrast between western Europe and eastern North America (Seager et al., 2002), the pattern and details of the regional SSTs impact blocking frequencies over Europe as well as the direction of
storm tracks and the North Atlantic eddy-driven jet (O’Reilly et al., 2017). Despite these strong inﬂuences on
the European climate, a realistic simulation of the (surface) ocean circulation in this region is still an issue of
many oceanic components of global climate models. Some of the problems are related to the Gulf Stream
separation, cold temperature biases in the Labrador Sea and the ‘‘zonality’’ of the North Atlantic current
(Rackow et al., 2016; Sein et al., 2015; Sidorenko et al., 2015).
The SSH variability over the North Atlantic (Figure 4) shows that while ocean surface dynamics of the Gulf
Stream and the North Atlantic current in the FESOM-XR are slightly improved compared to the FESOM-HR
simulation, the SSH variability is still lower than in the observations. In particular, the variability over the
Gulf Stream region after its separation is still quite small and mostly conﬁned to the core of the current; in
contrast, the variability in STORM is too strong, and is spread too much in the meridional direction. The
northeastward extension of the North Atlantic current in both FESOM-HR and FESOM-XR tends to resemble
the observations. XR shows stronger SSH variability than HR, which correlates with reduced errors in the
Northwest Corner (see below). The North Atlantic current in the STORM simulation is way too zonal compared to the observations, especially in the central North Atlantic. In fact, STORM shows relatively strong
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Figure 4. Same as in Figure 3, except for the North Atlantic region.

SSH variability until the British coast. All three simulations suffer from the absence of the Azores current
which is clearly visible in the AVISO SSH variability.
Modeling the correct location of the Gulf Stream separation still presents a major challenge for many models (e.g., Ezer, 2016). In many simulations, the Gulf Stream continues past Cape Hatteras and only separates
further north. According to the mean spatial distribution of SSH over the North Atlantic (Figure 5), the separation in both FESOM-HR and FESOM-XR happens at Cape Hatteras, as suggested by the AVISO product.
However, compared to the FESOM-HR simulation, the amplitude of the meander after Cape Hatteras is
smaller in XR, which presents a considerable further improvement. There is still some ‘‘looping’’ of the current along the coast that is absent in the observations, albeit reduced compared to FESOM-HR. This
improvement mainly stems from an increase in the resolution over the shelf areas northward of the Gulf
Stream front (Figure 6, left), where the cold Labrador water from the north meets the warm Gulf Stream
water. An additional consequence of the increased resolution over the North American shelf is a reduction
of the positive temperature bias along the US and Canadian coast (Figure 6, right).
A similar looping along the coast is also present in the STORM simulations, but the SSH gradient simulated
by STORM across the Gulf Stream front is stronger and closer to the AVISO product. The STORM conﬁguration has a uniform resolution of about 12 km over the whole North Atlantic, which is worse than in FESOMXR over the shelf areas of the eastern North American coast, but better than in FESOM-XR further offshore.
Clearly, the horizontal resolution is not the only factor inﬂuencing the simulated Gulf Stream separation.
However, it leads to improvements in the considered FESOM simulations. It remains to be seen whether it is
related to a reduced dissipation in the reﬁned region, or to the improved bottom representation that is possible at higher spatial resolution.
The so-called Northwest Corner of the North Atlantic is another challenging region for ocean models. Models frequently simulate a cold surface bias in this region, which may considerably worsen the quality of simulated climate in coupled models. This problem has been frequently addressed in literature (see, e.g.,
Jungclaus et al., 2013; Scaife et al., 2011; Sein et al., 2015; Sidorenko et al., 2015) and originates from the
wrong path of the North Atlantic current which does not properly penetrate into the Northwest Corner as it
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Figure 5. Mean sea surface height (in m) in the FESOM-HR/XR and STORM models and in observations (AVISO). Contour
lines over color shading are drawn for levels from 20.9 to 20.3 with 0.1 interval.

is seen in observations. FESOM-XR shows notable improvement in representing this feature as compared to
FESOM-HR (Figure 5). Note that the major increase in the resolution of FESOM-XR was over the shelf areas,
following the ‘‘half-of-the-Rossby-radius’’ strategy, and that the resolution in the main ﬂow of the North
Atlantic current was only slightly increased (Figure 6, left). Interestingly, FESOM-HR and STORM share a
shifted Gulf Stream front expressed in positive temperature biases off the east coast of North America. The
more realistic simulation of the North Atlantic current pathway reduces the temperature bias in this region
considerably (e.g., Marzocchi et al., 2015). Importantly, our notion of an improved representation of the
Northwest Corner is consistent with reduced temperature biases at 100 m depth in FESOM-XR compared to
FESOM-HR and STORM simulations (Figure 6, right). Accordingly, STORM does not display a good representation of the North Atlantic Current penetration toward the Northwest Corner (Figure 5).

5. Effects of Local Mesh Refinements in Dynamically Active South Atlantic Areas
Both of suggested mesh strategies lead to a creation of distinct patterns in the horizontal mesh resolution
(Figure 1). In this section, we look closer at local details of the mesh reﬁnement and their effect on the modeled circulation and surface ocean variability.
The SSH variance in the Brazil-Malvinas conﬂuence region (Figures 2 and 7, top) in both FESOM simulations
is smaller than that in STORM and AVISO data. Rather surprisingly at a ﬁrst glance, FESOM-XR simulates a
weaker SSH variance than FESOM-HR, although the variability at the northern ﬂank of the Drake Passage in
FESOM-XR is in good agreement with AVISO.
The horizontal resolution of FESOM-XR in the Drake Passage is comparable to that of STORM and reaches
7 km (Figure 1). However, in the Brazil-Malvinas conﬂuence region the ‘‘half-of-the-Rossby-radius’’ resolution
criterion used for FESOM-XR results in a relatively coarse mesh. Since it was expected that this resolution is
sufﬁcient to maintain energetic eddy dynamics, the resolution was only slightly reﬁned using the scaling of
observed SSH variability. As a result, the resolution obtained in this region remains coarse in FESOM-XR and
is even coarser than in FESOM-HR. For HR, the Rossby-radius scaling was not used, and the observed
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Figure 6. (left) Spatial distribution of horizontal resolution of the ocean models and (right) ocean temperature bias at
100 m with respect to the GDEM3 climatology (Carnes, 2009) in the North Atlantic region.

variability pattern was applied with a smaller threshold, resulting in higher resolution in this basin. As a consequence, the simulated SSH variability is stronger on FESOM-HR than on FESOM-XR for this particular case
(Figure 3). For explicitly representing eddy dynamics, resolving the Rossby radius with two grid cells is a
necessary condition for representing baroclinic instability, but not a sufﬁcient one. We conclude that
because of dissipation (viscosity and diffusion, both physical and numerical), depending on the particular
location even smaller grid sizes may be needed. Furthermore, according to Soufﬂet et al. (2016), the scale
selective dissipation is not the only factor inﬂuencing model’s effective resolution, and many other factors
(such as detail of time stepping) may come into play.
In the FESOM-XR mesh, the resolution stays high in the shallow part of the basin, but gets coarser, to about
15–20 km, over the Brazil-Malvinas Conﬂuence region, which is surrounded by even coarser resolution areas
toward the side of the subtropical gyre. This simply implies that resolution-related dissipation in coarse
resolved surrounding destroys the variability here, despite of being appropriate in the Drake Passage area
further to the south. STORM with nearly uniform horizontal resolution in this area (Figure 1, left) outperforms both FESOM setups (Figure 3).
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Figure 7. (a and d) Spatial distribution of horizontal resolution in FESOM-XR, (b and e) sea surface height (SSH) variability in FESOM-XR, and (c and f) AVISO. Top
panels show the Brazil-Malvinas conﬂuence region while the bottom panels display the Agulhas current region.

By following the mesh design strategy based on the observed SSH variability in combination with the
Rossby-radius dependence (Figure 7a), we formally introduce relatively large irregularities into the target
resolution of the FESOM-XR grid. An example for the FESOM-XR grid is the relatively highly resolved
boomerang-shaped area along the slope of South America that slightly extends toward the open ocean in
its northern part. Our experience with running FESOM shows, that sharp resolution jumps over regions that
represent highly energetic systems turn out to be unfavorable, even when the Rossby radius is taken into
account.
In our opinion, one of the main points of concern when designing a mesh is the connection between resolution and dissipation. Too sharp changes in resolution damp the effective resolution in the ﬁne part of the
mesh because eddies are dissipated stronger when they pass coarser regions. This calls for a smoother distribution of the horizontal resolution. The extent of smoothness depends on many details and in all probability varies from place to place. Further, we give one more example illustrating this behavior for the
Agulhas Retroﬂection region, which is another dynamically active area of the World Ocean. Here the
FESOM-XR simulation shows a slight improvement in the simulated SSH variability over FESOM-HR (Figures
3 and 7, bottom), indicated by smaller difference to AVISO. The FESOM-XR conﬁguration has a narrow band
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of high horizontal resolution over the Agulhas Return Current (ARC), similar to FESOM-HR. However, compared to FESOM-HR, the resolution in the vicinity of the ARC is increased in the FESOM-XR grid, so that the
simulated SSH variability along the ARC with this mesh is also increased. The resolution given by two grid
cells per Rossby radius in FESOM-XR is coarser along the east coast of Africa and Madagascar than in STORM
(Figure 1, left). Correspondingly, the SSH variability in this region is better simulated with STORM.
All three models have difﬁculties in reproducing the variability at the location of the Agulhas Retroﬂection
properly (Figure 3). Both FESOM conﬁgurations show an unrealistic narrow, northwesterly oriented band of
SSH variability, which is a manifestation of the main travel path of the Agulhas rings. They typically turn to
the north too early. Although modeling the correct path of the Agulhas rings is a common problem for
many high-resolution ocean models, in FESOM-HR/XR it might be emphasized by the prescribed distribution of horizontal resolution, which stays relatively ﬁne in the north-west direction but becomes coarser
west of the retroﬂection. In previous studies, it was shown that coupling with the atmosphere using climate
models can improve the pathways of Agulhas eddies (McClean et al., 2011).

6. Discussions and Conclusions
6.1. Design of Local Resolution Along Main Currents
Resolution and build-in dissipation cannot be set apart because numerical codes are designed so as to dissipate the grid scale variance. A coarser mesh, even if it is Rossby-radius resolving in the sense adopted here, is
characterized by higher dissipation, which may suppress instability or damp excessively the eddy motions
originating from nearby ﬁner regions. This is the reason why the strategy of designing meshes with grid
size equal to half of the local Rossby radius, explored here with FESOM-XR, does not necessarily lead to
major improvements. Our results show that SSH variability in FESOM-XR is even reduced compared to HR in
places like the Brazil-Malvinas Conﬂuence and the Kuroshio Current, because the local resolution is reduced,
and resolving the Rossby radius alone is not sufﬁcient. This result can be viewed as an illustration that the
criterion of two points per Rossby radius is necessary, but not the sufﬁcient one, and that the notion of a
‘‘Rossby-radius resolving mesh’’ is ambiguous on its own.
Indeed, the criterion of two grid cells per Rossby radius marks only the lower boundary; it has to be augmented by local modiﬁcations for obtaining realistic ocean setups. Besides excessive mesh coarsening
toward the equator, mesh resolution simply following the scale of the Rossby radius (e.g., where shelf and
deep ocean meet, and where the Rossby radius changes sharply) should be avoided. To give an example, if
the resolution in the Brazil-Malvinas Conﬂuence in the XR mesh had been designed by means of the criterion used for the HR mesh in this very region, the local SSH variability would most probably not have
decreased. Different numerical codes (models) have different effective resolutions, and may require codespeciﬁc adjustments when assigning local eddy-resolving resolution (see, e.g., Soufﬂet et al., 2016). Recognizing all these points, we consider the results presented in this paper an important step toward understanding how to best use the potential of unstructured meshes.
6.2. Design of Resolution Surrounding Main Currents
Compared to STORM, both FESOM meshes have patches of local mesh reﬁnement closely surrounded by
coarser regions. In the Kuroshio Current region, the local resolution of two FESOM meshes is similar to that
of STORM, but the SSH variability is much lower in FESOM simulations. This is because the resolution is only
very locally reﬁned along the Kuroshio Current in the North Paciﬁc. As shown by Danilov and Wang (2015)
and Sein et al. (2016), variability in the reﬁned region can be damped if the nearby upstream region is comparably coarse. To improve future simulations of the Kuroshio Current, we need to widen the reﬁned area
and to increase resolution in the subtropical region. A topic for future studies is how FESOM simulations on
a XR mesh will compare to those on an equivalent ‘‘STORM’’ mesh (the latter could be constructed by splitting the quadrilateral cells of STORM into triangles).
In this paper, we focus on sharing our experience about unstructured mesh design with the community,
especially in the context of developing frontier meshes to be used in, for example, the HighResMIP
(Haarsma et al., 2016) simulations. Since the Arctic Ocean is resolved with very high resolution in the XR simulation, one of the potential applications is to understand the Arctic Ocean dynamics and its linkage with
lower latitudes.
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6.3. Adapting and Static Meshes
Unstructured meshes can be made adapting to resolve the simulated dynamics using some error indicators
as criteria for mesh adjustment (see, e.g., Piggot et al., 2008). In the context of mesoscale eddies it is difﬁcult
to propose an unambiguous internal error indicator function, for viscosities and diffusivities depend on resolution, and there is no convergence in a strict sense. However, the difference between the simulated and
observed variability can be used to guide the design of a series of static meshes that tend to reduce the disagreement. We see this as an interesting direction, although there is the caveat that the source of errors
might not necessarily be local.
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