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ABSTRACT

We present a brief overview of the numerical methods used in the global nonhydrostatic atmospheric solver in the
Model for Prediction Across Scales (MPAS). MPAS-Atmosphere solves the fully compressible nonhydrostatic
equations on a horizontally-unstructured centroidal Voronoi mesh using finite volume techniques. The numerics
are, in many aspects, an extension of modeling techniques embodied in existing regional nonhydrostatic cloud and
mesoscale models. This overview focusses on the Voronoi mesh extensions to these techniques and on preliminary
model results validating the new formulation.

1 Introduction

The Model for Prediction Across Scales (MPAS) is composed of geophysical fluid-flow solvers for the
atmosphere and ocean; the atmospheric component (MPAS-A; Skamarock et al, 2012) is being devel-
oped by the National Center for Atmospheric Research, the ocean component (MPAS-O; Ringler et al,
2013) is being developed by the Los Alamos National Laboratory under the US Department of Energy,
and the shared infrastructure has been jointly developed. In this paper we provide a brief overview of the
atmospheric component of MPAS along with some preliminary results demonstrating its performance.

MPAS-A solves the fully compressible nonhydrostatic equations of motion utilizing a fully-unstructured
spherical centroidal Voronoi tessellation (SCVT; Ringler et al, 2008; Du et al, 2003) in its horizontal
discretization. An example mesh, depicted in figure 1, illustrates two important features of the mesh.
First, the mesh permits a quasi-uniform discretization of the sphere and it does not suffer from the
pole problems inherent with the use of latitude-longitude meshes, including the numerical accuracy and
computational-efficiency issues. Second, the unstructured mesh allows for variable horizontal resolu-
tion that is highly flexible. This flexibility makes it possible to produce high-resolution regional NWP
forecasts, and regional climate simulations, directly within a global model without the lateral boundary-
condition problems found in traditional one-way and two-way nested approaches. The SCVTs and their
construction are outlined in section 2.

Recognizing that divergent modes (convection, gravity waves) are the most important features at the
margins of our mesh resolution in meso- and cloud-scale simulations, we utilize a C-grid staggering of
the prognostic variables in order to increase the accuracy of the pressure gradient and velocity divergence
operators relative to unstaggered-mesh models. The C-grid staggering of the prognostic variables defines
the prognostic horizontal and vertical velocities as those velocities normal to the Voronoi cell faces,
whereas all other quantities are defined at cell centers (or, formally, as cell averages). Additionally, the
horizontal momentum equation uses a vector invariant formulation whereby the nonlinear momentum
transport is recast as a gradient of kinetic energy and an additional nonlinear Coriolis term (Ringler et al
2009). This aspect of the formulation removes the difficulties associated with discretizing the nonlinear
vector momentum transport on the unstructured mesh. Critical aspects of the discretization of the dry

ECMWF Seminar on Numerical Methods for Atmosphere and Ocean Modelling, 2-5 September 2013 71



SKAMAROCK, W. ET AL.: GLOBAL NONHYDROSTATIC MODELING USING VORONOI MESHES

5
o"
o
o
/4
7
;///

S
/4 SOSSNNN
y SR
/ SN
iieeae SEAGONNY
//%mﬁﬁg Seatitsinti /
fir \ [
itt906, /
iiisge i
i i
it i
e i
\Waee \
W &
LW e \
\ ' .
"..
Neases !
==

N SR
S S
S~

Figure 1: Quasi-uniform resolution Voronoi mesh (left) and variable resolution mesh (right).

solver associated with the C-grid Voronoi mesh are considered in section 3.

The fully compressible nonhydrostatic equations are cast in flux form in which potential temperature
and scalar mixing ratios are coupled with density (Klemp et al, 2007). This formulation allows for
a straightforward discretization of the flux divergence on the Voronoi mesh that guarantees exact (to
machine roundoff) conservation of air mass, scalar mass, and entropy. A third-order accurate transport
scheme, derived as an extension of a scheme used on orthogonal rectangular meshes, is used on the
Voronoi mesh in MPAS for both the atmosphere and ocean solvers. We discuss the equations and the
temporal and spatial discretization of the scalar transport equations in Section 4.

While existing computational capabilities do not permit frequent production and use of global nonhy-
drostatic scale simulations, exploratory global simulations with mesh spacings of a few kilometers are
no longer unique. In section 5 we conclude by presenting some examples, from global 3km simulations
and coarser-mesh simulations, of fine-scale structure in convection and mountain waves. The structures
are consistent with those simulated in state of the art limited area cloud models, and they represent our
first step towards validating the capabilities of the global nonhydrostatic MPAS-A solver. In addition, we
show kinetic energy spectra indicating that effective resolution is similar to that of the regional models,
supporting our tuning of the model filters.

2 Spherical Centroidal Voronoi Tesselations

The unstructured meshes used by the ocean and atmosphere solvers in MPAS are known as spherical
centroidal Voronoi tesselations (SCVTs). Ringler et al (2008) describe the meshes and their properties
and methods for generating them for climate system model applications. Du et al (2003) presents a more
general description of the properties of these meshes. We have chosen to use these meshes because they
allow both uniform and variable-resolution tiling of the sphere, and because they do not suffer from a
number of problems encountered with the use of the commonly used latitude-longitude mesh, including
the strong anisotropy of latitude-longitude mesh cells near the poles, the need for polar filters, and issues
associated with parallelization of the latitude-longitude mesh numerics.

Figure 2 depicts a portion of a Voronoi mesh. The key properties of the SCVT are:
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Figure 2: Voronoi mesh cells with C-grid staggered velocities. Adapted from Skamarock et al (2012) figure 1.

1. The cell centers (A, B, and C in figure 2) are the cell centers of mass.

2. The lines connecting the cell centers (AB, BC, CA in figure 2) are perpendicular to the cell edges
(de, df and dg in figure 2) at their intersection points. These lines are great-circle arcs on the
sphere.

3. The lines connecting the cell centers (AB, BC, CA in figure 2) are bisected by the cell edges (de,
df and dg in figure 2). Note that the cell edges, however, are not bisected by the lines connecting
the cell centers.

These properties play an important role on the accuracy and robustness of the MPAS solvers as will be
discussed in section 3 and 4.

The dual of the SCVT is the triangular mesh constructed by connecting the cell centers (e.g. ABC in
figure 2), and it is called the Delaunay triangulation. The vertices of the polygons in the SCVT are the
cell centers in the Delaunay triangulation, and likewise the vertices of the polygons (triangles) in the
Delaunay triangulation are the cell centers in the SCVT. The mesh given by the Delaunay triangulation
is made up entirely of triangles, in contrast to the indeterminate number of cell edges for the cells in the
SCVT. The role of the Delaunay triangulation in the MPAS numerics will be discussed in section 3.

SCVTs are generated using an iterative procedure known as Lloyd’s method (Lloyd, 1982; Ringler et al,
2008). Starting with a set of randomly distributed generator points (the cell centers), (i) the Voronoi dia-
gram (mesh) is constructed, (ii) the cell centers-of mass are determined, and (iii) convergence criteria are
computed. Typically the convergence criteria is some norm of the distance between the generator points
and the cell centers of mass. If convergence has not been reached, the generator points are replaced with
the cell centers of mass and steps (i)-(iii) are repeated. This iterative procedure converges, albeit slowly.
We note here that the connectivity of the generator points, determined during the construction of the
Voronoi diagram, can change at each iteration, and the iterations can lead to a significant redistribution
of the points.

In Lloyd’s method, the center of mass for a cell can be defined with respect to a arbitrary density function

p as
‘= Jyyp(y)dy

B Jyp(y)dy’
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where the integral is over a Voronoi cell. A quasi-uniform mesh is produced for p = 1, and the cell
center spacing i will vary little over the mesh. If a nonuniform density p is prescribed, then the cell

center spacing h will be
hv, (p(x») a
hV_,’ P (Xi)

The mesh in Figure 1 features a refinement ratio of 4, and the density function varies by a factor of 256
between the uniform values in the coarse and fine mesh regions. The arbitrary density functions allow
us great flexibility, and our experience indicates that solver accuracy depends on the smoothness of the
mesh transitions between regions of differing resolution.

On quality meshes (see Ringler et al, 2008), SCVTs on the sphere are composed of convex polygons,
primary hexagons but also including pentagons and possibly septagons (the variable-resolution mesh
in figure 1 contains all three). For quasi-uniform resolution applications, MPAS uses standard icosa-
hedral meshes (see Lipscomb and Ringler, 2005) that have been converged using Lloyd’s method; the
connectivity of these quasi-uniform meshes are unchanged from their icosahedral origins.

3 Atmospheric Solver

MPAS-A solves the fully compressible equations of motion are cast in conservative (flux) form as de-
scribed in Skamarock et al (2012). The terrain-following hybrid vertical coordinate used in MPAS,
based on geometric height, is described in Klemp (2011). The vertical coordinate is denoted as { and
its vertical derivate with respect to height {,. The MPAS prognostic variables are given as

(U7V7Wa ®m,Qj) = pd . (u,V,W, emaqj)a

where py is the density of dry air, p; = pa/{;, q; represents the mixing ratio of the respective water
species, and
O = O[1+ (Rv/Ra)qy]

is a modified moist potential temperature with g, representing the water vapor mixing ratio. The ve-
locities (u,v,w) represent two orthogonal horizontal velocities and a vertical velocity radially outward
from the center of the earth; the velocities obey the right-hand rule, v = (u?, v/, w%) where i X j = k.
Q =V -V{ is the component of the mass flux normal to the coordinates surfaces in the transformed co-
ordinate, where V = (U,V,W). Defining the additional metric terms zgz = —({,, §,)/{., the full equation
set can be expressed as

oVu _ pa P\ _ 9zp
5 = () -5 o
0Q w

—VHV§‘V_TgH_pdVCK_eWCOSOC’_ure +Fvy,, M
oW pg[dp ~
1 3¢ o] - 0

+14Ur;vv+e(Ucosa,—Vsina,)+Fw, 2
20,
7:_(V'V9m)C+F®m7 )
3813;1:_(V.V)C7 4)
20;
TIJ:—(V-VLIJ')C—FFQ].. (5)
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Pressure is obtained diagnostically from the equation of state,

<RdCZ®m>y
p=po\ —— | >
Po

with ¥y = ¢, /c,. Here, p,, is the density of moist air,

P _ 1+qg,+qgc+q-+...,

Pd
where ¢,, q., g, are mixing ratios of vapor, cloud water, rain water, etc. In (1), n =k-Vxvg + f
is the absolute vertical vorticity, and K = |vy|?/2 is the horizontal kinetic energy. In the curvature
and Coriolis terms in (1) and (2), f = 2Q,.siny, e = 2Q.cos Y, v is the latitude, Q, is the angular
rotation rate of the earth, r, is the earth radius, and o, is the rotation angle between the line normal
to the horizontal velocity and the meridians. The terms Fy,, Fw, Fe, and Fp, represent sources and
sinks from physics, sub-grid models and filters. Following the notation of Dutton (1986) we define
(V-Vb)¢ = V¢ - (Vyb) +d(Qb)/d for any scalar b, where V refers to the divergence operator along
a constant § surface and Vi = (U,V).

The MPAS-A integration scheme for (1)-(5) is described in Skamarock et al (2012). A detailed descrip-
tion and analysis of the time-splitting used to accommodate the acoustic modes is described in Klemp et
al (2007) and Wicker and Skamarock (2002). In the remainder of this section we outline the important
aspects of this scheme that differentiate it from similar schemes implemented on rectangular meshes.
However, we first point out that MPAS uses a C-grid discretization on the Voronoi mesh, and this stag-
gering retains the properties present on rectangular-mesh implementations such as the regional model
WRF (Skamarock and Klemp, 2008) and the UK Meteorological Office model (Davies et al, 2005).
Specifically, the horizontal pressure gradient calculation is fully second-order accurate on the Voronoi
mesh because the cell edges bisect the (orthogonal) line connecting the cell centers, and this discrete
gradient is twice as accurate as that on an unstaggered mesh because is it computed over a spacing of Ah
as opposed to a 2Ah gradient operator used on an unstaggered (A-grid) mesh. The divergence is second-
order accurate for edge-centered velocities. The velocities are not centered on the Voronoi mesh, but for
smooth meshes the induced error is small. Importantly, the C-grid does not suffer from a non-zero null
space in pressure or velocity, i.e. the pressure gradient and divergence operators see the 2Ah modes in
the pressure and velocity fields; the A-grid does not see these 2Ak modes.

The prognostic coupled horizontal velocities U are defined as the velocities normal to the cell face at
the point where the lines connecting the cell centers are bisected by the cell edges (see figure 2). MPAS
uses a vector invariant formulation of the horizontal momentum equation, and the vertical vorticity N
and the velocity tangential to the cell face k x W are needed to integrate (1).

Vertical vorticity naturally resides at the cell vertices; it is most compactly computed by integrating the
circulation about the dual mesh (Delaunay) cells. The vertex vorticity can then be averaged to the cell
face or computed using an upwind interpolation as described in Ringer et al (2009) which provides for
dissipation of enstrophy.

The determination of the horizontal velocity tangential to the cell edges lies at the heart of the MPAS
formulation. Consider the determination of the velocity perpendicular to u; in figure 2. The simplest
approach is to use a weighted sum of the nearest neighbor velocities (u3, us, ug, and u1g). This approach
produces noisy, unusable solutions (Nic¢kovi¢ et al, 2002). The problem is most easily understood by
examining the linearized shallow water equations as applied to the Voronoi mesh - a non-stationary
geostrophic mode is produced on the Voronoi mesh in place of the stationary geostrophic mode present
in the exact solution. Thuburn et al (2009) developed a reconstruction of the tangential velocity that
recovered the stationary mode. It consists of a weighted sum of all the prognostic velocities from the
edges of the two cells sharing the edge where the tangential velocity reconstruction is required (i.e.
up through u;o in figure 2). The reconstruction has the important property that the mass divergence
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computed on the dual (Delauney) triangulation, using the reconstructed mass fluxes (velocities) normal
to the Delaunay cell edges, is the weighted sum of the mass divergences of the three Voronoi cells.
Additionally, the mass divergence integrated over the dual (Delaunay) mesh equals the integral over the
Voronoi mesh, thus mass is conserved in a consistent manner on both meshes, both locally and globally.
The constraint on the mass divergence on the dual (Delaunay) mesh, where the vorticity is defined, is
sufficient to recover the stationary geostrophic mode and removes the C-grid icosahedral mesh issues
outlined in Nickovié et al (2002).

Ringler et al (2009) leverages the reconstruction in Thuburn et al (2009) to produce a potential vorticity
(PV) conserving scheme for the shallow water equations that also conserves energy to machine roundoff.
Energy conservation is directly tied to the reconstruction of the kinetic energy at the cell centers, where
itis used in the kinetic energy gradient operator in (1). Ringler et al (2009) show that a specific weighted
sum of the squared prognostic velocities on the cell faces is needed for energy conservation. MPAS-A
uses a modification to this kinetic energy reconstruction to resolve issues associated with an instability
believed to be related to that described by Hollingsworth (1983). Details are described in Skamarock et
al (2012).

PV conservation in the MPAS shallow water equations solver relies on a specific discretization of the
nonlinear Coriolis term that has been carried over to the discretization of the MPAS-A horizontal mo-
mentum equation (1). We can define the Thuburn et al (2009) tangential velocity reconstruction as

N,

== Z We,;j l/le’-,j, (6)
j=1

Ve,
where the reconstruction is for edge e;, and the summation is over the edges e; ; contributing to the
reconstruction. The discretization of the term 1k x Vy in (1) that leads to PV conservation can now be

expressed as
Ne;

Mkx W, =Y,

Jj=1

E (ne,- + ne‘[)_/) We,-)_,-pe,-r_,- ue”. ) (7)
where density at the cell edge j, p,, ;, is the average of the two densities in from the cells sharing the
edge. Note that the mass flux reconstruction follows (6) but the vorticity in each weighted component is
the average of the vorticity at the reconstruction edge and the contributing weighted edge.

4 Transport Scheme

Mass and scalar conservation equations (3), (4) and (5) are cast in conservative form. We use a finite
volume (FV) formulation to ensure scalar conservation in the discrete formulation wherein the flux
divergence (in this case in 2D) is cast in integral form

IPpv)i _ l/ .
Framiiay lHipq/V n;or.

where Y is a generic scalar and py; denotes the average value of py over the volume A;. The 2D
integral of the flux divergence over A; has been recast into an integral over the boundary I'; of the
boundary-normal flux. The discrete spatial formulation for the Voronoi mesh is

dpwy) 1
WA ®)

i

where A; is the area of cell i, d,, is the length of edge ¢;, and the summation is over the edges of cell i.
The instantaneous flux F,,(V,y) = (V-n,,)y, where n,, is the outward-directed unit normal. Equation
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(8) is still exact - the approximation results from the discretization of the time derivative term and the
fluxes.

We use the MPAS-A 3rd-order Runge-Kutta time integration scheme to discretize the time derivative in
(8). The spatial discretization of the fluxes F,, is described in Skamarock and Gassmann (2011), and it
is an extension of the 3rd-order scheme described in Hundsdorfer et al (1995). Using a 1D mesh with
constant mesh spacing and constant density, the Hundsdorfer et al evaluation of the flux is

B

5 v -8w) | ©

1 1 .
F(u,¥)iy12 = tiy1)2 5 (Wir1 +w;) 1 (5x21I/i+1 + 5x2‘l’i) + sign(u)

where the variable v is defined at evenly-spaced mesh points i, and the operator 52y denotes ;| —
2y; + ;1. For B = 0 the formulation (9) results in a 4th-order accurate discretization of the flux
divergence in space using (8). Hundsdorfer et al (1995) suggest using B = 1 which results in a third-
order accurate flux-divergence discretization. The addition of the term multiplied by B introduces a
4th-order dissipation proportional to the Courant number uAf /Ax in the full scheme. The addition of the
dissipation term, while decreasing the overall scheme order and increasing the diffusive character of the
scheme, lowers the phase errors in the scheme.

While the 1D flux calculation (9) can easily be applied easily on quadrilateral meshes, (9) cannot be
used on the Voronoi mesh; y is not constantly spaced along gridlines normal to a given cell edge. For
use in MPAS, we replace the flux calculation (9) with

1 1 92 92
F(u,¥)ig1/2 = is1j2| 5 (Vist + W) —Axﬁﬁ { <axg]> . + (J) }

. » B 8211/ az‘l’
“’g””)“eu{(aﬂ),y (ale}]’ (10

where Ax, is the distance between cell centers i and i + 1 that share edge e, x is the direction normal to
edge e, and u;, 1, is the velocity normal to cell edge e and is positive for flow from cell i to cell i+ 1.
We replace the operator 82¢ in (9) with the second derivative of a least-squares fit polynomial for v,
taken in the direction normal to the cell edge, multiplied by the square of the distance between the cell
centers that share that edge. Equation (10) represents 3rd-order (8 # 0) or 4th-order (8 = 0) accurate
algorithms for meshes with constant mesh spacing Ax and constant velocity. On the MPAS Voronoi
mesh, Skamarock and Gassmann demonstrate 3rd-order convergence for this scheme on the sphere
with smooth meshes, and they recommend 8 = 0.25 when used with an FCT-based shape-preserving
limiter. Details of the scheme and its implementation on the Voronoi mesh are given in Skamarock and
Gassmann (2011).

S5 MPAS Atmosphere Simulations

We have been conducting global full-physics MPAS-Atmosphere simulations on quasi-uniform meshes
with cell-center spacings ranging from 240 km to 3 km. We have also been conducting forecast exper-
iments using variable-resolution meshes for both NWP applications (typically 10-day simulations) and
regional climate applications (year-long simulations). Our primary goal in these early experiments is to
verify that MPAS-A is producing physically plausible solutions for a given resolution, and to uncover
any issues associated with the dynamics solution in the mesh-transition regions on variable-resolution
Voronoi meshes.
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Figure 3: 3km MPAS-A global kinetic energy spectra.

5.1 Kinetic energy spectra

Figure 3 shows the kinetic energy spectra for the troposphere and stratosphere for the 3 km global MPAS-
A configuration from a 10-day period (20-30 January 2009) within a 20-day simulation (15 January - 4
February 2009). The mesoscale region is that where the spectra follows an ~ k—5/3 behavior, where k is
the wavenumber and its exponent is the slope in the log-log plot of the spectrum. Both the troposphere
and stratosphere possess a mesoscale region and a transition from the steeper-sloped synoptic scale
region. The spectra and its rotational and divergent components are consistent with observations (e.g.
Nastrom and Gage, 1985) and other modeling studies (e.g. Hamilton et al, 2008).

We anticipate that the k—/3 behavior should continue to higher wave numbers (shorter wavelengths) as
the resolution increases. At approximately 6Ah, however, the spectra begin to steepen again as a result
of model filters removing energy at the shorter wavelengths. We refer to the point where the spectra
begins to steepen as the effective resolution of the model (Skamarock, 2004). The model filters have
been adjusted to optimize the effective resolution. In finite-difference and finite-volume formulations,
wavelengths less than ~ 6Ah have significant spatial discretization error. Because of the downscale
energy cascade characteristic of the atmosphere, models require filters to remove energy as they reach
their resolution limits to prevent spurious aliasing of energy to the large larger scales.

5.2 Mountain wave examples

Figure 4 shows longitude-height cross sections across the Tibetan Plateau depicting the coordinate sur-
faces for the 15 km mesh and vertical velocities from a one-day forecast on the 15, 7.5 and 3 km global
uniform meshes. The coordinate surface plot (upper left) illustrates the flexibility of the MPAS-A hy-
brid vertical coordinate (Klemp, 2011). The model top is at z = 30 km, and the coordinate surfaces
are essentially flat at z = 20 km. In the terrain-following portion of the MPAS hybrid coordinate, the
shorter-wavelength terrain features are filtered from the mesh more quickly than longer wavelength fea-
tures thus reducing truncation errors in the horizontal gradients more efficiently than in the traditional
terrain-following coordinate formulation.
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Figure 4: Mountain-wave cross section through the Tibetan Plateau (28 N). 1-Day forecast valid at
0 UTC 16 January 2009. The minimum and maximum vertical velocities are (-3.56, 3.22), (-7.16,
4.92) and (-6.34, 7.10) m/s on the 15, 7.5 and 3 km meshes, respectively. Mount Everest is located
at approximately 87 degrees longitude.

Significant westerly flow across the Tibetan Plateau is occurring during this time in the forecast, and
mountain waves are evident in the solution on the 15, 7.5 and 3 km meshes. As expected, increased
structure is evident on the denser meshes and the maximum and minimum vertical velocities increase
with decreasing mesh spacing. A gravity-wave damping layer is used above z =22 km in these forecasts,
but these waves are being attenuated at approximately z = 18 km due to the presence of a critical layer
where the zonal winds are strongly decreasing with height.

5.3 Convection at nonhydrostatic scales

One of the primary reasons to increase resolution into the nonhydrostatic scales is to better resolve to-
pography, as demonstrated in the previous section, and to begin to explicitly resolve convective system
structure and evolution. The 3km global MPAS-A configuration does not use a deep convection param-
eterization - convection is explicitly simulated. Individual deep convective updrafts, however, are rarely
observed to have updraft diameters greater than a few kilometers, thus models with mesh spacing above
a few hundred meters are considered to be convection permitting as opposed to cloud-resolving models.
Nevertheless, realistic convective system structure and evolution are produced by nonhydrostatic models
with convection-permitting mesh densities, particularly in comparison with parameterized-convection
simulations. Realistic convective system propagation is observed in the nonhydrostatic simulations that
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MPAS maximum column reflectivity (dBZ), 3 UTC 2009-10-27 GOES East, IR, 21 UTC 2009-10-26

Figure 5: 3km global MPAS forecast of radar reflectivity (left, initialized at 0 UTC 23 October 2010)
and GOES East IR image.

is often missing from parameterized simulations, and the timing of convection and its precipitation is
often better captured.

One important aspect of convection permitting forecasts is their ability to provide information on the
type of convection occurring in a given environment. Figure 5 depicts the simulated radar reflectivity
from a 3 km global MPAS-A forecast initialized at 0 UTC 23 October 2010. A very strong extratropical
cyclone is centered above the Great Lakes region of North America, and its cold front extends down
through the Southeast US. In the warm sector ahead (to the east and south) of the cold front, isolated
convective cells are evident in the MPAS forecast and in the satellite IR image. Strong isolated convec-
tive cells, some of which produced damaging tornadoes, were observed in this region during this time
period. While the simulated front lagged the observed front by about 6+ hours in this 4 day 3 h forecast,
the nature of the severe convection was well captured. Examination of other convective structures and
evolution in this and other convection permitting simulations indicates that MPAS-A reproduces con-
vection with fidelity similar to other regional nonhydrostatic NWP models and research cloud models
such as WRF (Skamarock and Klemp, 2008).

5.4 Variable mesh results

We are using the variable-mesh capabilities of MPAS to produce high-resolution regional forecasts
within a coarser-resolution global forecasts without the need for traditional one-way and two-way nested
grid approaches. We are testing this capability during the 2013 Atlantic hurricane season by producing
daily (0 UTC initialization) experimental 10-day MPAS-A forecasts using a uniform 15 km mesh and a
variable-resolution 60 - 15 km mesh, where the high-resolution region of the variable resolution mesh
covers a significant portion of the Atlantic basin.

An example five-day forecast of 500 hPa relative vorticity from both configurations is depicted in figure
6, and the variable-resolution mesh spacing is also indicated in the figure. These forecast results are
typical for these MPAS-A configurations. Several aspects of the comparison are notable. The structure
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Figure 6: 500 hPa relative vorticity from uniform and variable-resolution mesh forecasts.

in the high resolution region of the variable-resolution mesh is similar to that in the uniform-resolution
simulation with regards to the scales resolved on the mesh. For example, Easterly waves are evident in
the central Atlantic off the coast of Africa in both simulations, and the structures in the midlatitudes are
very similar. In the coarser mesh regions of the variable-resolution mesh forecast (e.g. the polar region
in figure 6), the structures are noticeably smoother than those in the higher-resolution uniform mesh
forecast, as expected. Importantly, there is a smooth transition of the resolved features in the vorticity
field between the coarse and fine-mesh regions and no obvious distortion due to the mesh transition.
There are differences in the specific structures between the simulations, as expected in 5-day forecasts
using different model configurations. The main results in this comparison using the vertical vorticity
fields are also evident in other sensitive model fields, for example vertical velocity.

These preliminary results suggest that the variable-resolution mesh may be viable for use in NWP. We
have also performed longer simulations and the results are similar, suggesting that the MPAS variable-
resolution meshes may be viable for regional climate applications. Our tests of variable-resolution
meshes have been limited to mesh spacings in the hydrostatic regime. We are planning tests of MPAS-A
using variable-resolution meshes that span the hydrostatic-nonhydrostatic scales. The development of
physics that can accommodate this range of resolutions, particularly the deep convective parameteriza-
tion, is an important research topic.
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