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1. Introduction - Model for Prediction Across Scales (MPAS)

The Model for Prediction Across Scales (MPAS - http.//mpas-dev.github.io ) is a collaborative project for developing atmosphere, ocean and other earth system
simulation components for use in climate, regional climate and weather studies. The primary development partners are the climate modeling group at Los Alamos
National Laboratory (COSIM) and the National Center for Atmospheric Research. Both partners are responsible for the MPAS framework, operators and tools
common to the applications; LANL has primary responsibility for the ocean and land ice models, and NCAR has primary responsibility for the atmospheric model.

MPAS Spherical Centroidal Veronoi Tesselation (SCVT) mesh of
the southern ocean, demonstrating a smooth transition from a

resolution of 120 km to 30 km cells.
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MPAS Centroidal Veronoi Tesselation (CVT) mesh (green polygons)
and “dual” triangular mesh (red triangles). The 2d horizontal mesh

is extruded in the vertical to build a stack of triangular prisms, which
are split into two tetrahedra, appropriate for FEM-based models.

MPAS CVT mesh of Greenland with
resolution focused in regions of higher
velocity (after Ringler et al., 2008).

The defining features of MPAS are the unstructured Voronoi meshes and C-grid discretization used as the basis for many of the model components. The
unstructured Voronoi meshes, formally Spherical Centriodal Voronoi Tesselations (SCVTs), allow for both quasi-uniform discretization of the sphere and local
refinement. The C-grid discretization, where the normal component of velocity on cell edges is prognosed, is especially well-suited for higher-resolution,
mesoscale atmosphere and ocean simulations. The land ice model takes advantage of the SCVT-dual mesh, which is a triangular Delaunay tessellation
appropriate for use with Finite Element Methods (FEM).

2. MPAS Land Ice

The MPAS Land Ice model currently has access to three dynamical cores. These include nonlinear Stokes (Leng et al., 2012) and 1st-order accurate (Perego
et al., 2012; Kalashnikova et al., 2013) dynamical cores, which are FEM-based (FELIX: Finite Elements for Land Ice eXperiments), and a Fortran90, native
“shallow ice” dynamical core. Verification, performance, and benchmarking of the various dynamical cores is demonstrated in the figures below.

Top: Manufactured solutions (Leng et al., 2012) for velocity (u,v,w) and pressure (P) used for verification of FELIX-Stokes.

Bottom: Solution errors for velocity and pressure.
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Below: Horizontal velocity and temperature with depth and basal temperature at equlibrium for EISMINT Il test A (Payne et al., 2000), as calculated from
thermomechanically coupled FELIX-Stokes. Note the lack of “cold-ice spokes” in the basal temperatures (as seen at far-right for SIA model (Rutt et al., 2009)).
Additional tests are being conducted to understand if the lack of spokes is due to the FEM discretization, the use of Stokes, or a combination of factors.
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Right: Vertification of FELIX
1st-order using manufactured
solutions. Plots show conver-
gence to analytical solutions
with mesh refinement when
using finite elements of

5 differing order.
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Analytic (left) and SIA-modeled (middle) solutions for the Halfar test case after t=1000 yrs, and their difference (right).
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Below: Weak scaling of 1st-order FELIX using ISMIP-HOM
test case (Pattyn et al., 2008), showing ~60% efficiency after

a 4096x scale-up. Fin
nearly constant.
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Below: Strong scaling of 1st-order FELIX up to 9k processors,
based on diagnostic solve of 2 km resolution Greenland ice
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sheet test case. 8x processors result in a ~4.5x speedup.
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3. Application To Realistic Problems
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4. Model Optimization
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Left: Comparison between Greenland surface speed (log10 m/yr)
from FELIX 1st-order vs. from the FDM dycore used in Price et al.
(2011). Both models use the same tuned basal sliding coefficient
field, optimized to match balance velocities.
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Right: FELIX 1st-order surface speed when optimization attemps
to fit observed velocities and a target surface mass balance field,
and allows ice thickness to vary within the range of errors from
observations (as discussed in more detail in section 4).
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Left: Diagnostic surface speed for Greenland (log10
m/yr) from FELIX 1st-order at 5 km (left) and 1 km
(right) resolution (no sliding and uniform rate factor
assumed).

Right: Surface speed for Antarctica (m/yr) calculated from
FELIX 1st-order at 10 km resolution with uniform basal
sliding coefficient on grounded ice of 10° Pa yr / m.

Goal: Find an initial condition such that the ice sheet is at quasi-thermomechanical equilibrium with a given initial geometry (from observations) and
surface mass balance (from a climate model) and the mismatch between modeled and observed velocities is minimized. Model parameters that are
optimized include the 2d (x,y) fields describing the frictional basal sliding coefficient and the observed ice thickness, which has a specified uncertainty.

surface mass balance

9H 1 U : Model depth-averaged velocity
il —div (UH) + 75, U = 7 /udz At equilibrium: div (UH) = 7 H : Ice thickness
. " [ : Basal sliding coefficient
flux divergence 75 : Surface mass balance
Basal boundary condition: (on+ Bu); =0 on I
The cost functional is minimized under the constraint . . . . e .
that velocities obey the 1st-order momentum balance Optimization Problem: Find 5 and H that minimize the cost functional J:
with constant ice temperatures. Tikhonov regularization .
is applied to both the Zliding coefficient and ?he ice J(B,H) = 3soq [ |div(UH) —7*ds+  -fluxdiv. vs. surf. mass bal. mismatch -
thickness. Optimization uses the Moocho package from %av frtop u — u®|? ds+ - model vs. observed velocity mismatch -
Trilinos, applying Sequential Quadratic Programmin obs , ,
and LBFGpSpi};)rgpprgximating the reduced?—lessian,gto %OéH fp |H — H|* ds+ - model vs. observed thickness mismatch -
reduce the residual of the constraint (the ice dynamics R(B) + R(H) - reqularization terms -
model) and the cost functional.
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(A) Flux divergence when the cost functional used in optimization includes only the model vs. observed
velocity terms and (B) when it also includes the surface mass balance and thickness terms. The “target”
surface mass balance, from RACMO, is shown in (C). Note that in (A), the max and min values of several
hundreds of m/yr are masked by thresholding of the colorbar.
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Surface elevation change following ~10 yrs of foward model integration from
initial conditions corresponding to panels (A) and (B) in the previous figure. In
both cases, the model is forced with the “true” SMB, shown in previous panel
(C). For the initial condition optimized to account for the SMB and uncertainties
in ice thickness, elevation changes are significantly smaller.

5. Ice-Ocean Coupling

Initial tests focused on the ice-ocean coupling capability of the MPAS ocean model (MPAS-O) are very promising.
In particular, the vertical coordinate appears
to be flexible and robust enough to support
arbitrarily large and rapid compression due
to the pressure from an overlying ice shelf.

Test 2: Driven Cavity
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Right: Idealized sub-ice shelf circulation test case using gﬂzpl’:flﬁscesagnr:‘zg;"
MPAS-O. Sub-shelf plume circulation is initiated through A ——
an initially unstable density stratification and by supplying
relatively fresh water through a narrow subglacial cavity at
the base of the ice sheet. Results appear to be robust to
both the thickness of the subglacial cavity (down to 1 m)
and the steepness of the ice shelf front (nearly vertical).
Geometry, dimensions, and basal topography mimic

those of Pine Island Glacier in West Antarctica.
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Initial sub-shelf salinity for the idealized test case with a 1 m
high subglacial cavity (at y=0-30 km). Other parameters for
the problem are detailed in the figure above.

After 20 days of foward model integration, a plot of the sub-
shelf salinity indicates turbulent mixing relative to the initial
condition and the development of a stable, relatively fresh-
water plume circulation beneath the shelf.

6. Science Applications

MPAS Land Ice has been used in Ice2Sea experiments targeted at informing the IPCC AR5 on the potential for
sea-level rise from Greenland (Shannon et al., 2013; Edwards et al., 2014a, 2014Db).

20 Left: Total sea-level rise from the Greenland ice sheet under the A1B emissions
— control scenario as a result of the feedback between surface elevation, surface temperature,
< — with elevation feedback and surface melting (after Edwards et al., 2013b). By 2100, the feedback leads to an
E 151 additional ~5% of SLR and by 2200 it leads to an additional ~10% of SLR.
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Right: Sea-level rise from the Greenland ice sheet as a result of meltwater-lubrication,
relative to the case with surface-mass balance forcing only (e.g., as in previous figure). \
The maximum and minimum effects are shown with squares and triangles, respectively.
Results from MPAS Land Ice (using FELIX 1st-order) are shown by the black line (after —22000 20‘ 0 21'00 21' 0 2900
Shannon et al., 2013). By2100, meltwater lubrication leads to an additional ~2 mm of SLR. 5 Time (yrs) S
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