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Ver2cal	
  coordinate,	
  horizontal	
  discre2za2on:	
  	
  
	
  	
  	
  	
  	
  	
  gradients,	
  flux	
  divergence,	
  Coriolis	
  term.	
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WRF Characteristics 
 

•  Lat-Lon global grid 
− Anisotropic grid cells 
− Polar filtering required 
− Poor scaling on massively 

parallel computers 
 
 

•  Grid refinement through 
domain nesting 
− Flow distortions at nest 

boundaries 

 

MPAS Characteristics 
 

•  Unstructured Voronoi 
(hexagonal) grid 

− Good scaling on massively 
parallel computers 

− No pole problems 

MPAS-Atmosphere solver 

 
•  Smooth grid refinement  
   on a conformal mesh 

−  Increased accuracy and 
flexibility in varying 
resolution 

  
•  Height-based hybrid 
   smoothed terrain-following 

vertical coordinate 
−  Improved numerical 
     accuracy 

 

•  Pressure-based terrain-
following sigma vertical 
coordinate   



Mul.ple	
  passes	
  of	
  simple	
  Laplacian	
  smoother	
  at	
  each	
  	
  	
  	
  	
  level:	
  

Smoothed Terrain-Following (STF) hybrid Coordinate 

STF progressively smooths coordinate surfaces 
while transitioning to a height coordinate 

BTF 

STF 

Specification of terrain: 
• High	
  resolu.on	
  terrain	
  data	
  (30	
  arcsec)	
  averaged	
  over	
  grid-­‐cell	
  area	
  
• Terrain	
  smoothing	
  with	
  one	
  pass	
  of	
  a	
  4th	
  order	
  Laplacian	
  

Controls rate at which terrain influences are 
attenuated with height 

Terrain influence that represents increased 
smoothing of the actual terrain with height 

MPAS Vertical Mesh 



15, 7.5, & 3 km MPAS  - Tibetan Plateau, 28o N 
15 km grid 7.5 km grid 

Basic	
  terrain-­‐following	
  (BTF)	
  coordinate	
  

Smoothed	
  hybrid	
  	
  terrain-­‐following	
  (STF)	
  coordinate	
  
3 km grid 

(Model top is at 30 km) 



Variables: 

Prognostic equations: 

Diagnostics and definitions: 

Vertical coordinate: 
Equations 

•  Prognostic equations for coupled 
variables. 

•  Generalized height coordinate. 
•  Horizontally vector invariant eqn set. 
•  Continuity equation for dry air mass. 
•  Thermodynamic equation for coupled 

potential temperature. 

Time integration scheme 

As in Advanced Research WRF - 
Split-explicit Runge-Kutta (3rd order) 

Nonhydrostatic  
formulation 

MPAS Nonhydrostatic 
Atmospheric Solver 



Prognostic 
equations: 

MPAS Nonhydrostatic  
Atmospheric Solver 

(1) Gradient operators 
(2)  Flux divergence operators 
(3) Nonlinear Coriolis term 



On the Voronoi mesh, P1P2 is perpendicular to v1v2 and is bisected by v1v2, hence 
Px ~ (P2-P1)Δxe

-1 is 2nd order accurate. 

Operators on the Voronoi Mesh 
Pressure and KE gradients 



Transport equation, conservative form: 

Finite-Volume formulation, 
 Integrate over cell: 

Apply divergence theorem: 

Discretize in time and space: 

Velocity divergence operator is 2nd-order 
accurate for edge-centered velocities.   

Operators on the Voronoi Mesh 
Flux divergence and transport 



Instantaneous  
flux divergence in  
RK-based scheme 

MPAS uses a Runge-Kutta time-integration scheme. 

Computing the flux - consider 1D transport (e.g. from WRF) 

2nd-order  
flux: 

ψ1	
  

ψ0	
  

ψ9	
  

ψ8	
  

ψ7	
  

ψ6	
  

ψ2	
  
ψ3	
  

ψ4	
  

ψ5	
  

Operators on the Voronoi Mesh 
Flux divergence and transport 



ψ1	
  

ψ0	
  

ψ9	
  

ψ8	
  

ψ7	
  

ψ6	
  

ψ2	
  
ψ3	
  

ψ4	
  

ψ5	
  

3rd and 4th-order fluxes: 

where (Hundsdorfer et al, 1995; Van Leer, 1985) 

Recognizing we recast the 3rd and 4th order flux as 

where x is the direction normal to the cell edge and i 
and i+1 are cell centers.  We use the least-squares-
fit polynomial to compute the second derivatives. 

Operators on the Voronoi Mesh 
Flux divergence and transport 
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Operators on the Voronoi Mesh 
Flux divergence and transport 
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Operators on the Voronoi Mesh 
Flux divergence and transport 



Vorticity is computed by evaluating the 
circulation around the triangles. 
Vorticity lives on the vertices. 
 
 
First, the linear piece: f  k x VH 

Operators on the Voronoi Mesh 
‘Nonlinear’ Coriolis force 



Vorticity is computed by evaluating the 
circulation around the triangles. 
Vorticity lives on the vertices. 
 
 
First, the linear piece: f  k x VH 
 
How do we compute the tangential velocity 
on the cell faces needed in the Coriolis 
term? 

Operators on the Voronoi Mesh 
‘Nonlinear’ Coriolis force 



Simplest approach: Construct tangential 
velocities from weighted sum of the four 
nearest neighbors. 
 
Result: physically stationary geostrophic modes 
(geostrophically-balanced flow) will not be 
stationary in the discrete system; the solver is 
unusable. 
(Nickovic et al, MWR 2002) 

Linear piece: f  k x VH 

Operators on the Voronoi Mesh 
‘Nonlinear’ Coriolis force 



Linear piece: f  k x VH 

Operators on the Voronoi Mesh 
‘Nonlinear’ Coriolis force 



(Thuburn et al, 2009 JCP) Linear piece: f  k x VH 

Operators on the Voronoi Mesh 
‘Nonlinear’ Coriolis force 



In the discrete analogue of vorticity equation	
  	
  
(ξτ=-­‐fδa),	
  the divergence	
  δa	
  on the Delaunay 
triangulation is identical to the divergence	
  δA	
  on 
the Voronoi hexagons used in the height equation	
  
(ht=-­‐HδA)	
  integrated over the triangle. 

Divergence	
  δA	
  in hexagon	
  A:	
  

Divergence	
  δa	
  in triangle	
  ABC:	
  

Why does this work? 

Operators on the Voronoi Mesh 
‘Nonlinear’ Coriolis force 



Construct tangential velocities from weighted 
sum of normal velocities on edges of adjacent 
hexagons. 

Linear piece: f  k x VH 

Result: geostrophic modes are stationary; 
local and global mass and PV conservation is 
satisfied on the dual (triangular) mesh (for the  
SW equations). 

Generalization for the Voronoi mesh: 

Operators on the Voronoi Mesh 
‘Nonlinear’ Coriolis force 



Nonlinear term: 

The general tangential velocity 
reconstruction produces a consistent 
divergence on the primal and dual grids, and 
allows for PV, enstrophy and energy* 
conservation in the nonlinear SW solver. 

Operators on the Voronoi Mesh 
‘Nonlinear’ Coriolis force 



&nhyd_model	
  
	
  config_dt	
  =	
  75	
  
	
  config_start_.me	
  =	
  "0000-­‐01-­‐01_00:00:00"	
  
	
  config_run_dura.on	
  =	
  "20_00:00:00"	
  
	
  config_number_of_sub_steps	
  =	
  6	
  
	
  config_h_mom_eddy_visc2	
  =	
  0	
  
	
  config_h_mom_eddy_visc4	
  =	
  0	
  
	
  config_v_mom_eddy_visc2	
  =	
  0	
  
	
  config_h_theta_eddy_visc2	
  =	
  0	
  
	
  config_h_theta_eddy_visc4	
  =	
  0	
  
	
  config_v_theta_eddy_visc2	
  =	
  0	
  
	
  config_horiz_mixing	
  =	
  "2d_smagorinsky"	
  
	
  config_len_disp	
  =	
  15000.	
  
	
  config_visc4_2dsmag	
  =	
  0.05	
  
	
  config_h_ScaleWithMesh	
  =	
  .true.	
  
	
  config_w_adv_order	
  =	
  3	
  
	
  config_theta_adv_order	
  =	
  3	
  
	
  config_scalar_adv_order	
  =	
  3	
  
	
  config_u_vadv_order	
  =	
  3	
  
	
  config_w_vadv_order	
  =	
  3	
  
	
  config_theta_vadv_order	
  =	
  3	
  
	
  config_scalar_vadv_order	
  =	
  3	
  
	
  config_posi.ve_definite	
  =	
  .false.	
  
	
  config_monotonic	
  =	
  .true.	
  
	
  config_coef_3rd_order	
  =	
  0.25	
  
	
  config_epssm	
  =	
  0.1	
  
	
  config_smdiv	
  =	
  0.1	
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Timestep	
  in	
  seconds	
  

Number	
  of	
  acous2c	
  steps	
  per	
  2mestep	
  

Time	
  and	
  2me-­‐steps	
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  "0000-­‐01-­‐01_00:00:00"	
  
	
  config_run_dura.on	
  =	
  "20_00:00:00"	
  
	
  config_number_of_sub_steps	
  =	
  6	
  
	
  config_h_mom_eddy_visc2	
  =	
  0	
  
	
  config_h_mom_eddy_visc4	
  =	
  0	
  
	
  config_v_mom_eddy_visc2	
  =	
  0	
  
	
  config_h_theta_eddy_visc2	
  =	
  0	
  
	
  config_h_theta_eddy_visc4	
  =	
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fixed	
  	
  
viscosity	
  
m2s-­‐1	
  

4th	
  order	
  background	
  	
  
filter	
  coef,	
  	
  used	
  with	
  	
  
2d_smagorinsky	
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&nhyd_model	
  
	
  config_h_mom_eddy_visc2	
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  =	
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  config_v_mom_eddy_visc2	
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Fixed	
  hyper-­‐	
  
viscosity	
  
m4s-­‐1	
  

Alternately	
  
"2d_fixed"	
  

Δx_fine	
  

Scale	
  viscosi2es,	
  hyperviscosi2es	
  
with	
  local	
  mesh	
  spacing	
  

(namelist.atmosphere)	
  



PD/Mono	
  op2ons	
  	
  
for	
  scalar	
  	
  
transport	
  

Configuring the dynamics and the physics 
Advec2on	
  

&nhyd_model	
  
	
  config_dt	
  =	
  75	
  
	
  config_start_.me	
  =	
  "0000-­‐01-­‐01_00:00:00"	
  
	
  config_run_dura.on	
  =	
  "20_00:00:00"	
  
	
  config_number_of_sub_steps	
  =	
  6	
  
	
  config_h_mom_eddy_visc2	
  =	
  0	
  
	
  config_h_mom_eddy_visc4	
  =	
  0	
  
	
  config_v_mom_eddy_visc2	
  =	
  0	
  
	
  config_h_theta_eddy_visc2	
  =	
  0	
  
	
  config_h_theta_eddy_visc4	
  =	
  0	
  
	
  config_v_theta_eddy_visc2	
  =	
  0	
  
	
  config_horiz_mixing	
  =	
  "2d_smagorinsky"	
  
	
  config_len_disp	
  =	
  15000.	
  
	
  config_visc4_2dsmag	
  =	
  0.05	
  
	
  config_h_ScaleWithMesh	
  =	
  .true.	
  
	
  config_w_adv_order	
  =	
  3	
  
	
  config_theta_adv_order	
  =	
  3	
  
	
  config_scalar_adv_order	
  =	
  3	
  
	
  config_u_vadv_order	
  =	
  3	
  
	
  config_w_vadv_order	
  =	
  3	
  
	
  config_theta_vadv_order	
  =	
  3	
  
	
  config_scalar_vadv_order	
  =	
  3	
  
	
  config_posi.ve_definite	
  =	
  .false.	
  
	
  config_monotonic	
  =	
  .true.	
  
	
  config_coef_3rd_order	
  =	
  0.25	
  
	
  config_epssm	
  =	
  0.1	
  
	
  config_smdiv	
  =	
  0.1	
  

	
  

Advec2on	
  
scheme	
  
order	
  
(2,3,	
  or	
  4)	
  

Upwind	
  coefficient	
  (0	
  <-­‐>	
  1),	
  
>0	
  increases	
  damping	
  

&nhyd_model	
  
	
   	
  config_w_adv_order	
  =	
  3	
  
	
  config_theta_adv_order	
  =	
  3	
  
	
  config_scalar_adv_order	
  =	
  3	
  
	
  config_u_vadv_order	
  =	
  3	
  
	
  config_w_vadv_order	
  =	
  3	
  
	
  config_theta_vadv_order	
  =	
  3	
  
	
  config_scalar_vadv_order	
  =	
  3	
  
	
  config_posi.ve_definite	
  =	
  .false.	
  
	
  config_monotonic	
  =	
  .true.	
  
	
  config_coef_3rd_order	
  =	
  0.25	
  

	
  

(namelist.atmosphere)	
  



&nhyd_model	
  
	
  …	
  
	
  config_epssm	
  =	
  0.1	
  
	
  config_smdiv	
  =	
  0.1	
  

/	
  
&damping	
  

	
  config_zd	
  =	
  37000.	
  
	
  config_xnutr	
  =	
  0.2	
  

	
  

Configuring the dynamics and the physics 
Other	
  dynamics…	
  

off-­‐centering	
  of	
  ver2cally	
  implicit	
  integra2on	
  
3D	
  divergence	
  damping	
  

height	
  to	
  begin	
  gravity	
  wave	
  absorbing	
  layer	
  (m)	
  
gravity-­‐wave	
  absorbing	
  layer	
  coefficient	
  

(namelist.atmosphere)	
  



&physics	
  
	
  	
  	
  config_frac_seaice	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  .false.	
  
	
  	
  	
  config_sfc_albedo	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  .true.	
  
	
  	
  	
  config_sfc_snowalbedo	
  	
  	
  	
  	
  	
  =	
  .true.	
  
	
  	
  	
  config_sst_update	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  .false.	
  
	
  	
  	
  config_sstdiurn_update	
  	
  	
  	
  	
  =	
  .false.	
  
	
  	
  	
  config_deepsoiltemp_update	
  =	
  .false.	
  
	
  	
  	
  config_o3climatology	
  	
  	
  	
  	
  	
  	
  =	
  .true.	
  
	
  	
  	
  config_bucket_update	
  	
  	
  	
  	
  	
  	
  =	
  'none'	
  
	
  	
  	
  config_bucket_rainc	
  	
  	
  	
  	
  	
  	
  	
  =	
  100.0	
  
	
  	
  	
  config_bucket_rainnc	
  	
  	
  	
  	
  	
  	
  =	
  100.0	
  
	
  	
  	
  config_bucket_radt	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  1.0e9	
  
	
  	
  	
  config_radtlw_interval	
  	
  	
  	
  	
  =	
  '00:30:00'	
  
	
  	
  	
  config_radtsw_interval	
  	
  	
  	
  	
  =	
  '00:30:00'	
  
	
  	
  	
  config_conv_interval	
  	
  	
  	
  	
  	
  	
  =	
  'none'	
  
	
  	
  	
  config_pbl_interval	
  	
  	
  	
  	
  	
  	
  	
  =	
  'none'	
  
	
  	
  	
  config_n_microp	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  1	
  
	
  	
  	
  config_microp_scheme	
  	
  	
  	
  	
  	
  	
  =	
  'wsm6'	
  
	
  	
  	
  config_conv_deep_scheme	
  	
  	
  	
  =	
  '.edtke'	
  
	
  	
  	
  config_lsm_scheme	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  'noah'	
  
	
  	
  	
  config_pbl_scheme	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  'ysu'	
  
	
  	
  	
  config_gwdo_scheme	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  'off'	
  
	
  	
  	
  config_radt_cld_scheme	
  	
  	
  	
  	
  =	
  'cld_frac.on'	
  
	
  	
  	
  config_radt_lw_scheme	
  	
  	
  	
  	
  	
  =	
  'rrtmg_lw'	
  
	
  	
  	
  config_radt_sw_scheme	
  	
  	
  	
  	
  	
  =	
  'rrtmg_sw'	
  
	
  	
  	
  config_sfclayer_scheme	
  	
  	
  	
  	
  =	
  'monin_obukhov'	
  
	
  

Configuring the dynamics and the physics 

(namelist.atmosphere)	
   Physics	
  schemes	
  
	
  
	
  	
  	
  config_microp_scheme	
  	
  	
  	
  	
  	
  	
  =	
  'wsm6'	
  
	
  	
  	
  config_conv_deep_scheme	
  	
  	
  	
  =	
  '.edtke'	
  
	
  	
  	
  config_lsm_scheme	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  'noah'	
  
	
  	
  	
  config_pbl_scheme	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  'ysu'	
  
	
  	
  	
  config_gwdo_scheme	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  'off'	
  
	
  	
  	
  config_radt_cld_scheme	
  	
  	
  	
  	
  =	
  'cld_frac.on'	
  
	
  
	
  	
  	
  config_radt_lw_scheme	
  	
  	
  	
  	
  	
  =	
  'rrtmg_lw'	
  
	
  	
  	
  config_radt_sw_scheme	
  	
  	
  	
  	
  	
  =	
  'rrtmg_sw'	
  
	
  	
  	
  config_sfclayer_scheme	
  	
  	
  	
  	
  =	
  'monin_obukhov'	
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