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Met Office’s Unified Model

Single atmospheric model for

» Global (Ar = 17 km)and mesoscale (Axr ~ 4.4 — 1.5 km)
operational forecasts

»Climate predictions (Ax ~ 120 km, 7" > 10 yrs)

» Research mode (Ax < 1 km)

» 26 years old
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ENDGame

Semi-implicit semi-Lagrangian time integration, no At < Nid
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Computational size

Global model at 17 km resolution
» 1536 x 1152 x 70 =~ 124M points
» T ="7days 3 hrs, At = 7 min 30 sec — N; = 1368
» To be completed in one hour

» Efficient implementation needed!
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The bottleneck - Scalability

Lat-long grid: Az = 25 km = Az, = 70 m

Ar =1km — Az, = 0.1 m

E-W spacing vanishes at Poles — grid locality lost

N768 - New Dynamics vs ENDGame
Scaling
5 T | ‘ T

[3—F] ENDGame
&6 New Dynamics
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HPC
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New supercomputer

» Cray XC40, complete in
Q1/2017

» =~ 500K cores, 16 PFlops,
1.2 EB storage

rown Copyright Met Office ECMWEF, 03/10/2016 — p.10






GungHo

Globally

Uniform

Next

Generation

Highly

Science & Technology

Optimized W Facilities Council
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GungHo institutions

Met Office
U Exeter

anchester
Warwick

Hartree Centre
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GungHo - scientific requirements

» Mass conservation

» Accurate representation of balance and adjustment

» Absence of, or well controlled, computational modes

» Geopotential or pressure gradient should not produce
unphysical vorticity

» Energy conserving pressure term and Coriolis term

» No spurious fast propagation of Rossby modes

» Conservation of axial angular momentum

» Accuracy at least approaching second order

» Minimal grid imprinting

Staniforth-Thuburn 2012
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- A1INS

GungHo

» Achieve sustainable scalability

» Keep the good properties and maintain the same

accuracy (~ 2" order) of the current dynamical core
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LFRic

» Joint scientific - software engineering work

» Separation of concerns

Single model Driver

read partition

Algs

PSy
initialisation

Infrastructure
e.g. halo_exchange

» Fortran 2003 kernels + algorithm, Python
parallelization engine + auto code generation

» Resilient to future technology

rown Copyright Met Office ECMWEF, 03/10/2016 — p.16
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Compatibility

Compatible numerical schemes preserve continuous

properties at the discrete level, e.g.

rown Copyright Met Office

V- (Vxf)=0
VxVg=0
V-(fg)=f-Vg+4¢V-f
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Mixed finite elements

v ' u 0
\Y% V X \Y
Wo — Wl — WQ — Wg
€ - - €Z-
\Y V X \Y

At lowest order:

§> < | >
2 e
- <[>
Equivalent to C-grid, Charney-Phillips staggered grid

Cotter and Shipton, 2012
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Vector-invariant form

On a domain (2, solve:

ot  p

dp
— F =0
A ,

@%—U-VH:O,

ot
H(%) — @pé’

Po

a—u+§><F+2S2><u%—V(K%—Cb)+de<9VH=Oa
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Weak formulation

Find ((9, u, ,0) c Wy x Wy x W3 such that

(v ) == (S X P90 ) 4 (T ) + G (V. (6%).10

— (v,2Q X u),

(2 2) - ovm),

<%%>=—<%H-W>

for all test functions (v, v, o) € Wy x Wy x W3
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Potential temperature space

» Moving 60 € Wy — Wy

» Quadrature formulae on faces for boundary terms:

—(v, cp0VII) = —cp(0v - n, II) + c, (I, V - v) + ¢, (I1v, VE)
(u-Vo,v) = (0,yu-n) — (V- (yu),0)
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Equations on reference domain

Pulling back the equations through the Piola transform

O -2 0

with Jacobian J = d¢ (div and curl-conforming mapping):

— (Ve - <det (J)

1 —T¢ A 1/ Ju JO
<J\7, J 8“>=_ go. L8 gk +<v.<f,—( Z )( 2
det (J) Ot pdet (J) 2 \ det (J) det (J)
JV ~ ~
Y 20 x (Jﬁ)> + cpa <9v.<z n v.ve,n> ,

)
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Discrete formulation

Expansion as a weighted sum of basis functions

= Z&zbz

du
M>s— = RHS,
th RHS
dp
M--X = RHS
St p
do
My— = RHS
Odt )
My = (3,4 det (J)), M IV 7¢Y, Ms = (5,6 det (J))
— — V = e
0 Y, 3 2 det(J)a 3 3 g,0
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Semi-implicit time discretization

Newton’s method:

T (X<k+1> _ X(k)) — _R(x®)

Linearization around a reference state x*:

J (X(k—H) — X(k)) = Jx' ~ Lx'

’

W 4 TAtcyg (0*VIT + 6/VIIT*)
Lx' = ¢ 0 + rAtu’ - VO*
\,0’ + TALV - (p*u’)
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Semi-implicit time discretization

Don=1n time
Compute time-level n terms R (x")
Do o = 1,n_outer
Compute advective wind u
Compute advective terms R*% (x",u)
Do:=1,n_inner
Compute time-level n + 1 terms R (x"1)
Solve for increment x’
End inner loop

End outer loop

End timestep loop

rown Copyright Met Office ECMWF, 03/10/2016 — p.26




In progress - density advection

Conservative, flux-form
» Mass flux in W, space, density in W3 space
» Piecewise parabolic method, flux =

At-accumulated mass

Dimensionally split scheme for flux calculation
» 1D swept area approach
» No 2d calculations on complicated geometry
» PPM— useof CFL >1

» Other options in code base: Method of Lines, FE

advection.
Putnam and Lin, 2007
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Results - 3D Gravity Wave with rotation
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Results - 3D Gravity Wave with rotation

# [K], 300s +3.157e2
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Results - 3D Gravity Wave with rotation
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Results - 3D Gravity Wave with rotation
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Results - 3D Gravity Wave with rotation
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Results - 3D Gravity Wave with rotation
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Results - 3D Gravity Wave with rotation
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Results - 3D Gravity Wave with rotation
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Results - 3D Gravity Wave with rotation
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Results - 3D Gravity Wave with rotation

s 6 [K], 2700s +3.156e2

i Thermal perturbation over a

- 2 stably stratified, 10-km deep
g oo poi atmosphere on reduced
705 0:15

1o wo planet

-1.5 0.05

045 £3.15622 | | | | | Serial runs with auto-

ool | generated code, lowest-
o order elements
= 0.20f

0.15+

0.10

0.05 -

0 1 2 3 4 5 6
X [rad]

Ullrich et al. 2012

rown Copyright Met Office ECMWEF, 03/10/2016 — p.38



Results - 3D Gravity Wave with rotation
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Results - 3D Gravity Wave with rotation

15¢ . L . 1582 Thermal perturbation over a
o S e T o stably stratified, 10-km deep
-_ I 0.24
B oof 020 atmosphere on reduced
T 05k 0.12
ok | o2 planet
_15l : : : : : . 0.04
0 1 2 3 4 5 6
x [rad] - =
040 4315662 | | | | | Serial runs with auto-
3:2 ' generated code, lowest-
Z 025 order elements
= 0.20 |
0.15}
0.10
0.05 ;
0 1 2 3 4 5 6
x [rad]

Ullrich et al. 2012

rown Copyright Met Office ECMWEF, 03/10/2016 — p.40



Results - 3D Gravity Wave with rotation

6 [K], 3600s +3.156e2

15F . . . . — Thermal perturbation over a
b { 12 stably stratified, 10-km deep
% ool o atmosphere on reduced
gl L 1 0.12
-1.0} 1 0.04
-15L | : | | | L 0.00
0 1 2 3 4 5 6
x [rad] . .
035 +3:15662 | | | | | Serial runs with auto-
030 generated code, Ilowest-
0.25
| order elements
N 0.15
0.10
0.05 -
0 1 2 3 4 5 6
x [rad]

Ullrich et al. 2012

rown Copyright Met Office ECMWEF, 03/10/2016 — p.41



Results - 3D Gravity Wave with rotation
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Wi vs. Wy

ECMWEF, 03/10/2016 — p.43
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Results - Straka

Density current on neutrally stratified atmosphere (constant
background 0).

)
T —15K [%(1 + COS(%T))] (r <1)

\() otherwise

Min/Max -8.1276/1.4374 Max/Min 6 = 0.10992 /-7.4057

3

ENDGame
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Density advection

Solid body wind, parallel runs

rho TO00000interpolated
Level : 0.5

50 100 150 200 250 300

24 cells per horizontal panel, CFL~0.1
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Density advection

Solid body wind, parallel runs

rho TO01160interpolated
Level : 0.5

50 100 150 200 250 300

24 cells per horizontal panel, CFL~0.1

rown Copyright Met Office ECMWEF, 03/10/2016 — p.46
S. Pring



Outlook - To do

» Transport

» Orography

» Multigrid solver

» Physics-dynamics coupling
Coupling FE and FV
Impact of physics on dynamics

rown Copyright Met Office ECMWEF, 03/10/2016 — p.47



Scaling

same

4x speed-up.

C. Maynard

same amount of
(dashed)

ing
global size, perfect

» Auto-generated parallel layer.
work per processor, perfect
horizontal line.

» Strong scaling

» Weak scal
Dynamo 1.0 code release, 31.3.16 (now

1.1).
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