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Plan

» Introductioc
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Plan

» Introductioc
» Unifi

> amical core - GungHo
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Mixed finite elements - Dynamo
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Plan

» Introduction - Atmospheric modelling

» Unified Model and dynamical core

» A new dynamical core - GungHo

» Mixed finite elements - Dynamo

» Where we are and where we are headed
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Atmospheric modelling
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Atmospheric modelling

nasa.gov
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Numerical Weather Predictio
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Numerical Weather Prediction

ATMOSPHERIC DATA

4

NUMERICAL MODEL
At, Ax

Vot

FORECAST AT TIME T
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Numerical Weather Predictio
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Numerical Weather Predictio

=
== ysis chart
m alid 0000 UTC Tue 05 APR 2016
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Numerical Weather Predictio

==Y nalysis chart
m alid 0000 UTC Tue 05 APR 2016

H

ﬁ Forecast chart (T+48)

/alid 0000 UTC Thu 07 APR 2016
Met Office

H %
1037
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Unified Model
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Unified Model

Single atmospheric mode
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Unified Model

Single atmospheric mode

» Globe Ar ~ 4.4 — 1.5 km)
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Unified Model

Single atmospheric mode

» Globe Ar ~ 4.4 — 1.5 km)

P ate predictions (Az ~ 120 km, T > 10 yrs)
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Unified Model

Single atmospheric mode

» Globe Ar ~ 4.4 — 1.5 km)

P ate predictions (Az ~ 120 km, T > 10 yrs)

» Research mode (Ax < 1 km)
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Unified Model

Single atmospheric mode

» Globe Ar ~ 4.4 — 1.5 km)

’, ate predictions (Az ~ 120 km, T > 10 yrs)
» Research mode (Ax < 1 km)

26 years old
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Unified Model
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Unified Model

Az = 300 km
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Unified Model

Az = 300 km

Ax = 30 km
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Unified Model

Az = 300 km

The impact of a global temperatur of4°C (1P ‘ @

Crown Copyright Met Office

50.5°N

50.45°N

Ax = 300 m

Total sig. wave height (m)
10-Sep-2012 21:30 (T+00.5) (valid: 10-Sep-2012 21z)
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Dynamical core
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Dynamical core

Solution of 3D rotating compressible fluid flow equations on
the sphere with gravity and source terms
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Dynamical core

Solution of 3D rotating compressible fluid flow equations on
the sphere with gravity and source terms

Dynamics: fluid motions on resolved scales
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Dynamical core

Solution of 3D rotating compressible fluid flow equations on
the sphere with gravity and source terms

Dynamics: fluid motions on resolved scales

Physics: motions on unresolved scales (turbulence) +
clouds, radiation
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Dynamical core

Solution of 3D rotating compressible fluid flow equations on
the sphere with gravity and source terms

Dynamics: fluid motions on resolved scales

Physics: motions on unresolved scales (turbulence) +
clouds, radiation

First(2002-) global, deep atmosphere non-hydrostatic model
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Dynamical core

Du wuvtano

cpa® Oll uw

= —— 4+ 2Qcospw + S

— 202 si
De " sin ¢v +

Dv  u?tan¢

rcos¢ O 7

cpd® Ol vw

— 2€) si = —— 4 857
Dt r N SILOU r O¢ T N
Dw+ @81_[_'_8(1) ’u,2—|-f02_|_2Q Syt S5V
— 4+ = — Ccos Ou

Dt pd or or r

oA

DO _go o Pretga-r/x

Dt 7 Ry

D 0 0 0
Ht(pTQCOSQS)—i—pchosqb[ ( - )+8_¢(;)+8—1:]:O

T COS @

D 0 R
— = —+u-V| k=2
Dt ot Cpd
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Davies et al. 2005, Wood et al. 2014
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Dynamical core
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Dynamical core

A
Semi-implicit semi-Lagrangian time integration, no At < Fx
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Dynamical core

A
Semi-implicit semi-Lagrangian time integration, no At < Fx

Finite differences in space
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Dynamical core

Semi-implicit semi-Lagrangian time integration, no At < Nid
ZN = H H,w
Finite differences in space o
TP
0,w
i REk+1/2
iv ] 2,
| fk—1/2
S R Y y
i 0, w
v j—1 TP
! 0,w
| T, p
i—14i—1/2 i 2 =0 0, w

C-grid horizontal, Charney-Phillips vertical staggering
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Computational size
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Computational size

Global model at 17 km resolution
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Computational size

Global model at 17 km resolution

» 1536 x 1152 x 70 =~ 124 M points
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Computational size

Global model at 17 km resolution
» 1536 x 1152 x 70 =~ 124 M points

» 1 = Tdays 3 hrs, At = 7 min 30 sec — INV; = 1368
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Computational size

Global model at 17 km resolution
» 1536 x 1152 x 70 =~ 124 M points
» 1 = Tdays 3 hrs, At = 7 min 30 sec — INV; = 1368

» To be completed in one hour
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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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Dynamical core - Issues

PERFORMANCE DEVELOPMENT

PROJECTED

1 EFLDF/S e
100 PRLOFSS
.
e ] =
10 PRLOPS L o
Sum _ o » * o
R — . ® " @ o
1 PFLOPIS . * .
- ® N
100 TFLOF, . ® = N=1 L -
DTN —— . R
L ] : -
10 TELORE . ® ® . e @ : L
. . ® @ N=500 —
T 1 TRLERS 4 - e *
LPy ..
597 srors e« " 5 s ® - e ® s
100 GALFS . s o ®
. @

10 GFLORE .

1GALOFE

1993 1994 19495 1996 1997 1998 1999 2000 000 :00F  Z0OZ  IOO4 005  ZOOE 2007 2008 2009  ROMD ZOM Mz 2004 IOOS R00E 2007 IDME 2019
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The bottleneck - Scalability

More computing power — shorter solution time
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The bottleneck - Scalability

More computing power — shorter solution time

Lat-long grid: ., AZpmin = 70 m

Axr=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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GungHo

Globally

Uniform

Next

Generation
Highly

Optimized & Science & Technology
P @ Facilities Coundil

Parallel development at Met Office and Imperial College Lon-

don
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GungHo - aims
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GungHo - aims

» Achieve sustainable scalability
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GungHo - aims

» Achieve sustainable scalability

» Keep the good properties and maintain the same
accuracy (~ 2" order) of the current dynamical core
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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

cubed sphere

» More homogeneous gri

]
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GungHo - aims

» Achieve sustainable scalability

» Keep the good properties and maintain the same
accuracy (~ 2" order) of the current dynamical core

» More homogeneous grid: cubed sphere

Step change — starting over
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GungHo - infrastructure

» Joint scientific - software engineering work
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GungHo - infrastructure

» Joint scientific - software engineering work

» Separation of concerns

Single model Driver

Algs read partition
PSy

initialisation

Infrastructure
e.g. halo_exchange

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

» Joint scientific - software engineering work

» Separation of concerns

Single model Driver

Algs read partition
PSy

initialisation

Infrastructure
e.g. halo_exchange

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

» Resilient to future technology
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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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Mixed finite elements/
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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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Vector-invariant form

On a domain (2, solve:

ot  p

dp
il .F =
> TV 0,

0
a—%—u-V@zO,

ot
H(%) — @pé’

Po

9,
—u+§><F+2S2><u+V(K+<I>)+de9VH=07

>rown Copyright Met Office
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Mixed finite elements

v £ u
V V X

Wo — Wl — Wg
«—- «--
V V X

srown Copyright Met Office
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Mixed finite elements

0 §
\V4 V X
Wo — Wl —
€= €=
V. AV

At lowest order:

srown Copyright Met Office
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Weak formulation

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

<v, g—‘;> = — <v,% x F + V<I>> +(V.v, K) + cpq (V. (0v) , II)

— (v, 202 x u),

(0 2) = rvm),

<%%>=—<%H-W>

for all test functions (v, v, 0) € Wy x Wy x Wj3
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Equations on reference domain
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Equations on reference domain

Pulling back the equations through the map

O -2 0

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

. J oa\ o JT¢ ) 1/ Ja Ji
<‘]V’ det (J) Ot > __<‘]V’ Bdet (J) JF>+<V'V’§ (det(J)) ' (det( )>>

(J
—<<z,v<1>>—< v

J
dot (1)’ 22 X (Ju)> 4= G <0V.V + v.Vo, H> :
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Discrete formulation

Expansion as a weighted sum of basis functions

= Z&zbz
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Discrete formulation

Expansion as a weighted sum of basis functions

= Z&zbz

du
*dt
dp
Ma— = RHS
St P
do
My— = RHS
Odt 0
My = (3,4 det (J)), M IV 7¢Y, Ms = (5,6 det (J))
p— e p— —
0 Y, Y , 2 det(J)a ’ 3 0,0
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Results - 3D Gravity Wave with rotation

Latitude

0 100 200 300
Longitude

316.5
I316.4
F 13163

r 1316.2
r 1316.1

F 1316

315.9

315.8

Height [m]

10000 330
9000
325
8000

7000 |
1320

6000 |

5000 1 r 13815

4000

1310
3000

2000
305

1000

0 300

0 1 2 3 4 5 6
Longitude [rad]

Thermal perturbation on a stably stratified, 10 — km deep atmosphere at rest on a

by X = 125 factor reduced planet

Serial runs with auto-generated code, 7' = 3600 s

Lowest-order elements
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Results - 3D Gravity Wave with rotation

Latitude

Latitude

Latitude
o

50 100 150 200 250 300 350
Longitude

0 100 20 300

Height
Height
Height

0 100 200 300
Longitude

50 100 150 200 250 300 350
Longitude

At =10s At=1s REF

T. Melvin
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Results - Straka

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

’

—15K [3(1 + cos(Er))] (r <1)

0 otherwise

T' =

\
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Results - Straka

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

’

—15K [3(1 + cos(Er))] (r <1)

0 otherwise

T = {

\

-10

i} 2 4 [ b 10 12 14 16 18
% [km]
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Results - Straka

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

’

—15K [3(1 + cos(Er))] (r <1)

0 otherwise

\
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Results - Straka

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

’

—15K [3(1 + cos(Er))] (r <1)

0 otherwise

\
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Results - Straka

Min/Max -8.1276/1.4374 Min/Max -9.9316/2.5804 Min/Max -7.305/0.26559

height (k

SL

T. Melvin
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In progress - Wy

» Moving 0 € Wy — Wy

R

» Quadrature formulae on faces for boundary terms:

—(v, cpfVII) = —c,(Ov - n, II) + ¢, (011, V - v) + ¢, (Ilv, V)
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In progress

» Improve semi-implicit performance
» Semi-Lagrangian scheme for ¢ advection
» Finite-volume like scheme for density

» Helmholtz problem formulation, preconditioner,
multigrid solver

» High-order elements
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Parallel performance
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Parallel performance

With great computing power comes great responsibility
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Parallel performance

With great computing power comes great responsibility
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Parallel performance

With great computing power comes great responsibility

» Cray XC40, complete in
2017

» =~ 500K cores, 16 PFlops,
1.2 EB (10'®) storage
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First runs on Cray XC4(
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First runs on Cray XC4(

B L =24x24
10000 W L=12xI12 LI B | T
== ncell = 1990656 [576]

T

9000 | = = ncell = 497664 [288] S -

— = ncell = 124416 [144] o 4

~
8000 — o —
~

E R N e 4
7000 N A S

L N N

hY
6000 — \ b %
~
AN

5000 ¥ "

I “
4000 \

N
3000
2000
1000 =
Il 1 1 1 1 11 | 1 1 1 1 11 1 I

)
[100 1000 10000
# cores

I

T
4

T

wall clock time (s)
[
”

I

>rown Copyright Met Office Universita di Trieste — p.37



First runs on Cray XC4(

1
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srown Copyright Met Office

1000
# cores

IU(}UU

Auto-generated parallel layer.
No computational opt.

Weak scaling: same amount of
work per processor, perfect:
straight line.

Strong scaling (dashed): same
global size, perfect: 4x speed-up.
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First runs on Cray XC4(

B L =24x24
10000 W L=12xI2 T T T T T T T T T
= = ncell = 1990656 [576] 4
0000 | = = ncell = 497664 [288] |
~ — mcell = 124416 [144] g 4 » Auto-generated parallel layer.
8000 o —
_ ool ; No computational opt.
2 6000 .
2 il Weak scaling: same amount of
3 ool work per processor, perfect:
® o0l straight line.
2000 .
- » Strong scaling (dashed): same
e L L global size, perfect: 4x speed-up.
# cores

Dynamo 1.0 code release, 31.3.16

C. Maynard
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Wrap-up

» Pole problem affects parallel performance of current
operational dynamical core

» Mixed finite element discretization gives
Flexibility on order, grid
Mimetic properties

» Separation of concerns — Code adaptable to future
architectures
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Questions?
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Bonus slides

Wg, The space of scalar functions built from the tensor product of
Pk+1(x1)PF+1(x2) P*+1(x3) polynomials with full continuity;

W1, The space of vector functions built from the tensor product of two P**1!

polynomials and one P* polynomial with continuity in the tangential direction
only;

Wa, The space of vector functions built from the tensor product of one P*+1
polynomial and two P* polynomials with continuity in the normal direction only;

W3, The space of scalar functions built from the tensor product of
P*(x1)P*(x2)P*(x3) polynomials with no continuity.

We, The space of scalar functions based on the vertical part of W5 to obtain the
desired properties of a Charney-Philips grid.
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Results - 2d gravity wave

Skamarock and Klemp 1994,
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Semi-implicit time discretization

>rown Copyright Met Office

R 4 R 4RI —
RV 4+ RE + RI™ =0
R+ R+ RAY =0
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Semi-implicit time discretization

R 4 R + RV —
R+ RY + R3™ =0
R+ R+ RAY =0

R = (v, u"+1> — aAt [— (v,V®) + (V.v, K"+1>

+Cpd <V. (H"HV) ,H"+1> — <V, 202 X u"+1>]
Ry =—(v,u") — (1 —a)At|—(v,V®) + (V.v, K")

+cpa (V. (0"v) , II") — (v,2Q x u")]

RO% = At <V, <§)n X f‘>
P
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Semi-implicit time discretization

Newton’s method:

>rown Copyright Met Office

T (X(k+1) _ X(k)) — _R(x®)
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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 + 7Atcyg (0*VIT + 6/VIT¥)
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 Universita di Trieste — p.45




Semi-implicit timestepping

» Advective terms costly inside Newton loop, assumed
fixed

» Recomputed in outer loop using latest u estimate

» Inside the Krylov solver the residual R is evaluated as
R = [R}t!, R, Ri]" where:

Rj = 0" 4+ rApu" ! v
R, = p" T+ T ALV, (p" )

>rown Copyright Met Office Universita di Trieste — p.46
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