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Overcoming key sources of model error
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Targeting high resolution modelling: Athena
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They say they want a revolution

Climate scientists call for major new modelling facility.

Olive Heffernan

Climatologists have - - R

called for massive
investment in
computer and
research resources to
help revolutionize
modelling capabilities.
The eventual aim is
to provide
probabilistic climate
predictions that are
as useful, and usable,
as weather forecasts.

State of the art: a model from the UK
National Centre for Atmospheric Science and
the Met Office running on Japan's Earth
Simulator.

P. L. VIDALE, NCAS CLIMATE, WALKER INST.,
UNIV. READING

At the end of a four-

day summit held last

week at the European Centre for Medium-Range Weather Forecasts in
Reading, UK, the scientists made the case for a climate-prediction

Related stories

« Warmer world gets wetter

31 May 2007

« Model approach to climate prediction
09 August 2007

« Greenhouse effect has 'significantly dried'
the western United States
31 January 2008

Naturejobs

Multiple Postdoctoral Fellowships in
Cardiac Signal Processing and
Instrumentation : Boston, MA, United
States

Massachusetts General Hospital

Assistant, Associate or Full Professor
University of Michigan

+ More science jobs

+ Post a job

“*. PDF Format
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Cray XT4 called “Athena”

» National Institute for Computation Studies (NICS)

» =20.000 CPUs

» #30 on Top500 list (Nov 2009)

Key figures

» Dedicated access for 6 months from 10/2009-03/2010

» Technical support from NICS staff

> A total of 72 + 10° CPUh

» Utilization above 95% of full capacity

» A total of =1.2 PB of data (= 1/3 of the entire CMIP5 archive)

PETER BAUER 2019



Blocking Frequency (%)

Targeting high resolution modelling: Athena
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Mean temperature change
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Kinter et al. (2013)
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What is the ultimate target?

) ) IV = velocity
Conservation of momentum, energy, mass and moisture:

T = temperature
= pressure
av r=r

1 ,
O A
dt P q = specific humidity

ar . g = gravity
pcpaz —pcP(Tr" ?)T—?-{kT?T}% ) = rotation of Earth

F, =drag force of Earth
% = _(1}’ V)o—p(V- ﬁ"] R = radiation vector

C = conductive heating
dq — £, = heat capacity, constant
B = (7 V)a+ V- (kva) {5, { ) v pacity P
dt E = evaporation
a

5 = latent heating
Equation of state: S, = phase change source

p =pR,T k = dif fusion coef ficients

R, = dry air gas constant

... from parameterizations for
radiation, cloud, convection,
turbulence, waves...
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What is the ultimate target?

resolved
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They are not the same:

[Courtesy Bjorn Stevens]
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What is the ultimate target?

Current Climate Change Reports (2019) 5:172-184

a) OBS b) ICON-SRM c) ECHAM-TAMIP hitps://doi.org/10.1007/540641-015-00131-0
b CONVECTION AND CLIMATE (C MULLER, SECTION EDITOR} ( ® |
06JUL — ] “( \ o Check for
Global Cloud-Resolving Models | Updates |
‘ ® S
05JUL — — -
- - Masaki Satoh' () - Bjorn Stevens? () - Falko Judt 3 - Marat Khairoutdinov® - Shian-Jiann Lin® « William M. Putman® -
Peter Diiben”
ostt - ] T 4
Published online: 17 May 2019
{© The Author(s) 2019
03JUL - - i )
02JUL — — — g .
* Representation of the global mesoscale
o1JUL — _ _ x * Multi-scale scale interactions of convection
%‘ e Circulation-driven microphysical processes
30JUN | | - | | o * Turbulence and gravity waves
100E 110E 120E 100E 110E 120E 100E 110E 120E

* Synergy with satellite observations
* Downscaling for impact studies
* Etc.

0.5 1 1.5 2 25 3 4 5 6

[Courtesy Bjorn Stevens]
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B

CMIP5 mesh

< ECMWF

What is the ultimate target?

CMIP6 (HiRes) mesh

Frontier mesh

-0.5 0.0 0.5 1.0
log10(m/s)

Displayed on a common 1/4° mesh

EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS

Surface current simulation with FESOM-2
ocean/sea-ice model on adaptive mesh
refining resolution in coastal areas and
towards the poles using the Rossby radius
of deformation

(Courtesy T Jung and S Danilov, AWI)

% Rossby radius of deformation




What is the ultimate target?

Sea-ice simulation with FESOM-2 ocean/sea-ice model (Courtesy T Jung and S Danilov, AWI)

Sea Ice s - : FESOM2

Concentration (Opacity) Pz - > _ : Resolution (1km)
and Thickness (Shadowing) 7 - 3

; G g i A P/ Simulation: Koldunov (AWI)
2001/01/01 ’ e ¥ o i A’ Graphics:  Hutter (AWI)
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1-km as a proxy for qualitatively different models

/ : _
SERVICES | RESULTS | OVERVIEW | STAY TUNED | EVENTS / ANDCLINATE IN EUROPE

You are here: Home » Services » DYAMOND Initiative

SERVICES I'S e " ﬁ
earch Site
m Software Support Finati

The DYAMOND Initiative
) UPCOMING EVENTS

Trainings A 5 ; I cccisscaesssssssasssssnssassnssassnnsssiein

DYAMOND Initiative Container Hackathon for
= Modellers

Dec 03, 2019 05:00 AM
(Europe/Vienna) — Lugano (CH)

HPC user-services

6th HPC workshop

May 25, 2020 (Europe/Vienna)
— Hamburg (DE)

ESIWACE2 Annual meeting
2020
May 27, 2020 (Europe/Vienna)
— Hamburg (DE)

Previous events...

About v Endorsements How to get involved Contact us

Figure: Simulation examples of the DYAMOND initiative, phase 0
Aug 4th 2016). Can you tell which one is observation? By clickin|
you can get a larger version (attention 20 MB)

ExtremeEarth /
W
ExtremeEarth will revelutionize Europe’s capability to predict and / -

monitor environmental extremes and their impacts on society enabled ‘! b !' ||| i
by the imaginative integration of edge and exascale computing and \ i o e I ]
beyond, and the real-time exploitation of pervasive environmental data

Learn More

https://www.extremeearth.eu/



Forecast days per day
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ECMWEF Scalability Programme — Present capability @ 1.45km

B
‘ _} U.S. DEPARTMENT OF ENERGY

LEADERSHIP COMPUTING

Type: New

Title:  “Unprecedented scales with ECMWF's medium-range weather prediction model”
Principal Investigator: Nils Wedi, European Center for Medium-Range Weather
Forecasts

Peter Bauer, European Center for Medium-Range Weather
Forecasts

Co-Investigators:

Scientific Discipline: Earth Science: Climate Research

INCITE Allocation:
Site: Oak Ridge National Laboratory
Machine (Allocation): IBM AC922 (102,000 node-hours)

=== hydrostatic version on PizDaint computer
x ' i 112.15

=== non- hydrostatic version on PizDaint computer

=== hydrostatic version on Summit computer

64.97 = 69.38

31.10

25.72
14.19

960 1440 1920 2400 2880 3360 3840 4320 4800 5280

17.71

Number of computer nodes

-> 0(3-10) too slow (atmosphere only, no 1/0)

Near-global COSMO'* Global IFS®

Value Shortfall Value Shortfall
Horizontal resolution 0.93 km (non- | 0.81x 1.25 km 1.56x

uniform)
Vertical resolution 60 levels (sur- | 3x 62 levels (sur- 3x

face to 25 km) face to 40 km)
Time resolution 6 s (split-ex- - 120 s (semi-im- | 4x

plicit with sub- plicit)

stepping)*
Coupled No 1.2x No 1.2x
Atmosphere Non-hydrostatic | - Non-hydrostatic | -
Precision Single - Single -
Compute rate 0.043 SYPD 23x 0.088 SYPD 11x
Other (e.g. physics, ...) | microphysics 1 Full physics -
Total shortfall 101x < | 247x E

- 0(100-250) too slow (still no 1/0)

[Schulthess et al. 2019, Computing in Science & Engineering]



Present capability @ 1km: NEMO (ocean)

10000 - - - - -
il BENCH eORCA1
Scalability BENCH eORCA025 —#—
ideal —e—
BENCH eORCA12 —+—
Light-GYRE eORCAkm
1000 | Scalable NEMO eORCAkm (projection)
E 100 |
>
1]
o
o
o, 10 |
93]
?
> i
1l | operations
0.1 . . . _ |
10 100 1000 10000 100000 1x10®  1x10”  1x10°
Resources (cores)
Météo-France Bullx Intel Broadwell processors
esiwace .
CENTRE OF EXCELLENCE IN SIMULATION OF WEATHER EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS [courtesy CERFACS; IPSLI Bsc @ESIWACE]

AND CLIMATE IN EUROPE



But we don’t have to move to 1km to be worried

Computing:
https://www.ecmwf.int/sites/default/files/ECMWEF_Strategy 2016-2025.pdf: “[...] An

‘I. ECMWF ambitious target that depends on scientific, computing and scalability advances is for
this ensemble to have a horizontal resolution of about 5 km by 2025. [...]”

STRATEGY 2016-2025

Cost (50 members, 5 km, 200 levels)

HPC cost growth = =0(100
& Cost (50 members, 18 km, 137 levels) ( )
THE STRENGTH OF A COMMON GOAL (more if we count significant ocean model upgrades and atmospheric composition)
Data: 1000 - Ensemble Predicted:
Public access per year: 029 TiB
* 40 billions fields g %071 Output:
e 20 PB retrieved S
e 25,000 users £ 700
v 00
Total activity (Member States and commercial customers) per day: T E 500
* 450 TBytes retrieved 5 400 - Predicted:
. c 287 TiB
* 200 TBytes archived 2 300 |
. o
* 1.5 million requests > 200 { —Today:
8 oo | TLTTIB
Total volume in MARS: 220 PiB - |
18km (2017) 9km (2020)  Skm (2025)

—w ECMWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS [Courtesy T QUintinO]



ECMWEF Scalability Programme — Holistic approach

Schematic for Global
Atmospheric Model

:WI‘G'WLMMGLWW) |

Vertical Grid (Hexght or Pressure) F

Siiaas

Data acquisition

Data assimilation Forecast Pmdu?t
generation
Lean workflow in critical path * |IFS-ST & IFS-FVM on same grid and
Object based data store with same physics
Load balancing obs-mod * Coupling
Quality control and bias
correction with ML
* OOPS control layer
* Algorithms: 4DV, En4DV, 4DEnVar * Lean workflow in critical path
« Models: IFS, NEMO, QG * Object based data store

* Use deep memory hierarchy
* Broker-worker separation
* Integration in Cloud (EWC)

l e
=90 ECMWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS

Dissemination

Web services

Archive

RMDCN

Internet

Internet

Data Handling
System
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ECMWEF Scalability Programme — Ultimately, touch everything

Mathematics&algorithms

Neural networks o8 =1 (o) = f Veove==Y vl
- A Q A - Rossby-Haurwitz test case after 7 days
Md{im faers 8 Y ﬁ . Path-based Control-volume-based
— Q dwarf-D-advection-Semilagrangian s m, dwarf-D-advection-MPDATA
N a Mathematical Algorithm | \
XS 74 outout layer =g description development Y
al 7 = — = = . x il DN H>.< =2 9_0—%
input layer ::”o "‘ g 45.'// » 3 \ !
ISAKT O
7 P4 Q N 'y LA Y L |
//!4‘1\}_ " on_edges( sum_reduction, v(), 10 ) 7/ A(Q) v y - - -
i i i XP(t) —— " Xieake* (b— X" (tis1)
%\J Domain specific language (GridTools) I T T ot v S M it
T — — on Xy
- i b (] * > Xnenkr (t) XN (b 1)
> ) 2 OpenACC o
.TL‘E:L g ; : _Ope'm ' M(X?u(tk)) 4DVar —— X, ()
Na] g-l . . gl o
.l£ b wi & — |
o B [ i cee ‘thba = Xipngr® + (1 — @) Xspye,” |
e memo ayout, -
§ 2 paraugisgﬁ;'n Programming Hardware specific
& data structures models & libraries instructions
T T — P
Back-end: GridTools rocessors
Data structures: Atlas Intel CPU MultiCore GPU ASSP
Grid Mesh (distributed) y : taiite st B
=)
\ TI DSP ManyCore FPGA ASIC
Field (distributed)
interpreted by
% l/\ FunctionSpace Kokkos
e =y vk <Flexlblllty, Programming Abstracti
FunctionSpace E U F RE CA
rmance, Area and Power Eﬂlclency>




Neural networks

Mathematics&algorithms
et i mg

<L Generic data structure library Atlas e

—— o
L =mmam E -
Backend: GridTools

Data structures: Atlas

Coe i, |MMEER.

J
v s

N -
(a') Octahedral Mesh /-> FunctionSpace (b)
Gaussian grid -
(016) - f % . \\ “ %
\ N3 ——d \ Hi-Y
k ; i
Spectral ) o
Transforms H
E/‘/' _;_.hd—!
Discontinuous
Finite Element Spectral Element
<
PE‘]‘I t.lthl]b. Field Compurer Physics Commmunications 220 [(2017) IBR-204
with halo’s
e Y _;-; Cantents lists available at ScienceDirect
By * o
b -"r‘fj' Computer Physics Communications

pournal homapage: waw elsadar.comiocalscps

Atlas: A library for numerical weather prediction and climate @wm_,*
modelling

P~ i

£ ECMWF [Courtesy W Deconinck]

Willem Deconinck *, Peter Bauer, Michail Diamantakis, Mats Hamrud,

Christian Kithnlein, Pedro Maciel, Gianmarco Mengaldo, Tiago Quintino,
Baudouin Raoult, Piotr K. Smolarkiewicz, Nils P, Wedi

Furepean Cenrre for Mas¥um-Range Westher Foreoacls | ECMWE), Stenfedd Pork, Reading R SAX, Dnied Aisgaam



Mathematics&algorithms

New IFS-FVM dynamical core

Neural networks <|: ST

vl W e f'.n Moist baroclinic instability using IFS-FVM and IFS5-ST with parametrization for large-scale
®° 03’:. = TR & condensation and diagnostic precipitation following Reed and Jablonowski 2011:

Precipitation (mm/day) at day 10

0160,/TCol59, Ay == 62 km 0640/TCo639, Ap == 18 km
. E o Surface pressure O640,/TCo639, Ap == 18 km, day 15
] ‘;:.I;]If’ ﬁF‘Lﬂl’ ] y I;IF._-_:‘ ﬁ I T S N T [N T Y [N N T I T S S T T Y T I |
7 ’ 1 1 . 14
finite-volume discretisation operating on R L L L P e e

a compact stencil

deep-atmosphere non-hydrostatic fully ar N, : ST ™ P
. . . o i LR H 1 soF 4
compressible equations in generalised e u w{ ST T
. . . 1 % 1 o 45 e 135 1800 x5 I 315
height-based vertical coordinate P N —
r 4 w 1= LA Frlg o7 ny [ 4 s " sty 1 s n hat o
fully conservative and monotone
advective transport Precipitation (mm/day) at day 15
flexible horizontal and vertical meshes 0160/TCo150, A, 75 62 km 0640/TCo630, Ap =~ 18 km
i b ]
robustness wrt steep slopes of orography «- » B oy T 3
] £ T :,; o L/
Atlas built in " . ? _
La T T T T 1T T r T 771 T T 1 T T 117 ¢ Lg LJNLIN LN R SN R N R NN R I NN R LN R NN
(1 a7 L 15 = ns nr ny [ 2 - Lo s wr ny o n&-
] o ] o Finite-volume solutions can achieve accuracy of
“ 3 :E ST ] 5 established spectral-transform IFS for moist flows
s w ol ™ : ¥ EV LT ,1'!
R P e w o e mr mr me [Kiihnlein et al. 2019,

L . ope
s ECMWF [Courtesy C Kiihnlein, P Smolarkiewicz, N Wedi] Geoscientific Model Development]



BO°N

60°N

40°N

20°N

0°N

semi-Lagrangian on coarse grid (048)

B0°E 120°E 150°E 180°E 150°W

B0°E 120°E 150°é 180°E 150°W

120°W

* Native winds on fine grid (~125km)
* Parallel remapping with Atlas
* Tracer advection on coarse grid 048 (~200 km)

BO°N

60°N

40°N

20°N

0°N

IFS-ST vs IFS-FVM advection using Atlas

flux-form Eulerian on coarse grid (048)

B0°E 120°E 150°E 1B0°E 150"W

B
if;a—k T _L,—f—

&f«s

B0°E 120°E 150“é 1B0°E 150°W

[Courtesy C Kiihnlein, P Smolarkiewicz, N Wedi]

120°W S0"W
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IFS-ST vs IFS-FVM advection using Atlas

Dry baroclinic instability at 10 km and 137 Strong scaling of dynamical core at 13 km resolution

levels on 350 Cray XC40 nodes 105

12 7 1.00 -
E 10 ] S 0.95 -
o _ c
B 1 o
T 8 £ 0.90 A
E 7] il
g g
5 7 =
8 6- T 0.85 -
5 7 L
£ 1 o
£ ] S 0.80 -
o 4 N A
£ -
= i

5 0.75
] —— IFS-ST
i 0.70 1 — IFS-FVM
0 ] | I 1 |
FV ST 0 5000 10000 15000 20000 25000
(nonhydrostatic) (hydrostatic) Number of XC30 cores

[Courtesy C Kiihnlein, N Wedi]



ECMWEF Scalability Programme — Do less and do it cheaper

Day-10 forecast difference
SP vs DP (T in K at 850 hPa)

Single precision (Vana et al. 2017, MWR; Dueben et al. 2018, MWR):

* running IFS with single precision arithmetics saves 40% of runtime, IFS-ST
offers options like precision by wavenumber;

* storing ensemble model output at even more reduced precision can save
67% of data volume;

- to be implemented in operations asap (capability + capacity)

Concurrency:

* allocating threads/task (/across tasks) to model
components like radiation or waves can save 20%
(gain increases with resolution);

- to be implemented in operations asap (capatr™
capacity)

radiation

g
&
&l
S

OMP_NUM_THREADS=18

Overlapping communication & com,. /«o”r/{: o
* through programming models (Fortfan co-array vs GPI2
vs MPI), gave substantial gains on Titan w/Gemini,
e on XC-30/40 w/ Aries there is no overall
performance benefit over default MPI
implementation;
— to be explored further

Forecast Days / Day
8 g g g

g

o

0 20000 40000 60000 80000 100000 120000

Number of Cores

—a—TITAN RAPS13 CRESTA
—+—HECToR RAPS12 CRESTA

—e—HECToR RAPS12 Original

Day-10 ensemble spread
all DP (T in K at 850 hPa)

800

789
743
696
700
603
600
525
498
500
400
303 309
300
200
100
0
256 512

1024 2048

Forecast Days per Day

=]

[=]

# CRAY XC-40 NODES

Tasks x threads mm Forecast days/day

2160Tx12t 360 control 1104.9
2160Tx12t 360 control 1116.1
2160Tx12t 360 coarray2 815.6
2160Tx12t 360 coarray2 846.0
2160Tx12t 360 gpi2 788.9



Neural networks

Spectral transforms on GPU - single core

10000
1000 ——Roofline
= *
o 0.0171s (23x) 4 TL159 Before
= Optimization
g 100 rn -
= ® TL159 Optimized
=
£ o TL159 Optimized
A 10 A (Kernels Only)
o 0.380s (1x) ~ TL159 Optimized
P (Matmult Only)

1

0.1 1 10

Operational Intensity (Flops/Byte)

TutILtnnIG |JUI L IUOLU'J 1 oOTuwuUI IuO

ESCAPE dwarfs on GPU

10

—

0.1

[Miiller et al. 2019, Geoscientific Model Development] Forecasts

Funded by the

Spectral transform dwarf @ 2.5 km,
240 fields on Summit GPU (2 CPU vs 6 GPU):

O NVIDIA V100 GPUs
IBM Power9 CPUs
- = perfect scaling

1440 2880 5760 11520
number of MPI tasks (= number of GPUs)

[Courtesy A Miiller]



ESCAPE dwarfs on FPGA N -

* On-board memory bandwidth limit (no PCle): 1.13
million columns/s
» Dataflow kernel compiled at 156MHz

* Converted complex Fortran code and data structures to C * 156 million cells/s, equivalent to 1.07 million columns/s
via source-to-source translation * Average flops / column estimated on CPU; Extrapolated
 Hand-ported to MaxJ via Maxeler IDE and emulator equivalent FPGA performance of 133.6 Gflops/s
e Reference run on 12-core 2.6 GHz Intel Haswell, single
CPU (Von Neumann) FPGA (dataflow) socket CPU is about 21 Gflops/s, but with double

precision!
* Dynamic power usage is < 30W compared to 95W
single socket CPU (Haswell)

- x3 time to solution times x3 energy to solution

-

EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS [Courtesy M Lange, O Marsden, J Taggert]
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Separation of Concerns with IFS (in stages)

Control layer:

7 3d (Fortran, C, C++, OpenMEP, Python) N 1d (Fortran)

Model:

~

Atlas (C++, Fortran) - fields

grids, meshes; field data; function space; interpolation, halo exchange

1k

4 D ( Loki (Python)
DSL toolchain: GTClang (C++)’ . single-column auto-extraction
- front-end GT4Py (Python) ‘
auto code- e
conversion CLAW (Fortran}
J\ auto code-conversion

—

-

) 2 . 4
GridTools, HIR

_ back-end generic representation of kernel code; algebraic stencil expressions and
._iteration spaces; architecture specific optimisations

Atlas (C++) - data

Standards: [ Fortran, C, C++, OpenMP-5, OpenCL, MaxJ, Python

L distributed parallelism; memory layout; communication

Hardware: [ CPU, GPU, FPGA, ASIC




Daily data access at ECMWF

40 billion fields

c3s

cams-gfas
cams-near-realtime
cams-reanalysis

cera-sal

30,000.000,000

i
erals

20,000.000.000

10,000.000,000

Total Retrieved volume (PB), per year

0

20 PB data retrieved

rrrrr

Nr of all (distinct) users per year

25 thousand users

20000
15000
: 10000
5000
- SEWEATHER FORECASTS

2014 2015 2016 2017 2018

T
t
cera20c
cera20c-observations o
== <= Public
e-suite
1 ——————————

Total activity (Member States and
commercial customers) per day:

e 450 TBytes retrieved
e 200 TBytes archived

1.5 million requests

Total volume in MARS: 220 PiB

[Courtesy M Manoussakis]



Numerical Weather Prediction Data Flow

Today’s workflow:

N

@,
A 0b
Observations ~(—{  SAPP | —f SOPE —pf s |—f &0 FDB PGEN || ECPDS
Tomorrow’s workflow front-end:
Current operational data pipeline
—Q —
Conventional
Observations | »|  SAPP FDB PGEN [—P{ ECPDS
ODB Store — Multio
] B P Sner [
. loT
loT Observations L »| Prepmcessing @
> Alternative data pipelines
o o
Tomorrow’s workflow back-end: . XaaS | Rﬂ

DaaS 4P PaaS 4> laa$

-C ECMWF [Courtesy J Hawkes, T Quintino] s




ECMWEF Scalability Programme — Use new memory technology

Memory & Storage Latency Gaps

"

)

1
1 1
1 1
' 1
' 1
' 1
' 1
1 ]
1 |
socket : : socket
[ Register J £ [ Register
Lo
10x T 10x @
1
socket i . socket
( Cache J i 4 [ Cache
1
' '
1
10x P 10x @
DIMM 1 : DIMM
DRAM : ! DRAM
L
? . 10x @
1
b DivM
! ! Memory NVRAM
|
» 100x
100,000x T B
i ! [ Storage SSD
T
{ P 100x @
10 Lo 10
Spinning storage disk ! { Spinning storage disk
1 1
| 1
P 1,000x
1 1
1 backup
10:000x P Storage disk - MAID
1 1
T
‘} ! : 10x
backup : . backup
Storage tape ! J Storage tape
' 1
n
1
1
HPC systems today i ' HPC systems of the future

[Courtesy S Smart, T Quintino]

Data write rate (GiB / s)

50 -

B
o
1

W
o
1

M
o
1

10 -

Running ensembles and reading/writing to NVRAM
produces no bottlenecks and scales well!

Number of servers
—— 8
—a— 106

—— 32

* Lustre 2.5, 12 OST

128 256

Number of writer processes

816 32 64

used in operations

\NGE WEATHER FOREC

Funded by the
Eurcpean Union

[Courtesy O Iffrig, T Quintino, S Smart]
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Machine learning application areas in workflow

Observational data processing (edge & cloud &HPC):
e Quality control and bias correction
e Data selection

* Inversion (=retrieval)
* Data fusion (combining observations)

Prediction models (cloud & HPC): . ‘ |
* Data assimilation (combining models w/ observa 'orJﬁ)j

RMDCN

Dissemination

Internet

e Surrogate model components —

Data assimilation

Product
generation

Forecast eb services Internet

* Prediction itself
* Model error statistics

Service output data processing (cloud &HPC):
* Product generation and dissemination

* Product feature extraction (data mining)

* Product error statistics

* Interactive visualisation and selection

* Data handling (access prediction)
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Existing projects (Peter Dueben):

Radiation code emulation (NVIDIA)

Predicting uncertainty from poor ensembles (U Oxford)
Refining variational bias correction in data assimilation
Refining uncertain parameter settings

and more



So, where are we with all this?

New HPC:
New HPC: CPU + GPU-type New HPC:
CPU accelerators fully heterogeneous
Implement x2
. IFS-ST & DA NEMOVAR IFS-ST/FVM & DA

performance gain GPU (x5+ GPU (x?) cull ,
with existing code (x5+) ’ ully open (x?)

2020 2022 H H 2024 2026 H 2028

| | | |

Product generation HPC & the Cloud 1/0 and post-processing
NVMe on the fly

Open questions:
* What about code that is not in our control, e.g. NEMO?
* Do we have sufficient expertise — collaboration?
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Do we have sufficient funding?
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