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Further reading: 

G. Mengaldo, A. Mueller, 

ESCAPE partners, … 

P. Smolarkiewicz

PantaRhei

ESCAPE

P. Dueben

ESiWACE https://www.esiwace.eu/

http://www.hpc-escape.eu/

http://www.ecmwf.int/
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Outline

• ECMWF’s integrated forecasting system (IFS)

– Global spectral transforms and a new grid

– Communication cost

• A flexible, scalable and sustainable model infrastructure

– Algorithmic flexibility

• A new 256 Megapixel digital (Earth) camera called IFS … 
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Grid-point space

-semi-Lagrangian advection

-physical parametrizations

-products of terms

Fourier space

Spectral space

-horizontal gradients

-semi-implicit calculations 

-horizontal diffusion

FFT

LT

Inverse FFT

Inverse LT

Fourier space

FFT: Fast Fourier Transform,  LT: Legendre Transform

No grid-staggering of 

prognostic variables

Schematic description of the spectral transform method 
in the ECMWF IFS model
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A new grid for ECMWF
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N24 reduced Gaussian grid N24 octahedral Gaussian grid

A further ~20% reduction in gridpoints

=> ~50% less points compared to full grid

(Wedi et al, 2015)
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RAPS14 performance

6

6835
8729

4433

1539

564
490

328

661

190

4

8

16

64 64

128 128 128

256

1

2

4

8

16

32

64

128

256

1

2

4

8

16

32

64

128

256

512

1024

2048

4096

8192

16384

TL95 TL159 TL255 TL511 TL799 TL1023 TL1279 TCo639 TCo1279

IFS model performance on CRAY XC-30

Forecast Days per Day CRAY XC-30 Nodes



EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS October 29, 2014

MPI communication cost at large core counts …  

230K cores
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Application performance XC30
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SEMI-LAGRANGIAN FFT (G2L, L2G) LEGENDRE (L2M, M2L) INSIDE SPECTRAL 
(S2M,M2S)

IFS data communication rates

rate 1279 (Tb/s) rate 1999 (Tb/s)

TCo1279 on 360 nodes; TCo1999 on 720 nodes ; dt=450s; 48h forecast

Alltoallv

Alltoallv

MPI_send/recv

MPI_send/recv
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Aries network sketch (at ECMWF)

• On-node == 2 x 12 (now 18) cores

– “Speed of light”

• On-blade == 4 nodes + switch router 

with 48 ports using PCIe-3 network cards

– 15 Gbyte/s

• On-chassis (rank-1) == 16 x blades == 

using the 48 ports of the router

– 15 Gbyte/s

• Electrical group (rank-2) == 6 x chassis 

== 384 nodes

– 15 Gbyte/s

• Global group (rank-3) == fibre-optical 

connections ~3500 nodes
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from Brian Austin

NERSC Advanced Technology Group

NUG 2014, February 6, 2014
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Comparison to alternative methods
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(adapted from Michalakes et al, NGGPS report, 2015)

Operational need!

Global 

spectral-transform - IFS

Finite – volume 

Spectral - element

Time-to-solution as a function of CPU cores at ~ 3km
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Projected communication volumes at ~5km resolution
at comparable time-to-solution

11

34

427

689

COMMUNICATION VOLUME (TB)

Data communication volumes

SEM (2880 MPI) IFS (2880 MPI) SEM (57600 MPI)

Assumptions: SEM Δt=4s; IFS Δt=240s; Communication volume calculated for a 48 hour forecast

SEM 290.4KB per MPI task and Δt; IFS 216MB per MPI task and Δt; IFS time-to-solution = 20 x SEM (Michalakes et al 2015) 

10 prognostic variables

137 levels

IFS

SEM
Energy efficiency ?

SEM

Emerging HPC 

architectures may 

change the game ?

>> see A. Mueller talk

same time to solution
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Algorithmic flexibility
• Global (pseudo-)spectral transform

• Local low-order (<=2) methods (Finite-volume)

• Local higher-order (>2) methods (spectral element, DG, flux reconstruction)

– Can these be efficiently maintained in the same numerical modelling framework ?

– A grid-choice that facilitates hybrid use of several of above simultaneously ?

– Storage layer abstraction for emerging HPC architectures ?
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 Atlas framework
(Deconinck et al, 2016)
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ESCAPE
Energy efficient SCalable Algorithms for weather Prediction at Exascale

Disassemble global … Extract, redesign…    Optimize for energy…        … Reassemble global
NWP model key components        efficiency on new hardware NWP model

Advection scheme

Solvers

Physics schemes

Spectral transforms

etc.

(memory, 
communication, 
compute intensity)
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Exploring different schemes

dwarf-D-advection-SemiLagrangian dwarf-D-advection-MPDATA

Rossby-Haurwitz test case after 7 days

Path-based Control-volume-based

Atlas library support for both prototype implementations



EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS October 29, 2014

Discretization and solvers: 

Spectral transform IFS 
compared to finite-volume 
FVM

15
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NWP & Climate Dwarfs in ESCAPE

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 671627

HPC accelerators challenge the respective roles of targeted “low-level” optimization versus 
“high-level” algorithmic and code design changes
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Atmospheric composition: high resolution CO2 forecast

Total column average atmospheric CO2:   September 2013

A. Agusti-Panareda and S. Massart

Interacting global 

atmosphere, land-surface, 

radiation, ocean, wave, and 

chemical processes
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TCo1279 L137 (~9km) 

coupled to WAM
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TCo1279 L137 (~9km) 

coupled to ORCA025_Z75, WAM + LIM2 sea-ice

Cost distribution with increased complexity
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22%55%
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GP_DYNAMICS SI_SOLVER

SP_TRANSFORMS PHYSICS+RAD+CHEM

WAVEMODEL

TCo639 L91 (~18km) 

coupled to WAM + Chemistry
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GP_DYNAMICS SI_SOLVER SP_TRANSFORMS

PHYSICS+RAD WAVEMODEL

TCo639 L91 (~18km) 

coupled to WAM
Thanks to J. Flemming



18%

45%

34%

GP_DYNAMICS

SI_SOLVER

SP_TRANSFORMS

PHYSICS+RAD

~ Memory 3.5Gb / node 

10 Billion DOF 
TCo1999 L62 (~5km)

Cost distribution future atmosphere only

22%

44%

32%

GP_DYNAMICS

SI_SOLVER

SP_TRANSFORMS

PHYSICS+RAD

TCo7999 L62 (~1.3km)

Both runs on 960 nodes XC40 with

1920 MPI tasks x 18 threads 

~ Memory 35Gb / node 
160 Billion DOF 
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TCo1279 (~9km) World’s highest resolution global NWP today
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(12h forecast, hydrostatic, with deep convection parametrization, 450s time-step, 240 Broadwell nodes, ~0.75s per timestep)

TCo1279 orography

TCo1279 (~9km) a 6.6 Megapixel camera with predictive skill!
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TCo7999 (~1.3km) 256 Megapixel camera with predictive skill! 

21EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS

(12 h forecast, hydrostatic, no deep convection parametrization, 120s time-step, 960 Broadwell nodes, ~10s per timestep)

TCo7999 orography
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Needs zooming …. Windstorm Katie in March 2016 TCo7999 (~1.3km) 03UTC

22
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Needs zooming …. Windstorm Katie in March 2016 TCo7999 (~1.3km) 06UTC

23
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Needs zooming …. Windstorm Katie in March 2016 TCo7999 (~1.3km) 09UTC

24
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Needs zooming …. Windstorm Katie in March 2016 TCo7999 (~1.3km) 12UTC

25
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Conclusions

• High level of optimization in ECMWF’s IFS spectral transforms 

– 256 Megapixel camera with predictive skill!

... the global spectral transform method is not dead, but need to prepare to

• Increase the flexibility

– discretization choices (and/or hybrid solution procedures)

• Develop alternative algorithms and methods 

– reduce data movement, communication and synchronization

• Add numerical and structural (code) flexibility 

– in the effort towards full Earth-System complexity

26
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Additional slides
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Local communication …



Day 15
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Application performance XC30
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IFS data communication volumes
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TCo1279 on 360 nodes; TCo1999 on 720 nodes ; dt=450s; 48h forecast
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TCo7999 (~1.3km) total column liquid water (after 12h of simulation)
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(12 h forecast, non-hydrostatic, no deep convection parametrization, 120s time-step, 960 Broadwell nodes, ~30s per timestep)

TCo1279 orography


