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From Pascaline to “Piz Daint” in the Alps infrastructure: 
A Modern-Day View of Computing in Science
Thomas C. Schulthess



“Piz Daint,” CSCS’ current flagship supercomputer
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Introduced in 2013 and since 2017 features 5,704 NVIDIA P100 GPU accelerators, dubbed “Pascal”
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World’s Most Powerful AI-Capable Supercomputer?



“Piz Daint” in the “Alps” Infrastructure
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vClusters

Slingshot network 
Cray System Management software (µ-service arch.)

To a particular community, a platform will look like a dedicated supercomputer

Alps Infrastructure
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–Dongarra et al. in “Numerical Linear Algebra for High-Performance Computers,” 
SIAM 1998.

“Supercomputers are by definition the fastest and most powerful general-
purpose scientific computing systems available at any given time.” 
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Frist 2 x CO2 general circulation model experiment
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Nobel Prize 2021 
Hasselmann, Manabe & Parisi

Manabe and Wetherald (1975): The Effects of Doubling the CO2 Concentration 
on the Climate of a General Circulation Model. J. Atmos. Sci., Vol. 32(1), 3-15 

Main simplications: 
‣ Atmosphere only 
‣ Idealised distribution  of land and sea, not global (only 120° longitude & periodic) 
‣ Lateral resolution about 450 km with 9 layers (about 20 x 34 x 9 = 5220 grid points) 
‣No seasonal cycle, no diurnal cycle 
‣ Prognostic water vapour and snow, bucket model over land, specified clouds 
‣ Integrated for only a few 100 days

Summary: C. Schär, ETH Zürich

Notable results: 
‣ Equilibrium climate sensitivity of 2.9°C 

‣ Polar amplification 
‣ Intensification of hydrological cycle 
‣Weakening of extratropical storm tracks

1D radiative-convective 
equilibrium  models

General  
circulation  

model



Scaling of computing and model performance 
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IBM Stretch 7030 (1961-1982) 

About 1 MFLOPs = 106 ops / s

Piz Daint (CSCS, Lugano, 2013-2024) 

20 PFLOPs = 20x1015 ops / s (2017-2024)

Summary: C. Schär, ETH Zürich

Manabe & Weatherald GCM 
Δx = 450 km 

9 layers

Today’s runs?
Δx = 500 m 
150 layersScale to today’s computers 

assuming optimal use of hardware



Evolution of computing systems and model 
capability at ECMWF
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A Bifurcation in Moore’s Law?
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Nick Trefethen, SIAM News, September 01, 2023
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“The impact of Jim Gray’s thinking is continuing to get people to think in a new 
way about how data and software are redefining what it means to do science.”

—BILL GATES

“I often tell people working in eScience that they aren’t in this field because  
they are visionaries or super-intelligent—it’s because they care about science  

and they are alive now. It is about technology changing the world, and science 
taking advantage of it, to do more and do better.”

—RHYS FRANCIS, AUSTRALIAN eRESEARCH INFRASTRUCTURE COUNCIL

“One of the greatest challenges for 21st-century science is how we respond to this 
new era of data-intensive science. This is recognized as a new paradigm beyond 

experimental and theoretical research and computer simulations of natural 
phenomena—one that requires new tools, techniques, and ways of working.”

—DOUGLAS KELL, UNIVERSITY OF MANCHESTER

“The contributing authors in this volume have done an extraordinary job of  
helping to refine an understanding of this new paradigm from a variety of  

disciplinary perspectives.”
—GORDON BELL, MICROSOFT RESEARCH

ABOUT THE FOURTH PARADIGM 
This book presents the first broad look at the rapidly emerging field of data- 
intensive science, with the goal of influencing the worldwide scientific and com-
puting research communities and inspiring the next generation of scientists. 
Increasingly, scientific breakthroughs will be powered by advanced computing 
capabilities that help researchers manipulate and explore massive datasets. The 
speed at which any given scientific discipline advances will depend on how well 
its researchers collaborate with one another, and with technologists, in areas of 
eScience such as databases, workflow management, visualization, and cloud- 
computing technologies. This collection of essays expands on the vision of pio-
neering computer scientist Jim Gray for a new, fourth paradigm of discovery based 
on data-intensive science and o!ers insights into how it can be fully realized. 
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National Research Council’s Computer Science and 
Telecommunications Board, Jan. 11, 2007

Jim Gray on eScience:  
A Transformed Scientific Method



12

EDITED BY TONY HEY, STEWART TANSLEY, AND KRISTIN TOLLE 

T
H

E
 F

O
U

R
T

H
 P

A
R

A
D

IG
M

    

HEY 
TANSLEY   

TOLLE

“The impact of Jim Gray’s thinking is continuing to get people to think in a new 
way about how data and software are redefining what it means to do science.”

—BILL GATES

“I often tell people working in eScience that they aren’t in this field because  
they are visionaries or super-intelligent—it’s because they care about science  

and they are alive now. It is about technology changing the world, and science 
taking advantage of it, to do more and do better.”

—RHYS FRANCIS, AUSTRALIAN eRESEARCH INFRASTRUCTURE COUNCIL

“One of the greatest challenges for 21st-century science is how we respond to this 
new era of data-intensive science. This is recognized as a new paradigm beyond 

experimental and theoretical research and computer simulations of natural 
phenomena—one that requires new tools, techniques, and ways of working.”

—DOUGLAS KELL, UNIVERSITY OF MANCHESTER

“The contributing authors in this volume have done an extraordinary job of  
helping to refine an understanding of this new paradigm from a variety of  

disciplinary perspectives.”
—GORDON BELL, MICROSOFT RESEARCH

ABOUT THE FOURTH PARADIGM 
This book presents the first broad look at the rapidly emerging field of data- 
intensive science, with the goal of influencing the worldwide scientific and com-
puting research communities and inspiring the next generation of scientists. 
Increasingly, scientific breakthroughs will be powered by advanced computing 
capabilities that help researchers manipulate and explore massive datasets. The 
speed at which any given scientific discipline advances will depend on how well 
its researchers collaborate with one another, and with technologists, in areas of 
eScience such as databases, workflow management, visualization, and cloud- 
computing technologies. This collection of essays expands on the vision of pio-
neering computer scientist Jim Gray for a new, fourth paradigm of discovery based 
on data-intensive science and o!ers insights into how it can be fully realized. 

PA
RT

 N
O

. 0
98

-11
56

30

The

F O U R T H  
P A R A D I G M
DA T A-IN T E N S I VE SC I E N T I F I C DI S C O VE R Y



Characteristics of BigData Analytics
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Experiment
Theory

Simulation
BigData Analytics

1. Velocity 
2. Volume 
3. Variety 
4. Veracity 
5. Value

Important considerations when dealing with digital data:{
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–Tycho Brahe, 1563

“I’ve studies all available charts of the planets and stars and none of them 
match the others. There are just as many measurements and methods as 
there are astronomers and all of them disagree. What’s needed is a long 

term project with the aim of mapping the heavens conducted from a single 
location over a period of several years.” 
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Experiment (observation),Veracity and Variety
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source: www.pafko.com/tycho/ 

http://www.pafko.com/tycho/
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source: www.pafko.com/tycho/ 

http://www.pafko.com/tycho/
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M = E - ε sin E

1. Solve  E(M) (Numerics)

2. Solve   φ(E) (Geometry)

r

a
E

e=ℇa

φM
b

source: www.pafko.com/tycho/ 

http://www.pafko.com/tycho/
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Data Analytics
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source: www.pafko.com/tycho/ 

http://www.pafko.com/tycho/
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Theory
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Jean Joseph Le Verrier predicts existence and 
position of Neptune to within 1º, confirmed by 

Johann Galle on 09/23/1846

Similar predictions around the same 
time by John Couch Adams
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Simulation?



Richardson’s forecast factory (1922) 
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Lewis Fry Richardson:  
Weather Prediction by Numerical Process
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Bulk synchronous parallel (BSP) 

computing model
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John von Neumann with first “electronic computing instrument” that was built at Princeton’s IAS  between 1946 and 1952
Source: https://conifer.rhizome.org/mudd/turing/20180328150956/https://www.princeton.edu/turing//alan/history-of-computing-at-p/
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European Center for Medium-Range Weather Forecasts

adapted from Schär, ETH Zürich

ECMWF 
An independent intergovernmental 
organization established in 1975 

Switzerland was founding member of ECMWF 
among 18 countries 

Today the worldwide leading numerical 
weather prediction center 

Provides input data for the weather predictions 
of MeteoSwiss
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All of the above +Velocity, Volume and Value
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MeteoSwiss’ Performance Ambitions in 2013
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1

5

10

15

20

25

30

35

40

Constant budget for investments and operations

24
x

Ensemble with multiple forecasts

Grid 2.2 km  1.1 km

10
x

Requirements from MeteoSwiss
Data assimilation6x

We need a 40x improvement between 2012 and 2015 at constant cost

?



Porting codes to GPUs, Xeon, ARM, etc.
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CUDA (C / C++ / Fortran) OpenCL

OpenACC OpenMP 4.x



COSMO: old and new (refactored) implementation
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main (current / Fortran)

physics 
(Fortran)

dynamics (Fortran)

MPI

system

main (new / Fortran)

physics 
(Fortran) 

with OpenMP / 
OpenACC

dynamics (C++)

MPI or whatever

system

Generic Comm. 
Library

boundary 
conditions & halo 

exchg.

stencil library

X86* CUDA

Shared Infrastructure

ROCmPhi*

* two different OpenMP backends



Where the factor 40 improvement came from
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1

5

10

15

20

25

30

35

40

Constant budget for investments and operations

Grid 2.2 km  1.1 km

24
x

Ensemble with multiple forecasts

Data assimilation
10

x
1.7x from software refactoring (old vs. new implementation on x86)

2.8x algorithmic improvements (resource utilisation, mixed arithmetic precision)

2.8x Moore’s Law & arch. improvements on x86

2.3x change in architecture (CPU  GPU)

1.3x additional processors

Requirements from MeteoSwiss

6x

Investment in software allowed mathematical improvements and change in architecture 

There is no silver bullet!

Bonus: reduction in power!



Setting a new baseline for atmospheric simulations
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The state-of the art implementation of COSMO running at 
most weather services on multi-core hardware.

The refactored version of COSMO running at MeteoSwiss 
on multi-core or GPU accelerated hardware.

~10x
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Christoph Heim, ETH Zürich

COSMO at ∆x = 50 km 
189 x 142 x 60  = 1.6 x 106 grid points

COSMO at ∆x = 3 km 
2750 x 2065 x 60  = 340 x 106 grid points



“Exascale:” our goal for 2024-2026 climate 
applications runs
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Horizontal resolution 1 km (globally quasi-uniform)

Vertical resolution 180 levels (surface to ~100 km)

Time resolution Less than 1 minute

Coupled Land-surface/ocean/ocean-waves/sea-ice

Atmosphere Non-hydrostatic

Precision Single (32bit) or mixed precision

Compute rate 1 SYPD (simulated year wall-clock day)

Schulthess, P. Bauer, N. Wedi, O. Fuhrer, Th. Hoefler, Ch. Schär, Comp. Sci. Eng. 21 (1), 31-40 (2018)



Baseline in 2018: Running COSMO & IFS (“the 
European Model”) at global scale on “Piz Daint”
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Scaling to full system size: ~5300 GPU accelerate nodes available

Running a near-global (±80º covering 97% of Earths surface) COSMO 5.0 simulation & IFS 
            > Either on the hosts processors: Intel Xeon E5 2690v3 (Haswell 12c). 
            > Or on the GPU accelerator: PCIe version of NVIDIA GP100 (Pascal) GPU



The baseline for COSMO near-global and IFS
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100x (single trajectory) times 50x (ensemble)

Goal is to stay within ~ 5MW

Schulthess et al., Comp. Sci. Eng. 21 (1), 31-40 (2018)



Evolution of computing system and model 
capability at ECMWF
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IBM P6 @1.3MW

Cray XC40@1.8MW

Atos@3MW
(ensemble @ 9km)



Dennard Scaling

40Source: Ronald Luijten, IBM-ZRL ret.
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�⇤NA ⇠ 1/�2

⇠ constant

n+ n+

source drain

GATE

WIRING

p substrate, doping

Voltage, V/�

SCALING 
Voltage: 
Oxide: 
Wire width: 
Gate Width: 
Diffusion: 
Substrate: 

CONSEQUENCE: 
Higher density: 
Higher speed: 
Power/ckt: 
Power density:

V/�
tox/�

W/�

L/�

�⇤NA

xd/�

⇠ ↵2

⇠ ↵

Oxide layer  
thickness ~1nm

The end of Robert H. Dennard (1974)



Who consumes how much energy (28nm)
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•64 bit floating point unit: 20 pJ

•256-bit access 8kB SRAM:    50 pJ

•256-bit bus across die:  1,000 pJ

•Read/write to DRAM:     16,000 pJ

20 mm

Source: Bill Dally, 2011By a wide margin, most energy 
is spend in moving data on the 
die and to memory

Developing algorithms that 
maximise data locality should 
be THE TOP PRIORITY
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M Holler et al. Nature 543, 402–406 (2017) doi:10.1038/nature21698



“Piz Daint” in the “Alps” Infrastructure
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vClusters

Slingshot network 
Cray System Management software (µ-service arch.)

To a particular community, a platform will look like a dedicated supercomputer

Alps Infrastructure
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Preliminary comparison A100 vs. GH200(*)

46

(*) A02 engineering samples

ICON benchmark
        time (s)    power (W)
A100 2196        388

GH200 1518        570
1.45 1.47

B. Cumming and W. Sawyer (CSCS) 
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Baseline running on “Piz Daint”
Near-global (COSMO) ICON global

Value Shortfall Value Shortfall

Horizontal resolution 0.93 km (non uniform) 0.81x 5 km (uniform) 25x

Vertical resolution 60 levels 3x 90 levels 2x

Time resolution 6s (split-explicit with sub-
stepping)

— 40s (split-explicit with sub 
stepping) 

5x

Couple No 1.2x No 1.2x

Atmosphere Non-hydrostatic — Non-hydrostatic —

Precision Single — ? —

Simulation rate 0.043 SYPD 23x 0.4 SYPD 2.5x

Other (e.g. physics, …) Microphysics 1.5x Full physics —

Adjusted to 5300 nodes 5300 nodes — 1000 nodes 0.19x

101 190
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Conclusions

‣Science can greatly benefit from fully embracing digitalisation 

‣Moore’s Law is fading: computing and data research infrastructures have their cost 

‣A multitude of computer architectures is the consequence 

‣Continued investments in algorithms and software development is essential 

‣Software engineering has to become a first class citizen
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Thank you


