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The big challenge is to model this complex system

Warren M. Washington – NCAR

Scientific Grand Challenges Workshop Series:

Challenges in Climate Change Science and the Role of Computing at the Extreme Scale

DOE Workshop (ASCR-BER)

November 6-7, 2008

• Several complex process to be simulated

• Several interacting processes

• Great range of time scales to be analyzed

• Great range of spatial scales to be considered

• Need interdisciplinar sciences (physics, chemistry, 

biology, geology,…)

• Inherently non-linear governing equations

• Need sophisticated numerics

• Need huge computational resources



Modelers work on Global Models of each climate component to capture 

small-scale features (such as tropical cyclones) and simulate how they 

interact with other components (such as oceans)

Warren M. Washington - NCAR



Three methods of integrating

coupled climate models

W. Washington- Journal of Physics: Conference Series 16 (2005)

Coupling components in a climate model

Hybrid

The flux coupler passes fluxes and variables

from one component to another



Global Atmospheric Models

The first developed (1960’s) and evolved for application to the problems of

-deterministic weather forecasting � Numerical Weather Prediction (NWP)

-seasonal prediction

-climate simulations

NWP Models Climate Models

Accurate prediction of the fluid flow

by applying the

highest resolution feasible

Extremely long runs

at

low resolution

Unified Models

The need to combine global and regional climate models is increasing



The Met-Office Unified Model

Growth over the past 15 years

Driver of change



Tornado simulation obtained by a very high resolution

“regional” atmospheric model 

(WRF-Weather Research & Forecast Model)

The simulations was performed at the University of Pittsburgh (From Droegemeier and Xu of 

the University of Oklahoma’s Center for Analysis and Prediction of Storms (CAPS))

WRF horizontal resolution

WRF vertical resolution

25 m

20 m

WRF domain size

Horizontal = 50 Km 

Vertical      = 18 Km 

WRF number of grid cells

≈330 K

Computing Resources

Le Mieux Compurer

2048 processors

Pittsburgh 

Supercomputing Center

W. Washington – NCAR  (SciDAC 2005)



ENES foresight document (working draft)

Evolution diagram with global/regional models and resolution

Ensemble runs are needed for quantifying uncertainty



Climate - basic equations

• Momentum conservation (’Newton’s Second Law’→ Navier-Stokes 

equations)

• Mass conservation (‘Continuity equation’)

• The ideal gas law: The thermodynamic state of the atmosphere, at any

point, is determined by its pressure, temperature and density

• Energy conservation (’The first law of thermodynamics’)

(Conservation of water (vapour, liquid), salinity, …)



The atmosphere in ”Primitive Equations”

XF
x

fv
p

u
uV

t

u =
∂
∂+−

∂
∂+∇⋅+

∂
∂ φω

r

yF
y

fu
p

v
vV

t

v =
∂
∂++

∂
∂+∇⋅+

∂
∂ φω

r

αφ −=
∂
∂

p

CpQCp
p

T
TV

t

T
// =−

∂
∂+∇⋅+

∂
∂ αωω

r

0=
∂
∂+⋅∇

p
V

ωr

RTp =α

qS
p

q
qV

t

q =
∂
∂+⋅∇⋅+

∂
∂ ω

r

Navier-Stokes
equations

Ideal Gas Law

Continuity Equation

Moisture conservation

Thermodynamic 
Energy Equation

u, v, ω, T, α, Φ, and q

Dynamical

Core

Dynamical

Core

• In principle: possible to solve (#unknowns = #equations).

• In practice: analytical solutions not possible (e.g. non-linearity) 

• (Various filtered forms of the equations of motion…)



Tim Palmer - ECMWF

- Vast temporal (secs to B yrs) and spatial (1000s of km to microns) scales

- Highly nonlinear behavior

A very complex natural system to be simulated



Tim Palmer - ECMWF

Even the world’s biggest computer aren’t big enough to represent

all scales of motion in the atmosphere….



Dynamical cores issues at Exascale

• Dycores are the most challenging problem within geo-physical applications 

for future Exascale computing

Mats Hamrud - ECMWF

In today’s ESM, the dynamical cores are the 

main scalability bottlenecks

• The fundamental problem is the sequential nature of the time-stepping 

algorithm used to solve the PDEs involved

As the resolution of the models increases, the 

time-step used normally needs to shorten in 

order to control errors caused by the time-

discretization and to avoid instabilities. 



• In the timeframe of Exascale computing, we will enter the cloud-resolving scales for 

global atmospheric models (~1km)

Mats Hamrud - ECMWF

This will necessitate moving to non-hydrostatic dynamical cores

Dynamical cores issues at Exascale



Mats Hamrud - ECMWF

• The representation used for the physical quantities, like the latitude longitude grid seem to 

present special problems when going into the Exscale regime 

requires global communications (within the 

transforms between the spectral representation and 

the Gaussian grid) and may scale poorly at very large 

core counts

The latitude longitude grid suffers from the

convergence of the longitudes when approaching the 

poles. More promising seem the various quasi-

uniform grids currently being developed to solve

Dynamical cores issues at Exascale

• Some  currently used numerical scheme used to solve the Pole problem, like the spectral method  

(with its associated Gaussian grid) 



The Pole Problem

• The latitude longitude grid suffers from the convergence of 

the longitudes when approaching the poles

• Promising approaches are based on quasi-uniform grids (cubed sphere, 

icosahedral, Yin-Yang, Fibonacci …)



The 5 HPC dimensions of climate prediction 

• Resolution

• Earth-System complexity

• Duration and/or Ensemble size

• Paleo-timescale integration

• Data assimilation and initial value forecasts (seamless
prediction)

Capacity

Capability



Data access, analysis and mining

Data access

Data analysis

Data Mining
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WG 3.2 Roadmap - Table of contents (I)



WG 3.2 Roadmap - Table of contents (II)



WG 3.2 Roadmap - Table of contents (III)



Critical Exascale Software for WCES



Critical Exascale Software for WCES 



Critical Exascale Software WCES



Critical Exascale Software WCES



Critical Exascale Software WCES





Critical Exascale Software



Critical Exascale Software for WCES



Challenges in Scientific Knowledge discovery

Alok Choudary



Main challenge: large scale, scalable and efficient scientific knowledge

discovery from data

Climate data: multi dimensional, multi model, multi resolution,…

Mining ensembles (new dimension!) to “face” uncertainty

Multiple challenges at different levels:

- Efficienti data indexing

- Multi-layer parallel I/O design and implementation

- MPI-based analytics functions/libraries

- MPI-based mining functions/libraries

- Active storage primitives (move analytics and mining functions to 

the storage nodes) & parallel file systems

Knowledge discovery from climate change data 



CMCC Research Activity on Scientific Data Management and 

possible contribution to the X-Stack software

Strong interest in Scientific data management activities: 

and some I/O related topics: 



CMCC Research Activity on Scientific Data Management and 

possible contribution to the X-Stack software



From NetCDF data to data cube virtualization

CDM

Star SchemaData cube implementation

Data Formats



Extraction, transformation & Loading




