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Scientific and Computing Challenges
Drive Scientific discoveries 

• Observational data & simulation data
• High-end computational simulation
• Data inversion and Data assimilation
• Statistical data analytics

Across multiple disciplines 
• Astronomy & Astrophysics

• Climate, Atmosphere, Ocean

• Solid Earth Sciences

• Continental surfaces and interfaces


Socio-economical applications 
• Climate evolution and forecasting 
• Natural hazards (earthquakes, volcanoes, 

tsunamis, landslides, floods …)  

• New energetic resources

• Environmental changes 5

Figure 1. Snapshot of seismic wave propagation generated by the magnitude 7.9, November 3, 2002, Denali, Alaska, earthquake. Shown is the vertical component 
of velocity. Note the large amplification of waves along the western coast of the United States. This simulation was performed on the Earth Simulator. From Koma-
titsch et al. (in press). 
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High-resolution subsurface imaging provides models of 3D struc-
tures at depth, which include fluids, impermeable rock layers, 
and subsurface geologic structures. Repeated imaging detects 
time-dependent changes in the subsurface conditions, including 
those resulting from fluid extraction, fluid injection, and reser-
voir compaction. In carbon sequestration, where CO2 is injected 
into deep rock layers to isolate it from the atmosphere, it is criti-
cal to assess where the gas goes and how effectively it is con-
tained. Seismology offers key information for identifying viable 
structures for sequestration, and for 4D monitoring of injection 
and migration. A practical example of this is shown above for the 
CO2 injection at Statoil’s Sleipner field in the Norwegian North 
Sea, which has had more than 8 Mt of CO2 injected into the reser-
voir. Time-varying reflection images are differenced to determine 
how the CO2 has distributed in plumes throughout the medium. 
This method ensures the integrity and maximal utilization of the 
sequestration reservoir. (Image from R.A. Chadwick, R. Arts, and 
O. Eiken, 2005. 4D seismic quantification of a growing CO2 plume 
at Sleipner North Sea, Pp. 1385–1399 in Petroleum Geology: 

North-West Europe and Global Perspectives: Proceedings of  the 6th 
Petroleum Geology Conference, A.G. Dore and B.A. Vining, eds., 
Geological Society, London.)
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Four-Dimensional Imaging of Carbon Sequestration

 How can we efficiently and inexpensively quan-
tify and monitor extraction and replenishment 
of groundwater resources using seismological 
techniques?

 What is the potential for sequestration of large vol-
umes of carbon dioxide in underground reservoirs?

 How can we image fracture systems, includ-
ing fracture orientation and density, and pres-
ence of fluids, and time-dependent changes in 
these systems? 

 To what extent does water control slip on faults?
 How much water is stored in the transition zone of 
the upper mantle? How much water is transported 
into the lower mantle?

 Does dissolved water contribute significantly to the 
low viscosity of the asthenosphere?

 To what extent is global mantle convection facili-
tated by the presence of water?

 At what depth, by what processes, and to what 
extent are subducting slabs dehydrated?

SEISMOLOGICAL APPROACHES AND REQUIREMENTS TO MAKE PROGRESS

 Improve computational modeling of wave propa-
gation in complex media, including attenuation, 
anisotropy, and nonlinear effects.

 Expand use of repeated, high-resolution 3D active 
surveys to yield 4D monitoring.

 Improve techniques for using seismic noise for con-
tinuous monitoring of reservoir systems.

 Tomographically image the mantle and crust at 
higher-resolution.

 Develop methods for joint interpretation of seis-
mic, electromagnetic and gravity observations.

 Increase collaborations among seismologists, geo-
dynamicists, geochemists, hydrologists, petrologists, 
and electromagnetic geophysicists.

 Expand the educated workforce, especially 
for industry.

GRAND CHALLENGE 5



An increasing wealth of data

Next generation discoveries: 
• Managing data: streaming data processing, archiving, curation, metadata, provenance, distribution 
• Data analytics:  statistical streaming data analysis, machine learning methods of high-dimension data 
• Data-intensive simulation:  scalable, resilient large-scale, multi-physics, multi-scales simulations 
• Data-driven inversion and assimilation: high-dimensional ``Bayesian’’ inference methods 
• Statistics and stochastic methods: direct-inverse uncertainties, extreme events statistics

Ubiquitous data explosion: 100 PBs era 

Data explosion: 
• Large throughput instruments; observation and 

monitoring systems (spatial, land,ocean and ocean 
bottom) at global and regional scales 

• Large HPC simulations ~20 PBs/night

~10 exabytes/day
~100 TBs/year

LOFAR/SKA

LSST/EUCLID

Copernicus/Sentinel

~4 PBs/day
Large seismic arrays

VIRGO/LIGO

ARGO

SWOT

USArray

Japan array



Not a single dimensional challenge

Data 
Generation

Discovery, 
Insights, 

Prediction

Data 
analytics, 
Mining, 

unsupervised 
learning 

THE$CHALLENGE$OF$THE$NEXT$DECADE$IN$NUMERICAL$COSMOLOGY.$
CRITICAL$POINTS$IN$BIG$DATA$AND$EXTREME7SCALE$COMPUTING!

JEAN7MICHEL$ALIMI$$
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Fig. 3. Seismic velocity
changes, surface displace-
ments from GPS, and tremor
activity near Parkfield. The
red curve represents the
postseismic fault-parallel
displacements along the
San Andreas fault as mea-
sured by GPS at station
pomm (Fig. 1) (29). The
tremor rates are averaged
over a centered 30-day-
length moving time window.

Fig. 2. Relative travel-time change measurements
(Dt/t). (A) Thirty-day stacked cross-correlation
functions (CCF) for receiver pair JCNB-SMNB. The
black curve represents the reference stacked cross-
correlation function. The CCFs are filtered between
0.1 and 0.9 Hz and normalized in amplitude. (B)
Time shifts averaged over 91 receiver pairs and
coherence measured between the reference stacked
and 30-day stacked cross-correlation functions (fre-
quency band, 0.1 to 0.9 Hz).

12 SEPTEMBER 2008 VOL 321 SCIENCE www.sciencemag.org1480
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data 
management

data 
reduction 

query

data 
visualisation

data and 
method 
sharing

data  
processing, 

transformation

Data -> Extraction/cleaning -> Integration/aggregation -> Learning models -> trigger / question -> predict
4
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Big Data statistical analysis



Regular earthquake Tectonic tremor 

Seismology: data-intensive analysis

seismic bands do not coincide with each other indicating that
these two peaks are generated in different regions and pos-
sibly by different physical process. P waves are more easily
identified in the secondary microseismic band than in the
primary microseismic band. While we cannot exclude that
this difference is related to the more efficient mechanism
generating secondary microseismic P waves than primary
ones, a simple explanation of this observation can be related
to difference in wave propagation. Strong noise sources gen-
erate both body wave and surface waves. For the latter, their
attenuation is much stronger at higher frequencies. Therefore,
surface waves in the secondary microseismic peak propagate
much less efficiently over very long distances than in the low‐
frequency primary microseismic band. As a consequence, for
distant noise sources, the relative part of the body waves in
the recorded seismic noise is relatively high in the secondary
microseismic band while the primary microseismic band
remains largely dominated by surface waves, making obser-
vation of P waves more difficult.
[29] Using array‐based processing of the teleseismic P

waves to locate regions generating strong microseisms has
significant advantages relative to using surface waves [e.g.,
Stehly et al., 2006]. The latter yields only a determination of
their back azimuths at the array location while with body
waves we can measure both back azimuths and slownesses
that can be converted into distances. Therefore, we can
locate the source regions more accurately with body waves
than with surface waves.

[30] We can compare our maps of the source density in
the secondary microseismic band (Figure 10) with results by
Gerstoft et al. [2008], who applied beam‐forming to the
noise records of the Southern California seismic network.
We find similar source locations in southern Pacific and
Indian oceans during summer months and in northern
Pacific and Atlantic ocean during winter months. Using
three networks simultaneously allows us to image source
regions with higher reliability. One of most important con-
sequences of this improved reliability is that we clearly see
that strongest sources of P wave microseisms are located in
deep oceans far from coasts for the secondary microseism.
Also, the observed source regions are significantly smaller
than areas affected by significant wave heights. Overall our
observations are consistent with the generation of microse-
isms by nonlinear interaction of ocean waves propagating in
opposite directions that create a pressure distribution on the
seafloor at twice the frequency of the interfering waves
[Longuet‐Higgins, 1950]. Following Kedar et al. [2008], this
wave‐wave interaction occurs in deep oceans and the geo-
graphical intensity of this interaction may be computed from
oceanic wave action models. Moreover, the efficiency of the
coupling between the interfering oceanic waves and the sea-
floor may depend on the depth of the water column, i.e., on
the bathymetry. As a result, an efficient transfer of energy
from oceanic to seismic waves occurs over geographically
very limited and specific areas. It is in particular interesting to
note that the source area near Iceland seen in Figure 10 during

Figure 10. Seasonal variation of the location of P wave seismic noise sources in the secondary micro-
seismic band (0.1–0.3 Hz).

LANDÈS ET AL.: ORIGIN OF DEEP OCEAN MICROSEISMS B05302B05302
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Ocean seismic sources
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displacements along the
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sured by GPS at station
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over a centered 30-day-
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 Earthquake-induced property changes

Brenguier et al.

Storm 1 

Storm 2 

• Transportable Array: network of 400 
seismographs placed at temporary sites 
across the United States from west to 
east in a regular grid pattern 

• NSF ATMOS supported UCSD to deploy 
atmospheric pressure sensors as part of 
US Array beginning in mid-2010 

• 1 Hz pressure data from each station 
transmitted to UCSD and EarthScope 
IRIS Data Management Center  

• Transportable Array supplements 
Reference Network 

 

Seismic sources 

Landes et al

Poiata et al.

Continuous Waveforms Analysis

Network	Covariance	Matrix	CMij(ω,t)	

Primary	
microseismic	

band	

Secondary	
microseismic	

band	

Dispersive	signals	:	long-range	propaga0ng	swells	interac0ng	with	shores	
Non-dispersive	signals	:		deep	oceanic	sources		



Waveform analysis : data stream workflow
Data ingestion / quality control 

• N-dimensional time (frequency) series 
• Binary large objects : > ~100 TBs 
• fine granularity (GBs) 
• Partitioning, indexing, replication 

Data processing  
• Low level data access pattern 
• Linear complexity 
• fine-grained streaming data workflow 
• Provenance and metadata management 

Correlators (time-frequency) 
• Cross-correlation and higher order statistics 
• Quadratic complexity  
• Thread-blocks GPUs / MIC 
• Secondary data : ~ 6 * N2 * Nt (* Nf ) 
• Provenance and metadata management 

Imagers (space-time-frequency) 
• Convolution / projection 
• High-order complexity  
• Gridding 
• Clustering - classification - machine learning 
• Provenance and metadata management 

PBs scale … From Shapiro, Vilotte et al.



LOFAR Epoch of Reionisation processing (> 100 MHz)
! !

>"9$%&,(%&()*+,-./0(1*

! &50*5&$(6,*4&(&*+9(1:*&01/+;,./0(1&/0<+
! &/3&?AA4&B./.&*CD0/&)E&F,+C6+19E<

! 3KK&*6)).1:*<&:./.&(F&+.9$&*6)).1:&0*&*/(,+:&01&.&
?+.*6,+<+1/&-+/&!?-"

! *Q6&7AA&).1:20:/$&C+,&*6)).1:&!.D*(&*CD0/&01&53&9$.11+D*"
! &/&)+.<*<

! D,0<.,E&)+.<&9+1/+,+:&01&<.01&F0+D:&!+K)&-T*"
! -6,,(61:01;&*+9(1:.,E&)+.<*&!*K&-T*&+.9$"

")*+,-./0(1&+:.<CD+<

! !

D+/.)E/+0*9.D+&:./.&9$.DD+1;+

-/./0(1&*&1&-/./0(1&* -/./0(1&*&1&-/./0(1&(

444

-/./0(1&*&1&-/./0(1&

-/./0(1&(&1&-/./0(1&*

-/./0(1&&&&&&&1&-/./0(1&*

444

444

444

!
"

!
#

444
!"!

" #! -/./0(1&&&&&&&1&-/./0(1&" #! " #!

" #!

!
"

!
#

444
!"!

!
"

!
#

444
!"!

!
"

!
#

444
!"!

!
"

!
#

444
!"!

!
"

!
#

444
!"!

$%% $%&$ &%$ &&

$%%$%&$ &%$ &&

444

444

!
"

!
#

444
!"!

!
"

!
#

444
!"!

!
"

444
$%%$%& $ &% $ &&

$%%$%& $ &% $ &&

9$4&*

9$4&"'(
444

444

$%% $%&$ &%$ &&

$%%$%& $ &% $ &&

9$4&*

9$4&"'(

444

444

$%%$%& $ &% $ &&

$%%$%& $ &% $ &&

9$4&*

9$4&"'(

444

444

$%%$%&$ &%$ &&

$%%$%& $ &% $ &&

9$4&*

9$4&"'(

444

444

$%%$%&$ &%$ &&

$%%$%& $ &% $ &&

9$4&*

9$4&"'(

444

444

$%%$%&$ &%$ &&

$%%$%& $ &% $ &&

9$4&*

9$4&"'(

444

?-&*

,(%&T0;&B./.

" #)

T+.<&*

T+.<&(

T+.<&")*+,

444

!()*+,-./0(1"

444

444

! !

!"#"$%&'2$")*$+,+#-.+$/)0'&0-*

8-)#2"&$D2'4-++/)5$9"4/&/#,$!8,D"

:&;- -)-BD

*(#(KK$8DB$4'2-+#$5&:$.-.'2,

9'2$-"4$$'F+-20"#/')<

>I9JK$,'K$8DBB DB$4&;+#-2

K)$)'*-+<$53)$8DB$4'2-+#$*5)$ DB+#$
)46$D:$+#'2"5-$")*$*&:$.-.'2,

K"2$*"#"$
!N546$$';2+
$#:$(/46$&:"

D2'44$*"#"4
!N3$$';2+$$
#:$*5$&:"

&JK ,&$>I9JK
>')5$&-2.$J24$/0-

($D:$*/+7
5$D:$#"T-

&-.T'2"&$"2-"

3(6$&:

J24$/0/)5$%"4/&/#/-+

!!!!! !!! !!!!!!! !!!!!! !! !"#! %&'

!!
!!
!!!
!!!
!"
#!
 %
&'
!

K"2$*"#"$
!N6$$';2+$
#:$(/46$&:"

"(! %&'!!!!!!!!!

$$$
$!*
-&
-#
-$
2"
2
*"
#"
"

"&5!$-!-.0
)4K$D:$*/+7
)45$D:$#"T-

! !

8')#2/F;#/')+
!
8!12'345!6.7!384!59:9;454:3!9:<!&7.=4''>:;!.6!384!)@<B0!
-.0!.%'47C93>.:'

! 046474:=>:;!9:<!<>9;:.'3>=!/939-9'4!<4'>;:%!
>5&F454:393>.:!9:<!59>:34:9:=4

! 4..F!6.7!<>'37>%H3>.:!.6!&>&4F>:4!*.%'
! G4%!"7!6.7!<939%9'4!%7.6'>:;
! $F.33>:;!3..F'!6.7!<939%9'4!<939
! 4..F!6.7!5.:>3.7>:;!&476.759:=4!.6!=.5&H347!=FH'347

!
8!BH!>F>972!39'('!>:!'2'345!9<5>:>'3793>.:!.6!=.5&H347!=FH'347!

8!/4'>;:%!>5&F454:393>.:!9:<!59>:34:9:=4!.6!384!)@<B0!-.0!;7.H&!64%!&9;4
!
8!4..F!6.7!%9<!'393>.:'!'4F4=3>.:

! !

>"9$%&,()*$&),&%-.)/.012.)/

!

=.4)5&'-7.*

! !

>"9$%&,()*$&),&%-.)/.012.)/

**
6&
1&
*Q

)&
=
A
0

9)5-?5)@/AB
'-7.*&-2&174&())K

A157-5&-2&174&()*)

8$1(H1/&-2&174&()*(

,)%

%).B-

,:251*2.)/&),&,)%&B.?/17<

! !

>"9$%&,(%&()*+,-./0(1*

! !

>"9$%&,(%&()*+,-./0(1*

8345+&)&()*+,-./0(1*&
!*)B()*(&1&)KB()*+"&<

! %+CA+*/+B<&/K3&$(A,*
! %8D<&+/(
! +8*Q5<&(3(
! +8(Q6<&Q(
! ,5.0*<&/K

! $2.,B+B<&5K)&$(A,*
! D+,L(,M+B<&6K(&$(A,*

! %8D<&()3
! +8*Q5<&(+*
! +8(Q6<&3*
! ,5.0*<&*)5
!+)B)5B()*+"

All-sky monitoring: detecting 
transient events and phase 
response-time

Omni-directional dipoles

PB scale



Challenges

Researchers are part of the archiving process. 

They know what is relevant to understand their 
results.  
Automated system should provide support for a 
consistent and effective acquisition of provenance 
metadata - Selective and extensible Provenance. 
[A. Misra] [I. Foster.]

Data stream processing engines  
Data Intensive computation, present expensive requirements for provenance 
collection, either in terms of size or I/O [W. D. Pauw]

What we value and experience



Data-intensive framework

Python library used to describe abstract workflows for distributed data-intensive applications. 	

Support for composition: Processing Elements defined with their own internal workflows. 	

Abstract streaming data flows: can be map and automatically executed in a variety of parallel 
environments.

Fine-grained provenance system: analyse and understand data relationship with triggered 
actions

Deployed on local Clouds 	
(MAP-REDUCE streaming model)

MPI/OpenMP	
GPU/MIC

Enable active researchers to invent, refine scalable, statistical data-intensive methods 
Support diversity of methods and implementation in a single data-intensive framework with 
data-handling services 
Researchers remain in full control in their familiar community tools and libraries 

Collaborative developments: from theoretical research to proof of concept to sustained use

From EU VERCE project



Data-driven computing applications  
Data inversion and assimilation 
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and reservoir management industry. Seismological 
techniques, including 4D (time-lapse) mapping, are 
increasingly used to monitor the extraction and move-
ment of hydrocarbons and water in producing fields in 
real time. Seismic exploration and production on land 
and at sea is a multibillion dollar industry with major 
workforce needs now and in the future. 

Resources are currently being extensively applied 
worldwide to investigate geological reservoirs for their 
carbon dioxide sequestration potential. Methodologies 

for managing such sequestration efforts will rely crit-
ically on seismology, both to monitor spatial and 
temporal changes in seismic velocities correspond-
ing to the fluid content, and to detect brittle-failure-
induced microearthquakes generated by the injec-
tion process. Such methodologies are already in place 
in numerous producing hydrocarbon fields to mon-
itor production and are readily adaptable to carbon 
sequestration applications.

Seismic reflection methods are the medical ultrasound of 
“mother” Earth. They produce the highest-resolution images 
of the subsurface, and have been adopted globally by industry 
as an essential and cost-effective method of finding, develop-
ing, extracting, and managing energy, mineral, and groundwater 
resources. Industry enthusiastically adopted 3D seismic reflection 
imaging more than 20 years ago to image structural and reser-
voir complexity, and more recently has developed 4D, or time-
lapse repeat surveys, to monitor reservoir mechanical and fluid 
changes during resource extraction. This is increasingly accom-
panied by monitoring of production-induced microearthquake 
activity. Three-dimensional seismic reflection has enjoyed mod-
erate usage in the coal industry, especially to delineate coal-bed 

methane deposits, and is likely to grow as easily accessible depos-
its are exhausted. Seismology is less commonly used in mineral 
exploration and development, but has great potential for growth; 
pioneering work outside of the United States has proven valu-
able in mapping mineral deposits. Challenges exist in adapting 
the petroleum industry tools to nonlayered and steeply dipping 
targets in crystalline rocks. Seismic imaging has also been used 
to track mining-induced stress changes in the rocks that lead to 
“mine bumps,” induced earthquakes, and cavern collapses, and 
plays a key role in mining safety measures. Similar coupled imag-
ing and microearthquake monitoring holds great potential for 
geothermal energy exploration and production. 

Exploration Seismology and Resources: Energy and Mining

The petroleum industry relies on high-resolution seismic 
surveying to map oil and gas reservoirs at depths of up to 
7 km. Though costly, 3D seismics yield the detail necessary to 
image the faults and complex sedimentary features that can 
trap energy reserves. This 3D “sonogram” traces the origin and 
properties of rock layers and reveals the most likely targets for 
drilling and extraction. Using 3D seismic imaging, industry has cut 
the number of nonproducing “dry” holes by more than half since 
1990. (Ship image from B. Dragoset, 2005. The Leading Edge, 24:S46–
S71, and Western Geophysical. “F3” seismic data and analysis from 
F. Aminzadeh, and P. de Groot, 2006, Neural Networks and Other Soft 
Computing Techniques with Applications in the Oil Industry, EAGE Book 
Series, ISBN 90-73781-50-7. Visualization by J. Louie.)

KEY QUESTIONS AND ISSUES

 How can we improve the detection, characteriza-
tion, and production of hydrocarbon resources, 
including detecting deep deposits beneath salt, 

finding small-scale pockets in incompletely 
extracted reservoirs, and monitoring porosity, per-
meability, and fluid flow at high resolution?

GRAND CHALLENGE 5
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Global scale tomographyExploration and marine geophysics

Earthquake source imaging
Geomagnetic secular variation

Seismology 
• Full Waveform Inversion 
• Extended Earthquake source 

Geomagnetism 
• Inversion of secular variation 
• Variational data assimilation 

Gravimetry 
• Inversion of gravity field 
• Geoid and Earth shape

Data-driven applications: inversion and assimilation

Toward Bayesian-inference 
reconstruction



Orchestrated workflow: data-intensive & HPC

Full Waveform Inversion (FWI) 
• non-linear Bayesian inversion 
• adjoint-based inversion 

High-performance parallel codes 
• forward and adjoint wave simulations 
• billion of coresOrchestrated workflow 
• data-intensive analysis and HPC 
• CPU and Data-intensive architecture 

Big N 
• synthetics and observed wave forms 
• Earth model and wave propagation 
• I/O and CPU balance (~10s Gb/s, 100Tb 

per iteration) 
• higher-oder abstract file format (HDF5) 
• indexing and Data Bases

Adapted from Tromp, Komatitsch et al.



FWI compute and data analysis

Convergence  
of data with 
computation 

Federating
autonomous 

diverse 
resources 

Handling 
independent 
data sources 

Fluent  
path from  

development 
production 

Hiding
complexity

✴ Federation of independent autonomous organisations  
• data and computing infrastructures providers. 

✴ Services/access policies: data-transfer, job control, task-oriented workflows 
✴ Transient storage for users’ work in progress and intermediate data. 
✴ Shared persistent and caching storage: optimise costs of data movement, 

assembly, processing, distilling and simulations over multiple investigations



Challenges

- Provides Run-Time feedback on the process with tuneable metadata and 
controlled data movements 

- Avoids useless waits for long and unfruitful runs 

- Fosters Dynamic Steering, Diagnostics, saving computing cycles, storage ($
$) and energy! 

What we want: flexibility and reactive systems and 
users



Turning large simulations into numerical laboratories



Turning large simulations into numerical laboratories

12

Mantle Convection

Mantle convection is recognized now to be the driving 
mechanism of plate tectonics. It governs the Earth’s ther-
mal and chemical evolution and involves both thermal 
and compositional transport. Mantle-convection pro-
cesses act over multiple scales because of the many non-
linearities in the system, such as from rheology and sharp 
compositional gradients. 

Some grand challenge problems in mantle convection of 
immediate relevance are (1) three-dimensional convec-
tion with increasingly high Rayleigh number (Vincent 
and Yuen, 2000; Yuen et al., 1999; Yuen et al., 2000), (2) 
thermal-chemical convection with multi-components 
(Gerya and Yuen, 2003; Gerya et al., 2004), and (3) fault-
zone dynamics along plate margins with realistic rheolo-
gies (Regenauer-Lieb and Yuen, 2003). 

Figure 8 shows the temperature and streamlines of high 
Rayleigh Ra number (Ra =108) convection carried out 
with a grid resolution of 400 x 400 x 400 grid points. 

Going up to a high-enough Rayleigh number to observe 
a transition in convection style is a grand challenge. We 
need to go to a Rayleigh number between 1010 and 1012 to 
detect such a transition, as has been found in high-reso-
lution, 2-D simulations. Such a high Rayleigh number 
requires a grid of at least 2500 x 2500 x 2500 grid points. 
Attacking this problem requires the combined expertise 
of geophysics, information technology, and fluid dynam-
ics. Visualization and advanced data analysis is crucial 
for interpreting the results.

Thermal-chemical plumes from subducting slabs or from 
the core-mantle boundary must be treated as multi-com-
ponent systems. One efficient method for handling this 
situation is to employ tracers for describing the evolution 
of the many chemical constituents being carried by the 
convective velocity field. Up to one billion tracers have 
been employed to study the dynamics of thermal-chemi-
cal plumes at subducting slabs in two dimensions down 
to resolution of a football field (Figure 9); at least 100 

Figure 8. High Rayleigh number (Ra =108) base-heated convection, temperature fields describing hot plumes (yellow) and cold downwellings (blue) are shown along 
with the streamlines (white streaks). Computation was carried out with 400 x 400 x 400 regularly spaced grid points. Figure courtesy of D.A. Yuen, F.W. Dubuffett, 
and E.O.D. Sevre.

Mantle convection geodynamics

Molecular dynamics : High Pressure and High Temperature Physics

Geodynamo and Earth’s core dynamics

Strong motion prediction



The AMA-DEUS application: N-Body simulation
A TGCC-CURIE grand challenge 

• 550 billion particles 
• 2.5 trillion computing points 
• 50 million CPU hours (> 5700 years) 
• 76 032 cores & 300 Tb memory 
• > 50 Gb/s data throughput (PFS) 
• 1 500 Pbs reduced on fly to 1 500 Tbs

An end-to-end workflow !
Challenges 
• dynamic load balancing 
• smart parallel I/O optimisation 
• reduction of raw data (time) -> 

direct post-processing 
• physical objects -> on-the-fly 

processing workflow
Snapshots 

~16 x 16 TB
Samples 
~40 TB

Lightcones 
~ 5x10 TB

Halos/catalogs 
~50 TBIAP, courtesy of J.-M. ALIMI



Numerical laboratory: Shared Data Analysis
Consortium DEUS 

• scientific teams coordination 
• DEUVO DB: physical objects and some raw data

In-situ data reduction 

On-the-Fly 
• MPI-based power spectrum 
• MPI-based parallel Halos finder 
• Halos properties 

Shared data analysis 

Services on top of the data 
• Higher-order statistics for matter field and Halos 
• Topological analysis 
• Dynamical analysis 
• Visualisation 

…

Data life-cycle: persistent storage, provenance, publication



Climate and weather modelling
A continuum of time and space scales

Climate consists of  a continuum  
of  time and space scales - 

 

from days to months, years, decades and millennia  
 
 

 
 

from local to regional, continental and global 

  
 

Climate consists of  a continuum  
of  time and space scales - 

 

from days to months, years, decades and millennia  
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From days to months, years, decades, and millennia

From local to regional, continental and global

Detection, attribution and prediction of extreme events and modes of climate variability



Fig. 2 The volume of

worldwide climate

data is expanding

rapidly, creating

challenges for both

physical archiving

and sharing, as well

as for ease of

access and finding

what’s needed,

particularly if you

are not a climate

scientist.

(Their words, not mine!)

Overpeck et al. Science 2011;331:700-702

Climate simulations and observations

The volume of worldwide climate data is expanding 
creating challenges for both physical archiving 
and sharing, as well as for ease of access and 
finding what is needed particularly if you are not a 
climate scientist.  
Overpack et al., Science (2011)

Resolution

Complexity

Duration and ensemble size

Ehanced computing 
resources produce 
MORE DATA

Earth Observations



The IPSL-CM application

TGCC-Curie, IDRIS-Ada

 Atmosphere LMDZ

Land ORCHIDEE

Chem/Aerosols INCA

 Atmosphere LMDZ

Land ORCHIDEE

Chem/Aerosols INCA

Ocean

Sea-Ice

Biogeochemistry

NEMO

Ocean

Sea-Ice

Biogeochemistry

NEMO

 Oasis

 MCT

 Oasis

 MCT

MPI process MPI process

OpenMP thread

OpenMP Master thread
  

XIOS 

client   
XIOS 

client

  
XIOS 

server   
XIOS 

server

Asynchroneous modeAsynchroneous mode

one output NEMO ocean  le
    

 

  
one output NEMO sea-ice  le

  
 one output atmospheric  le

one output land  le

IPSLCM6 

Modèle Système Terre IPSL
Large number of models with 

a number of configurations 
a number of experiences 
an ensemble of realisations 

Large number of variables, and files 

Large volume of secondary data

~ 10 PBs scale



A resilient and flexible runtime environment 

A flexible, resilient and reactive provenance-driven system 
• Providing Run-Time feedback on the process with tuneable metadata and provenance-driven 

controlled data movement 
• Avoiding useless waits for long and unfruitful run 
• Fostering Dynamic Steering, Diagnostics, saving computing cycles, storage and energy ($$)!

dB server web server

MongoDB Postgres web api

metrics
garden

jupyter notebook

resources 
consumption

browser

monitor

browser

metrics monitor
resources 

consumption
supervisorfront-end

daemonized message consumers

SMTP Server

TGCC

EMAILS

SMTP Server

IDRIS

EMAILS

SMTP Server

CINES

EMAILS

SMTP Server

CICLAD

EMAILS

pulls, extracts, validates, formats, dispatches

AMPQ MESSAGES

TCP/IP HTTPS - WSS

Développement d'un bus de communication

IPSL

fallback 
procedure

Aujourd'hui :
● 100 utilisateurs
● qqs 10 job/jour



Numerical laboratory: Earth System Grid Federation

ESGF Test Infrastructure based on virtual machines ESGF Test Suite

  Python Nose - Test Framework 
  Python Requests - HTTP Support
  Python Subprocess - System Execu�on 
  Python Selenium - Browser Simula�on
  Python Mul�processing - Parallelisa�on

Test and Valida�on PlaTorm at IPSL

Con�nuous Build PlaTorm at IPSL

Member of the Interna�onal Climate Networking Group

Distribution des données

Passage à 10 Gb/s grâce au financement du projet 

ESGF : Earth System Grid Federation

         Malleefowl

Iden'ty 

providers

Data sources

ESGF

Thredds

Local replicas 

CMIP5, 

obs4MIPS… 

OpenID

OAuth

LDAP

Access to 

local IPSL replicas

WorkMow engine

Phoenix

PyCSW Catalog Service
Pyramid

Web GUI

Celery (scheduler)

PyWPS

execute Register 

service

Birdy execute

ESGF search

WPS permet de réaliser des traitements 

de données sur le serveur de données 

sans télécharger d'énormes volumes de 

données

Architecture à l'IPSL : 
• Malleefowl :   accès aux données, 

traitement du workEow...

• Flyingpigeon: indices clima�ques

• Hummingbird: fonc�ons de base 

(moyenne d'ensemble, regrillage etc.)

• Birdy: instruc�ons en ligne de 

commande pour exécuter de façon 

distante le WPS

• Esmvalwps: pour exécuter les 

diagnosiques ESMValTool à distance

Esmvalwps

Hummingbird

Flyingpigeon

Web Processing Service (WPS)Web processing service (WPS)

• Exploration and analysis of climate simulations 
• Share data processing and analytic methods 

and tools 
• Advanced management of simulations and 

analysis 
• Induction of a broad community of researchers 

and users 
• Accelerate the full path of data use from 

capture to delivery of information 
• Web services on top of data analysis platforms 
• Pervasive provenance system

Climate Model Assessment Framework (CLiMAF)

IPSL, courtesy of S. DENVIL

~ 10 PBs scale



From HPC simulations to data-intensive platforms

Largest simulations at the petabytes scale 
From regional to global scales (climate, seismology, magnetohydrodynamics, etc.) 
From supernovae to turbulence 
Need for community access/reuse of the best and the latest secondary data through numerical 
laboratories with pervasive provenance system 

Create new challenges: 
How to move/output data during simulations (vertical re-use, I/Os, parallel storage) 
How to reduce data through in-situ analytics  
How to stag in and stag out data (high-speed transfer protocol, access policies) 
How to  explore/visualise data (render on top of the data, immersive analysis) 
How to analyse/instruments data (data analytics, immersive analysis, value added services …) 

Research-driven 
Huge variations in Data lifecycle and commitments 

On-the-fly (in-situ) analysis and visualisation (immediate, do not keep) 
Collaborative reuse and analysis secondary data (short/mid term, local) 
Community services and analytic tools (mid /long term, community commitment) 
Archival, curation, provenance, trust of secondary data (long term, community commitment) 

Different from today supercomputer usage and access policies 
A variety of data and computing resource access patterns 

! Dump data into large HPC providers, move data out to analysis platforms



Compute and Data-analysis federated infrastructures 
  

a research-driven strategy



A research-driven variety of infrastructures

Ashby’s Law of 
Requisite Variety

Only variety absorbs variety



What Can be Done?!

April, 2013! 12!

!  Perform some data analysis and visualization on simulation machine (in-situ)!
!  Reduce Data and prepare data for further analysis (in-situ)!

Simula7on'Machine'
+'Data'Reduc7on'and'Indexing'
+'Analysis'and'Visualiza7on'

Analysis'
Machine'

Archive'

Parallel'Storage' Shared'
storage'

Experimental/'
Observa7onal'data'

Simula<on&Site&& Analysis&Site&(i)&

Exp&Site&&

subset&

su
bs
et
&

Analysis'
Machine'
Analysis'
Machine'

Gaea and GFDL

FRE and other elements in the GFDL modeling environment manage
the complex scheduling of jobs across a distributed computing
resource.
V. Balaji (balaji@princeton.edu) GFDL Model Development 16 July 2015 16 / 75

• Caches and persistent caching storage 
close to data-intensive analyse platform 

• Data-intensive computing architectures 
and HPC simulation architectures 

• Render on top of the data together with 
value added services, data analytics 

• Induction to a broad research and user 
community (access and security)

Data-intensive analysis platform and HPC

Bridges and Gateways 

System-building: technology-based and 
research-driven services 
Technology transfer across domains and 
locations: variations of original design and 
emergence of competing systems 
Gateways consolidation:  

research-driven technical solution with 
social choice integrated within 
research communities of practice 
federation of dissimilar autonomous 
systems into research-driven networks 

(adapted from Edwards et al., 2007)

From V. Balaji



E-Infrastructure challenges and strategy
System and infrastructure Big data analysis 

Where should the caches and persistent storage be ? 
Caches and persistent caching storage: sharing large chunk of observations and 
simulated data, optimise costs of moving data 
Not directly at the supercomputer (too expansive storage)  
Analysis computations and visualisations on top of the data 
High-speed transfer protocols from/to data sources (HPC, large instruments, data 
archives) 

Complex data movements scheduling 
Data and metadata bases (scalability) 
Provenance-driven triggering and management 
Extended file management systems and model  
Augmented services with added-value to large community 

Data organisation 
Most of these data are not hard to partition (scale-out) 
Provenance management system and lineage metadata 
Fined grained data streaming flows 
Tier of large memory systems (random access) 



Challenges and strategies

30

✴ Difficulty getting things to run in multiple providers contexts 
• explore new virtualisation technology and Sand boxed environment 

• Linux Containers, docker, Google Kubernetes 
• support software developments and maintenance 

• prepare the new generation of HPC architectures (exascale challenge, in-situ data analytics) 
✴ Difficulty to provide uniform access, trust and security model 

• leveraging existing identification systems across infrastructures 
✴ Difficulty handling data and computation strategy 

✤ reduce computational costs  
• well-matched architectures to each stages 

✤ reduce data movement costs  
• in-situ analytics, persistant storage, caching strategy, compression 

✤ re-use of calculations and data  
• effective metadata and provenance system information 

✴Align methods with research infrastructures 
• balanced and aligned investment for the full path of data use 

• maximise overall value of generating, collecting, preserving, curating data  
✴HPC and Data Infrastructures tailored  by scientific use cases 

• a variety of access and usage patterns requirements 
✴ Interdisciplinary task forces 

• share mutual understanding of methods and technologies  (Astrophysics, Climate, …) 
• Interdisciplinary task forces 
• Computer scientists must meet flexible federation challenges



Data-intensive analysis platforms

A scientific e-science environment capable of “observing” (explore, analyse and model) 
massive and complex data generated by large-scale instruments, observation and 

monitoring systems, and numerical simulations in the sciences of Universe. 

• Innovative methods, software, ICTs for large scale data-intensive computation and massive 
data statistical analysis that ultimately induce a broad base of researchers to new 
research practices 

• Emergence of cross-disciplinary expertise in data-intensive computing and data analytics 
across scientific domains, research informatics, HPC and Data system engineers  

• Accelerates full data use path: valorisation of massive data generated by large-scale 
instruments, observation and monitoring systems 

• Training and `intellectual ramps’’ to engage a new generation of researchers to harvest 
data capabilities in their research practices to address new research challenges  

• Community building around simulation and data analytics shared application-software 
together with provenance and services for open research and application science 

• Consider full path of data use and data life cycles -> federation of HPC and data-intensive 
analysis platforms

A flexible and scalable federation of autonomous infrastructure providers/organisations 

Data resources - Data-intensive analysis platforms - HPC infrastructures
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A Place to 
Stand: e-
Infrastructure 
and Data 
Management 
for Global 
Change 
Research 
Belmont Forum e-
Infrastructures & Data 
Management Community 
Strategy and Implementation 
Plan 

E-Infrastructures and Data Management Steering Committee 
 

“Give me a place to stand, and I will 
move the world” 

 - Archimedes  
 

    

E-infrastructure and data Management CRA

Data-intensive e-Infrastructure Action Theme 3 

• Identify and fund interdisciplinary use-cases for federated 
data- and e-infrastructures in environmental and global change 
challenges.  

• Identify and fund large-scale Data and Model Inter-comparison 
Projects (DMIP) that are relevant to global change research. 

• Through the above outcomes, inform data- and e-infrastructure 
policy with case-proven best practices that respond to 
concrete issues. 

Milestones 

29-31 August 2016, Paris, France: 2 scoping workshops in 

Paris: cross- and trans-disciplinary data-intensive use cases 

analysis; data and model inter-comparison (DMI) use cases  

10-16 September 2016, Denver, Colorado: International 

Data Week: 2017 Belmont Call finalisation for data-
intensive cross and trans disciplinary use cases and DMI 

projects 

Contact: Mark Asch (ANR, France),mark.asch@agencerecherche.frhttp://www.bfe-inf.org

mailto:mark.asch@agencerecherche.fr?subject=
http://www.bfe-inf.org

