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1- Climate change and climate modelling



Global : 
Decade 2011-2020: +1.09 warmer than 1850-1900 

Each last 4 decades: warmer than any decade that preceded it since 1850

UK MetOffice
2020: +1,28�C versus 1850-1900
2021: +1.11�C versus 1850-1900

IPCC AR6 (2021)

Global warming is unequivocal



Increase of greenhouse gases:
use of fossil fuels and demography

Global Carbon Budget 2020
Friedlingstein et al., 2020

Atmosphere
410 ppm in 2019
+48% since 1750

(277 ppm in 1750)

Unprecedented in 
800 000 years

Sources

Sinks
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Modelling the Earth’s climate system

Understand & Predict  Climate Variability and Changes

Atmosphere

Oceans

Continents

Natural & 
Anthropogenic



IPCC AR6 SPM (2021)

“It is unequivocal that human influence has warmed
the atmosphere, ocean and land”



Simulations of future climate change under different scenarios

COP21
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With every increment of global warming, changes get larger 
in regional mean temperature, precipitation and soil moisture

a) Annual mean temperature change (°C)
at 1 °C global warming

b) Annual mean temperature change (°C)
relative to 

Across warming levels, land areas warm more than oceans, and the Arctic 
and Antarctica warm more than the tropics.

arming at 1  a ects all continents and 
is generally larger over land than over the 
oceans in both observations and models. 
Across most regions, observed and 
simulated pa erns are consistent.
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Panel a  Comparison of observed and simulated annual mean surface temperature change. left map
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Panel b  Simulated annual mean temperature change C  panel c  precipitation change  and panel d
total column soil moisture change standard deviation of interannual variability  
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Figure SPM. :    Changes in annual mean surface temperature  precipitation  and soil moisture.
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Cumulative CO2 emissions (GtCO2)

2019
2390 GtCO2

emitted

Temperature 
Change



2- Climate models and international landscape



CEA

Earth’s climate system models

Based on physical laws (navier-stokes, conservation) 
& parameterizations (clouds, surface fluxes, radiation, sub-grid scale processes)

ESM > 1000 man years
Strong legacy



1944 V. Eyring et al.: Overview of the CMIP6 experimental design and organization

tions. This effort is now continuing under the banner of the
international ES-DOC activity, which establishes agreements
on common Controlled Vocabularies (CVs) to describe mod-
els and simulations. Modelling groups will be required to
provide documentation following a common template and
adhering to the CVs. With the documentation recorded uni-
formly across models, researchers will, for example, be able
to use web-based tools to determine differences in model ver-
sions and differences in forcing and other conditions that af-
fect each simulation. Further details on the CMIP6 infras-
tructure can be found in the WIP contribution to this special
issue.

A more routine benchmarking and evaluation of the mod-
els is envisaged to be a central part of CMIP6. As noted
above, one purpose of the DECK and CMIP historical sim-
ulations is to provide a basis for documenting model sim-
ulation characteristics. Towards that end an infrastructure
is being developed to allow analysis packages to be rou-
tinely executed whenever new model experiments are con-
tributed to the CMIP archive at the ESGF. These efforts uti-
lize observations served by the ESGF contributed from the
obs4MIPs (Ferraro et al., 2015; Teixeira et al., 2014) and
ana4MIPs projects. Examples of available tools that target
routine evaluation in CMIP include the PCMDI metrics soft-
ware (Gleckler et al., 2016) and the Earth System Model
Evaluation Tool (ESMValTool, Eyring et al., 2016), which
brings together established diagnostics such as those used
in the evaluation chapter of IPCC AR5 (Flato et al., 2013).
The ESMValTool also integrates other packages, such as the
NCAR Climate Variability Diagnostics Package (Phillips et
al., 2014), or diagnostics such as the cloud regime metric
(Williams and Webb, 2009) developed by the Cloud Feed-
back MIP (CFMIP) community. These tools can be used to
broadly and comprehensively characterize the performance
of the wide variety of models and model versions that will
contribute to CMIP6. This evaluation activity can, compared
with CMIP5, more quickly inform users of model output, as
well as the modelling centres, of the strengths and weak-
nesses of the simulations, including the extent to which
long-standing model errors remain evident in newer models.
Building such a community-based capability is not meant
to replace how CMIP research is currently performed but
rather to complement it. These tools can also be used to com-
pute derived variables or indices alongside the ESGF, and
their output could be provided back to the distributed ESGF
archive.

4 CMIP6

4.1 Scientific focus of CMIP6

In addition to the DECK and CMIP historical simulations,
a number of additional experiments will colour a specific
phase of CMIP, now CMIP6. These experiments are likely

Figure 2. Schematic of the CMIP/CMIP6 experiment design. The
inner ring and surrounding white text involve standardized func-
tions of all CMIP DECK experiments and the CMIP6 historical
simulation. The middle ring shows science topics related specifi-
cally to CMIP6 that are addressed by the CMIP6-Endorsed MIPs,
with MIP topics shown in the outer ring. This framework is super-
imposed on the scientific backdrop for CMIP6 which are the seven
WCRP Grand Science Challenges.

to change from one CMIP phase to the next. To maximize
the relevance and impact of CMIP6, it was decided to use
the WCRP Grand Science Challenges (GCs) as the scientific
backdrop of the CMIP6 experimental design. By promoting
research on critical science questions for which specific gaps
in knowledge have hindered progress so far, but for which
new opportunities and more focused efforts raise the possi-
bility of significant progress on the timescale of 5–10 years,
these GCs constitute a main component of the WCRP strat-
egy to accelerate progress in climate science (Brasseur and
Carlson, 2015). They relate to (1) advancing understanding
of the role of clouds in the general atmospheric circulation
and climate sensitivity (Bony et al., 2015), (2) assessing the
response of the cryosphere to a warming climate and its
global consequences, (3) understanding the factors that con-
trol water availability over land (Trenberth and Asrar, 2014),
(4) assessing climate extremes, what controls them, how they
have changed in the past and how they might change in the
future, (5) understanding and predicting regional sea level
change and its coastal impacts, (6) improving near-term cli-
mate predictions, and (7) determining how biogeochemical
cycles and feedback control greenhouse gas concentrations
and climate change.

Geosci. Model Dev., 9, 1937–1958, 2016 www.geosci-model-dev.net/9/1937/2016/

Evaluate

Predict/
Project

Understand

CMIP6
(Eyring et al., GMD, 2016)

23 endorsed MIPs
Model Intercomparison Projects

Deck:  30 modelling groups (59 models)

Per model: 
20 to 50 000 simulated years

HPC: 100s Mh
Data: 1 – 10 PB produced

Input to IPCC AR6 2021

World Climate Research Program: 
Coupled Model Intercomparison Project, Phase 6 (CMIP6)



Earth system grid federation: 
A common data infrastructure

Dashboard stat
ESGF: 13 M datasets

31.8 PB

CMIP6: 12 M datasets
22.6 PB (w/o replica 12.2)

CMIP5: 5.3 PB (1.5)

ca 15 000 registered users

FAIR data
Open access, common data and metadata standards

Multi-agencies support: DOE, NOAA, NASA, IS-ENES, NCI

Climate projections 
@ climate data store

GA 824084



Downloaded data volume over IS-ENES2 and IS-ENES3
from European ESGF data nodes

(Apr 2013 – Feb 2022) 

600 TB

400 TB

200 TB

800 TB

IS-ENES2 IS-ENES3From dashboard at CMCC

Mostly CMIP6

EU users
Not EU users

Mostly CORDEX 
and CMIP5

ca 7000 distinct users/month

GA 824084



3- Challenges in climate modelling 



Variability and changes in the coupled system

Seasonal to decadal predictions: Adaptation

Uncertainties, feedbacks: Mitigation & Adaptation

Decision-relevant information and knowledge

WCRP Strategic Plan 2019-2028

From understanding to informing society
Modelling & Observations



Multiscale interactions

From Stammer et al. 2018

Climate models 
Spatial resolution of 100-200 km 
down to 25 km at best for CMIP6



Infrastructure Strategy Roadmap
2012-2022

 
From an infrastructure point of view, the need of 
keeping a particular numerical experiment running 
has implications (both for storage needed for check-
pointing and for uptime and/or length of sustained 
access to the machine). Meeting the scientific chal-
lenges described in 2.2 will need an increase of the 
model performance by several orders of magnitude. 
Nevertheless, each increase of computing perfor-
mance allows improving one of the above axes (re-
solution, complexity, data assimilation, ensembles, 
duration).

Dealing with limitations in computing power

Computing power is a strong constraint to the type 
of problem that can be addressed. For a given com-
puting power and time frame, within which the ex-
periment must be completed, global climate models 
are run at a resolution that allows performing the 
experiment with the required complexity, duration 
and ensemble size. Current global climate models 
have typical resolutions of the order of 100-200 km 
today, whereas regional models, using data from 
global models as boundary conditions, are run at 
higher resolution (e.g. about 10-20 km) and used 
for impact studies. In principle, as more computing 
power becomes available, it can be deployed along 
any or all of the axes described above (resolution, 
complexity, ensemble size, duration). However, in 
practice, the science, software, and nature of the 
computing itself all impact on the choice of how to 
use the resource.

Need for both capability and capacity

ENES supports the view that, both capability and 
capacity computing are important for Earth system 
modelling; both are necessary for pushing the enve-
lope of our research. Capability is needed given the 
long time scales every coupled model configuration 
needs to spin up to a stable state; furthermore paleo-
climate-studies need capability as long as there is 
no parallelisation in time. Higher resolution simula-
tions also strongly benefit from capability. But, carry 
out control and transient ensemble runs dealing with 
modern climate is a typical capacity problem. Pro-
ducing the set of experiments for IPCC AR5, such 
as organised through CMIP5, requires the running of 
a high number of experiments (typically cumulated 
10 000 simulated years for each modelling centre) 
at the best spatial resolution possible, and is a ty-
pical combination of capability and capacity needs.  
All of these runs need to be considered as being part 
of the same experiment. So systems specially suited 
for ESM high-performance computing (HPC) appli-
cations need to provide both capability and capacity. 
In any case, capacity demanding ensemble type runs 
with high resolution models are generally done most 
efficiently on central HPC systems, and not in a dis-
tributed manner, although there are applications whe-
re distributed systems provide good performance.  

However, those cases generally depend on models 
with high portability and on relatively low input/
output volumes. Many high-end Earth system mo-
delling  applications do not fulfil those criteria. 

  Infrastructure Strategy for ENES 2012-2022

Figure 5: Computing resources for climate modelling are highly dependent on resolution, complexity, 
duration, ensemble runs and data assimilation (from Jim Kinter, The world Modelling Summit, 2008)

18

Complexity : 
carbon cycle, aerosols, chemistry, biosphere (x 5-10)

Duration: need for long simulations
Multi-decadal to multi-centennial  (> 5 SYPD)

Ensemble size: document internal variability, 
quantify uncertainties (x 10 -30)

Resolution: 
Resolution x 2  -> Computing x 8

Mitchell et al., 2012
Joussaume et al., 2017



Spatial resolution

Bias in precipitation variability 
Danubius river

CMIP5 Regional
models

CMIP6
High 

resolution

Key for regional patterns

130 km 60 km

25 km Observations

Simulated tropical cyclones
Roberts et al. (2015)

HighResMIP



Weather and Climate models 
Prepare for 

very high resolution
”Storm-resolving” models

DYAMOND 
intercomparison project

40 day simulations
Stevens et al. (2019)

Observations

4 August, initialised 1 Aug 2016

IFS 4 km IFS 9 km NICAM 3.5 km

ARPEGE 2.5 km ICON 2.5 km

FV3 3.3 km GEOSS 3.3km UKMO 7.8 km

HPC
ICON 2.5 km: 

6 Simulated Days Per Day on 12,960 cores (2019)
ICON (5 km)

0.66 Simulated Years Per Day on 387  Juwels
Booster NVIDIA nodes (2021)



Need for ensemble simulations

CLIMERI-France





Accounting for uncertainties

Bock et al., JGR (2020)
IPCC AR5 WGI Chap 1

Emission scenarios Internal variability Model uncertainties
Structural (resolution, physics)

Parametric (parameters) 

& also
Missing components/feedbacks

CMIP3 CMIP5 CMIP6

IPCC AR6 SPM (2021)



Preparing for future complex architectures

Revisiting dynamical cores
e.g. DYNAMICO at IPSL

DSL approach: « Separation of concerns »
DSLs  (2 approaches: UK, CH)

e.g. UK Met Office (LFRic project)

7th ENES HPC Workshop
9-11 May 2022 at Barcelona Supercomputing Center



Exabyte before Exaflops ! 

TB stored

Peak Tflops

Overpeck et al.  (Science 2011)

50 PB

50 PB

Data workflow: 
• Parallel IO (e.g. XIOS)
• « on the fly » processing
• Compression 
• Reduction of data
• Computing near data

Tsengdar Lee, Icas17



Conclusions

Climate models: at the core of climate information 
for mitigation and adaptation

But also needed for understanding

A range of model configurations will be needed
From high to very-high resolution 

> shorter time scales and high regional information
To lower resolutions with large ensembles, multi-models, complexity, long-term variability 

> to address uncertainties and understanding
Both approaches needed and complementary

Data and computing challenges:
HPC: prepare for future architectures although using legacy codes, ensemble of codes, 
complex workflows and having international production runs

Data: from managing large amounts of data near HPC to ease a wide access to large 
multi-model ensembles
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