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Towards global ~1 km climate simulations
• Why do we need them?
• What are the challenges?
• Co-design approach used for COSMO
• Results for near-global simulations on Piz Daint.

Overview
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Uncertainties are primarily due to uncertainties in the response of clouds.
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• Uncertainties in Equilibrium 
Climate Sensitivity (ECS) are 
primarily due to uncertainties 
in the response of clouds.

• Small changes in low-cloud 
reflectance (~2%) have a 
large impact.

• These clouds are not 
resolved by current state-of-
the-art climate models.

• Requires ~1 km resolution

Uncertainties in Climate Sensitivity

(Schneider et al. 2017, Nature CC)
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opinion & comment

COMMENTARY:

Climate goals and computing 
the future of clouds
Tapio Schneider, João Teixeira, Christopher S. Bretherton, Florent Brient, Kyle G. Pressel, Christoph Schär 
and A. Pier Siebesma

How clouds respond to warming remains the greatest source of uncertainty in climate projections. Improved 
computational and observational tools can reduce this uncertainty. Here we discuss the need for research 
focusing on high-resolution atmosphere models and the representation of clouds and turbulence within them.

In the 2015 Paris Agreement1, 
193 countries agreed to holding 
“the increase in the global average 

temperature to well below 2 °C above 
pre-industrial levels … to reduce the risks 
and impacts of climate change”. Currently, 
the carbon dioxide concentration in the 
atmosphere stands at 404 ppm. This is 
120 ppm higher than in pre-industrial 
times, and Earth has already warmed 
1 °C since then2. How much higher can 
the concentration of CO2 and other 
greenhouse gases rise before the 2 °C 
threshold is crossed? The answer to this 
crucial question is uncertain. Depending 
on which, if any, climate model one 
trusts, CO2 concentrations could reach 
between 470 and 600 ppm before the 2 °C 
warming threshold is crossed (Fig. 1a). 
Or, translated into time by assuming CO2 
concentrations continue to rise rapidly3, 
the 2 °C threshold may be crossed by the 
late 2030s, or much later at around 2060 
(Fig. 1a, right axis). Optimal emission 
pathways differ vastly between allowable 
CO2 concentrations at the high or low end 
of this spectrum. 

A number of factors contribute to 
the spread of projections, including 
uncertainties about how much heat oceans 
take up and how anthropogenic aerosols 
affect climate. But the bulk of the spread 
can be traced to the equilibrium climate 
sensitivity, ECS (Fig. 1a). ECS is the global 
surface temperature increase that results 
after CO2 concentrations have doubled 
and the climate system has equilibrated to 
this one perturbation4. Because regional 
changes, for example in temperature or 
precipitation extremes, scale with global 
surface temperature5, ECS also measures 
how strongly rising CO2 concentrations 

impact regional climate. ECSs of current 
climate models are scattered between 2 and 
5 K. This wide range of ECS has neither 
shifted nor narrowed substantially since 
the first comprehensive climate change 

assessment4,6 by the US National Academy 
of Sciences in 1979.

What lies behind the recalcitrant ECS 
uncertainty are primarily uncertainties 
about how clouds respond to warming, 
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Figure 1 | Dependence of climate goals on equilibrium climate sensitivity (ECS) and of ECS on low-cloud 
feedback. a, Allowable CO2 concentration before 2 °C warming threshold is crossed versus ECS. The 
bottom axes displays 1/ECS, the left axes the allowable CO2 concentration, and the right axes the year 
when the 2 °C threshold is crossed (correlation coefficient r = 0.89). Each circle represents a climate 
model, numbered and coloured in order of increasing ECS (ref. 9). The horizontal axis is expressed as 
1/ECS because temperature changes ΔT and concentration changes ΔCO2 are to first order related by 
ΔT ∝ ECS × ΔCO2, so one expects ΔCO2 ∝ 1/ECS for fixed ΔT. The allowable CO2 concentration for 
each model is determined from a high-emission scenario simulation3 as the concentration when the 
5-year low-pass filtered global mean surface temperature rises 1.19 °C above the model’s average for 
2006–2015 (ref. 4). The 1.19 °C represents what remains of the 2 °C target because global mean surface 
temperatures2 have increased by 0.81 °C from 1861–1880 to 2006–2015. Allowable CO2 concentrations 
depend only weakly on the emission scenario considered (provided the 2 °C threshold is crossed in a 
scenario); however, the corresponding time when the 2 °C threshold is crossed (right axis) does depend 
on the emission scenario. Additional uncertainties would arise when one tries to convert allowable CO2 
concentrations into allowable emissions because it is uncertain how much of the emitted carbon dioxide 
will remain airborne. b, ECS versus changes in the amount of sunlight reflected by low clouds over 
tropical oceans9 (r = 0.73). A reduced reflection under warming (negative values) implies an amplifying 
feedback by tropical low clouds on the warming; an increased reflectance implies a damping feedback 
by tropical low clouds.
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Kyrill storm
Jan 18, 2007, 12 UTC

mm/h
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mm/h
Climate model (AR5)

Dx = 50 km

Horiztonal resolution

Dx = 2 km
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Efforts underway…

• Many models
- NICAM, CESM, MPAS, FV3, ICON, IFS, …

• Literature
- Miura et al. 2007 à 1 week @ 3.5 km
- Miyamoto et al. 2013 à 12 hours @ 0.87 km
- Skamarock et al. 2014 à 20 days @ 3 km
- Bretherton and Khairoutdinov 2015 à months @ 4 km
- Yang et al. 2016 à 15 days @ 0.5 km

How to compare? What is the baseline?
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Increasing the resolution of climate 
simulations to explicitly resolve clouds 
will significantly reduce uncertainties 
in climate projects.
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• Method Grid based discretization of
governing equstions

• Development time ~10 years
• Lifetime ~10-30 years
• Size O(100K - 1M) lines of code
• Programming model Fortran + MPI (+ OpenMP)
• Developers Climate scientists / computational scientists
• Users Community of climate scientists

Climate models
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• Changing HPC constraints
(power, data movement, concurrency, reliability, …)

- Wrong algorithmic choices
- Not optimized for data locality
- Not enough concurrency / parallelism

• Architectural diversity
- Different programming models (CUDA, OpenMP, OpenACC, …)
- Limited portability

• Software productivity
- Adapting / porting / rewriting O(100K-1M) lines of code is a big 

effort

• Community acceptance

Challenges Procurements by
weather services

…
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• Increase level of abstraction
- Hide implementation details
- Can be disruptive

• Decrease level of abstraction
- Add implementation details
- Often incremental

Up or down?
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• Approaches
- Fortran + MPI + Directives (OpenMP, 

OpenACC)
- Optimize code for a specific hardware
- Custom implementations (#ifdef) or 

programming languages (CUDA)

DOWN – Decrease level of abstraction
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Example: OpenACC
• More details

- data movement
- data structures

• Less encapsulation
• Hardware dependent 

code
- #ifdef

• …

Is ”easy” and 
incremental…
...but makes software
productivity gap worse!
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• Approaches
- Compilers
- Libraries / Frameworks
- Code generators and source-to-

source translators 
- Domain-specific languages (DSL)

UP – Increase level of abstraction
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Domain-specific language (DSL)
Source: Thuering, 2017

function avg {
offset off
storage in

avg = 0.5 * ( in(off) + in() )
}

function coriolis_force {
storage fc, in

coriolis_force = fc() * in()
}

operator coriolis {
storage u_tend, u, v_tend, v, fc

vertical_region ( k_start , k_end ) {
u_tend += avg(j-1, coriolis_force(fc, avg(i+1, v))
v_tend -= avg(i-1, coriolis_force(fc, avg(j+1, u))

}
}

}

Example: gtclang
• Coriolis force

• No loops
• No data structures
• No halo-updates
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• DSL compiler compiles into standard programming 
language

Domain-specific language (DSL)
Source: Thuering, 2017
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• Feasibility
- No turn key solutions.
- Can we achieve good performance on 

different hardware architectures with a 
high-level specification of our 
algorithms?

• Acceptance
- Disruptive change
- Can we achieve a community 

solution?

UP – Challenges
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• Stencil computation
- Achieved bandwidth very sensitive to chosen blocksize

and specifics of stencil operator

Example: Intel Xeon Phi backend
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In order to have a impact on weather 
and climate community, consider…
- Full production models

(including physics and data assimilation)

- Maintainability
- Community acceptance
- Performance portability
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Co-designed version of COSMO

DSL
(domain-specific,

performance portable,
re-usable)

Frameworks

User code 
(algorithm)

Separation of concerns

Domain-scientist

Computational 
scientist

Computer 
scientist / Vendor

Separation of concerns

UP
(Co-design)

DOWN
(OpenACC)
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Piz Dora
(old code, x86 multicore)

~26 CPUs

10 kWh

Piz Kesch
(new code, fat GPU nodes)

~7 GPUs

2.1 kWh

Sockets

Energy

Factor

3.7 x

4.8 x

à Investment into hardware and software!
Hardware                  ~ 2-3 MCHF
Software (projects, in-kind) ~ 5-7 MCHF

Traditional vs. GPU-accelerated hybrid
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• Code re-integrated into official release
(available to user community)

• Three backends
- Production: x86 multicore, NVIDIA Tesla
- Prototype: Intel Xeon Phi

• Applications
- Operational weather forecasts (Switzerland, …)
- Regional climate simulations
- Research applications

Status of COSMO code
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Co-designed version of COSMO 
available to user community
- Full production models

(including physics and data assimilation)

- Maintainability
- Community acceptance
- Performance portability
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Towards global 1 km climate simulations

• Push towards global km-
scale climate simulations

• Use COSMO to establish 
a baseline with a 
refactored, full-fledged 
weather and climate code 
on a GPU-accelerated 
hybrid system
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• 5320 hybrid nodes (Intel Haswell + NVIDIA Tesla P100)
• COSMO runs on Piz Daint (well tested at 1 km resolution)

Supercomputer: Piz Daint
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Baroclinic wave (Jablonowski 2006)

Temperature (°C) and wind field at 500 m at day 10 of the simulation. 

Dx = 10 km
Dt = 1200 s
a = 4.2
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• Single precision
• Regular lat/lon grid
• Periodic in i-direction
• 80°S to 80°N
• Covering 98.4% of

Earth’s surface
• Analytical initial

condition
• 10 day simulation
• Minimal I/O

Simulation Setup

i

j
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Visualization

Visualization by Tarun Chadha (C2SM): clouds > 10-3 g/kg (white) and precipitation > 4 10-2 g/kg (blue)
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• Increase problem size and computational resources at the 
same time

Weak scaling
Source: Fuhrer et al., in rev.
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• Fixed problem, increase computational resources

Strong scaling
Source: Fuhrer et al., in rev.

19 km

3.7 km

0.93 km
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Metrics

• Simulated years per wallclock day (SYPD)
- e.g. AMIP (CMIP6)

• 1979 – 2014 (36 years)
• 4-6 months
• 0.2 – 0.3 SYPD required

• Memory usage efficiency (MUE)

minimum required transfers

actual transfers

achieved bandwidth

maximum bandwidth
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Results

Dx #nodes Dt [s] SYPD MWh/SY

930 m 4,888 6 0.043 596

1.9 km 4,888 12 0.23 97.8

Source: Vogt, 2017
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What would it take to do a 36 year AMIP simulation?

Extrapolation

Dx = 930 m Dx = 1.9 km
Time to solution 840 days 156 days
Energy to solution 22 GWh (940 kCHF) 3.5 GWh (150 kCHF)
CO2eq* to solution 3’800 tons 640 tons
CHF to solution
(2go.cscs.ch)

97 M node hours
à 68 MCHF

18 M node hours
à 12 MCHF

* See https://www.bafu.admin.ch/bafu/de/home/themen/klima/klimawandel--fragen-und-antworten.html

Source: Vogt, 2017
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Weather and climate models co-designed for 
heterogeneous HPC systems can scale to 
full leadership-class systems.

Already today global km-scale AMIP-type 
simulations could be feasible (0.23 SYPD at 
Dx=1.9 km).

Cost of such a simulation is significant.
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Summary

Towards global ~1 km climate simulations
• Why do we need them?
• What are the challenges?
• Co-design approach used for COSMO.
• Results for near-global simulations on Piz Daint.
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Thank you! Questions?
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