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Climate change observed 
•  Temperature is rising 

–  2016 new record? 

•  Ice melting 
•  Sea-level rising 
•  Much more… 

NOAA	  

From	  IPCC	  AR5	  

From	  IPCC	  AR5	  



Climate Models are Tools for: 
•  Experiment, 

hypothesis 
testing 

•  Integrating 
knowledge of 
climate system 

•  Understanding 
and quantifying 
feedbacks 

•  Attributing 
causes 

•  Projecting future 
change 



ACME:  
Accelerated Climate Model for Energy 
The Accelerated Climate Modeling for Energy Project is an ongoing, 
state-of-the-science Earth system modeling, simulation, and prediction 
project that optimizes the use of DOE laboratory resources to meet the 
science needs of the nation and the mission needs of DOE. 
 
Over the next 10 years, the ACME project will assert and maintain an 
international scientific leadership position in the development of Earth 
system and climate models at the leading edge of scientific 
knowledge and computational capabilities. With its collaborators, it 
will demonstrate its leadership by using these models to achieve the goal 
of designing, executing, and analyzing climate and Earth system 
simulations that address the most critical scientific questions for the 
nation and DOE. 
 
6 DOE National Laboratories, other collaborators. Over 100 scientists. 
 
 
 
 



Climate Science Drivers 
 Water cycle:  How do the hydrological cycle and  

  water resources interact with the  
  climate system on local to global scales?  
  - droughts, floods, extreme events 
  - human impacts 
  - requires high spatial resolution, ensemble 

 Biogeochemistry: How do biogeochemical cycles  
  interact with global climate change? 
  - carbon uptake/release, nutrient limitations 
  - requires tracking large number of species 

 Cryosphere:  How do rapid changes in cryospheric 
  systems interact with the climate system? 
  - Sea-level rise 
  - Rapid ice sheet collapse in Antarctica 
  - requires high spatial resolution, new  
   processes/interactions 

 



Exascale Challenges: Architectural 
Drivers 

•  Driven by energy constraints 
•  More stuff, different stuff 
•  Performance through increased 

parallelism 
•  Nodes with more elements 
•  Nodes with hybrid, diverse 

elements 
–  CPU, MIC, GPU, Burst Buffers 

•  Complex memory hierarchy 
–  Reduced memory per core 

•  Storage and I/O constraints 



Exascale Challenges: Climate Models 
•  No single kernel 

–  Wide range of algorithms, complex 
–  Changes propagated widely, intrusive 
–  Adding new components, complexity 

•  Memory bandwidth limited 
–  FV, stencil operators 
–  Low arithmetic intensity 
–  Vectors, coalescence important 

•  Scaling 
–  Horizontal domain decomposition 
–  Need to expose more parallelism 

•  The time bottleneck 
–  Better resolution reduces throughput 

NASA	  modifica<on	  of	  IPCC	  AR3	  image	  



Accelerated Climate Model for Energy 
•  Atmosphere 

–  CAM-SE: Spectral element, fluid eqn. 
–  25km, 72 vertical levels 
–  Regional refinement 
–  Various column physics (clouds, radiation) 
–  Superparameterization (SAM) 

•  Ocean 
–  MPAS: finite-volume, fluid eqn., unstructured 
–  15km-to-5km, 100 vertical levels 

•  Sea-ice 
–  MPAS: finite volume, elastic-viscous-plastic 

dynamics, column physics 
•  Land 

–  Vegetation, soil, runoff, subsurface 
–  Carbon, nutrients 

•  Land ice 
–  Stokes and approximations for velocity 
–  Subglacial hydrology, thermodynamics 



Approach to exascale 
•  First steps – Incremental on current 

platforms 
–  Existing programming models (MPI+X) 
–  Directive approaches 
–  Many core (KNL): threading (OpenMP), 

vectorization 
–  GPU: CUDA/OpenACC/OpenMP4.x 

•  Exploration of alternatives for exascale 
–  Alternative programming models (e.g. task-

based) 
–  Different portable abstractions for data layout 

and parallelism 
–  Algorithmic changes 
–  Incorporation of other workflow aspects 

(from	  fithub.uk)	  

(Andrey	  Burmakin/ShuMerstock)	  



Many-core: threading, vectorization 
•  Nested threading in atmosphere 

–  Exposes additional parallelism 
–  1.2-1.7x speedup for atm/lnd (Mira)  
–  Should have much larger impact on Cori, 

Aurora (KNL) 
•  Threading in ocean 

–  Initial speedups of 1.5x on Cori-like 
prototype systems 

•  Vectorization 
–  1.5x after partial vectorization of dynamics 

(~1 week) 
–  Ocean inhibited by pointer issues 

Images	  
courtesy	  Intel	  
documenta<on	  



GPU: OpenACC, CUDA 
•  GPU acceleration of atmosphere 

dynamics 
–  Improvement of 2x (K20), 2.4x (Interlagos) 

for transport 
–  Improvement of 1.9x (32 elements/node), 

2.2x (64) for dynamics 
–  More expected from additional fixes, 

improving data exchange overlap 
–  Migrated from CUDA to OpenACC w/ 

comparable performance 
–  Superparameterization work started, 

expect about 2x improvement 
•  GPU – ocean 

–  Port started, going smoothly for transport 
–  Significant code refactoring for other 

portions to provide loop nests and improve 
vectorization 

Kepler	  images	  from	  Nvidia	  whitepaper	  



Beyond incremental, directive-based 
•  Portable abstractions 

–  Memory models, execution models 

•  Algorithms 
–  Better mapping to machine 
–  Use hardware to improve 

representations 

•  Use parallelism for other purposes 
–  Ensembles for better statistics, 

quantifying uncertainty 
–  Other aspects of workflow (e.g. in-situ 

analysis) 

•  Use of other hardware elements 
–  Burst buffers, I/O 

 Na<onal	  Academies:	  Climate	  Extremes	  



Task-based programming 
•  Parallelism 

–  Domain decomposition not enough 
–  Need to expose more 

•  Task-parallel (e.g. Legion, HPX) 
–  Define tasks with data, regions, dependencies 
–  Run-time system deploys 

•  Science advantages 
–  Manage complexity 
–  Multi-scale (time, space) 
–  In-situ analysis, I/O 

•  Architecture advantages 
–  Increased parallelism 
–  Fault tolerance 
–  Load balancing 
–  Map to appropriate hardware (GPU, CPU, burst 

buffer) 
•  Legion port of MPAS-Ocean started 

Example:	  Legion	  

hMp://legion.stanford.edu	  



Kokkos 

•  Performance portable abstractions 
•  Architecture-aware array layout 

–  Separate index space and underlying map 

•  Abstractions for parallel work 
–  Maps work (functors) to cores/elements 
–  Replaces pragmas like OpenMP, OpenACC 

•  Relies on templated C++ 
•  More info: 

–  https://github.com/kokkos  

•  Prototype of atmospheric dynamics written with Kokkos 
has been started 



Algorithmic Changes 
•  Arithmetic intensity 

–  Higher-order schemes, SE 

•  Superparameterization 
–  Use GPU for nested large eddy 

simulation 

•  Tracer transport 
–  Geometric approaches 
–  Factors needed for 1 tracer can be 

re-used for many 

•  Time integration 
•  Entire new approaches: sea-ice 

–  Replace continuum viscous-plastic 
material with floe-based discrete 
element representation 



Big things ahead 
•  90’s parallel transition 

–  Algorithm changes 
–  Hardware advances 
–  Order of magnitude 

improvement 

•  Exascale transition 
promises similar advances 
–  Higher resolution 
–  Ensembles for statistics, UQ 
–  More complete picture 
–  Better process representation 

1980s	  

1995	  

2005	  


