
Towards exascale computing for 

numerical weather prediction - Projects 

 

1) Uncertainty quantification for NWP 

 

Student project 
The focus of the student project will be to perform a complete VVUQ analysis on the shallow water code with 
different level of complexity. The goal is to identify the meaning of each inputs. 

Main goals 
Improvement of VVUQ knowledge and performing analysis using the URANIE platform 

Specific objectives/tasks 
- Chain the Shallow water model with the URANIE platform using the python API  

- Perform Graphics uncertainty analysis 

- Sensitivity indicators to understand the code 

- Identify the unknown Inputs 

- If needed, use machine learning to speed up the code 

- Run parallel computation 

- Understand the URANIE documentation  

Required knowledge 
- Basic knowledge of programming and statistics are necessary for this exercise 

Recommended readings 
Blanchard, J.-B. Damblin, G., Martinez, J.-M., Arnaud, G., Gaudier, F. The Uranie platform: an Open-source 

software for optimisation, meta-modelling and uncertainty analysis. EPJ Nuclear Sciences &amp; 
Technologies, 2018. Pdf available at hiips://arxiv.org/pdf/1803.10656.pdf  

 

 

 

 

 

 



 

2) Spectral transform methods for NWP 

 

Student project 
The focus of the student project will be on writing a simple spectral transform code in Python to get a better 
understanding of the spectral transform method. This will allow the students to understand the basic 
functionality of the method. The code written by the students will also serve as an example for improving the 
performance of scientific code in general. We will consider different strategies to analyse and optimise the 
efficiency of code. This makes this project not only well suited for students who are interested in understanding 
the fundamental idea behind the spectral transform method but also for students who want to learn how to 
improve the computational performance of their own code. The focus will be on general principles for improving 
the performance of scientific codes and not on specific features of the Python language which we will use. 

Main goals 
Implement a simple spectral transform method and optimise its computational performance 

Specific objectives/tasks 
- Create a latitude-longitude mesh 

- Write Python function to compute Legendre transformation 

- Write Python function to compute (slow) Fourier transformation 

- Use the previously written functions to write a spectral transform code in Python 

- Test the code 

- Analyse the performance of the code 

- Discuss ideas on how to parallelise the spectral method 

- Implement a basic parallelization in Python 

Required knowledge 
- Basic knowledge of programming is necessary for this exercise 

Recommended readings 
Boyd, J. P. Chebyshev and Fourier Spectral Methods. Dover Publishers, New York, 2000. Pdf available at 

 https://web.archive.org/web/20130525234416/hiip://www -
personal.umich.edu/~jpboyd/aaabook_9500may00.pdf 

Chapter 1 and 18. 

Eijkhout, V., van de Geijn, R., and Chow, E. Introduction to High Performance Scientific Computing. Zenodo. 2016. 
Available (pdf and html version) at hiip://doi.org/10.5281/zenodo.49897  Especially Chapter 1 – 3. 

Additional readings 
Severance, C. and Dowd, K. High Performance Computing. Connexions, 2012. Available (pdf and html) at 

hiip://cnx.org/content/col11136/1.5   

Durran, D. R. Numerical Methods for Fluid Dynamics. Springer, 2010. Chapter 6.1–6.4 

 

 



 

3) Introduction to parallel programming with MPI and 
OpenACC 

 

Student project 
During the project work, the students will be provided with a teaching code that implements a shallow water 
model based on the finite volume numerical approach. The students shall identify those parts of the code that 
can be executed in parallel and implement the MPI data exchange. Advanced students can proceed further with 
parallelization embedding the OpenACC directives to get a hybrid parallelization MPI+OpenACC. 

Specific objectives/tasks 
- Knowledge of distributed memory and shared memory parallel programing 

- Basic knowledge of MPI library 

- Basic knowledge of OpenACC directives 

- Analysis of the code to identify source of parallelization 

- Analysis of the loops to identify data dependency and potential race conditions 

- Theoretical evaluation of parallel scalability 

- Knowledge of distributed memory and shared memory parallel programing 

- Basic knowledge of MPI library 

- Basic knowledge of OpenACC directives 

- Analysis of the code to identify source of parallelization 

- Analysis of the loops to identify data dependency and potential race conditions 

- Theoretical evaluation of parallel scalability 

Required knowledge  
Basic knowledge of C or Fortran programming languages is necessary for this project. 

 

 

 

 

 

 

 



 

4) Introduction to profiling tools and performance 
analysis 

 

Student project 
The objective of this course for the student is to learn how Paraver and Dimemas tools can be used to analyze 
the computational performance of parallel applications and to familiarize with the tools usage as well as 
instrumenting applications with Extrae. This guide will provide a more practical introduction about these tools 
and how to apply them on climate and weather models, as well as a complete walk-through step by step. 

 

Main goals 

Analyze the computational performance of a numerical model and understand the main bottlenecks 

Specific objectives/tasks 
- Define performance analysis fundamentals (objectives, methods, metrics, hardware counters, etc.)-  

- Describe the BSC performance analysis tools suite (Extrae, Paraver, Dimemas) 

- Interpret uses cases from Climate and/or weather models that illustrate how to identify and solve performance 
issues 

- Apply profiling techniques to identify performance bottlenecks in your code 

- Summarise typical performance problems 

- Discuss specific knowledge about performance analysis applied to earth system modelling 

 

Required knowledge 
- Basic knowledge of programming and paralellization is necessary for this exercise 

Recommended readings 
Performance tools. hiips://www.bsc.es/discover-bsc/organisation/scientific-structure/performance-tools 

 

 

 

 

 

 



 

 

5) Discontinuous Galerkin methods for NWP 
 

Student project 
The hands-on project work will provide students with a teaching code in Python implementing a semi-Lagrangian 

discontinuous Galerkin method for the advection equation in one dimension in space, as well as a standard 

Runge-Kutta DG scheme for the same equation. Both DG schemes will be based on the nodal DG approach. 

Students will be asked to parallelize the codes provided via proper MPI data exchanges. They will also be guided 

into the comparison between the two approaches (standard Eulerian RK-DG vs. SL-DG). More proficient students 

can further explore the SL-DG approach by modifying the code to obtain a version based on modal bases. The 

choice of focusing on 1-D problems in space comes from pedagogical reasons but a tensor product approach can 

easily help moving towards higher dimensional implementations. 

 

Specific objectives/tasks  
- To learn the fundamental building blocks of a DG code in Python for the advection equation in the two main 

approaches available, i.e. RK-DG and SL-DG; 

- To identify the data required to be exchanged between different processes in order to run the code in parallel; 

- To introduce appropriate MPI communication calls; 

- To compare the fully Eulerian RK-DG approach and the SL-DG one. 

Required knowledge 
Basic coding knowledge is required, as well as basic knowledge about numerical methods, including local 

Galerkin methods and numerical quadratures. 

 

 

 

 

 

 

 

 



 

 

 

 

6) The dusk & dawn Toolchain for unstructured Weather 
and Climate Codes on the Extreme Scale 
 

Student project 
Two small projects will be offered where students write a simple but complete model code, either for a diffusion 
problem and/or a shallow water solver, in dusk.   

The projects are suited for students that wish to gain hands-on experience using DSLs. This is especially 

interesting for students that already have experience writing code in a general purpose programming language 

and will be able to appreciate the contrast. On the other hand, the two projects come with quite verbose 

explanations, starting out from the continuous equations and present the discretization using the FVM. This 

allows students that are new to numerical methods a motivating and complete experience in implementing a 

simple PDE solver.  

Required knowledge 
Some basic programming knowledge is necessary. 
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