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Scientific Areas of Interest:
Driving my work in scientific computing
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Astrophysical Flows Computing and Software Ocean Dynamics

● Ocean circulation, 
vortices and jets

● Air-sea-ice interactions
● Biogeochemical systems 

(plankton, carbon)

● Solar tachocline 
dynamics (vortices, jets)

● Planet formation from 
protoplanetary disks

● Oceans on icy moons

● Physics informed 
machine learning

● Open-source scientific 
computing

● Software for education

Unifying theme: multiscale nonlinear fluid dynamics



My Early Experiences with Computing:
How I learned (the hard way)
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⚠ Turning Point:

PhD at MIT

✅ Learned Quickly:

PhD

❌ Avoiding Computation:

Undergrad and Masters

● Minimal computing 
● Learned lots of theory 
● Avoided computing

● Right Whale migration in 
Cape Cod Bay

● At a crossroads:

Give up?
     or

Learn to compute?

● Numerical methods 
(Linear Algebra, PDEs)

● Scientific programming 
(C, Matlab)

● First simulations 

This experience shaped how I approach scientific computing and software



My first Shallow Water solver:
But we can do better, so much better
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 Efficiency WorkflowPrototyping

● Finite difference method
● Wrote code in Matlab
● Generated plots

● Rewrote in C
● Slow development
● Data handling in binary

● Shell scripts
● Calculate in C
● Visualize in Matlab

Three languages.  One model.  Too much work.

       Matlab               →                    C                    →           Shell scripts                      



Hardware available todayGo20 Conference 2026 Francis Poulin

 GPU Multi-GPU CPU

● Many libraries available
● Not accelerating as fast 

as Moore’s law 

● Can be x100 faster
● Needs different libraries

● MPI + GPU is powerful
● Harder to set up

Too soon to add quantum computing but it’s coming!



Sources of Error in Ocean ModelsGo20 Conference 2026 Francis Poulin

 Numerical MethodsPhysical Model Equations

● Models approximate the real world
● Parameterize subgrid scale processes 

● Spatial and temporal errors
● Data assimilation errors



Levels of abstraction in computing:
Scientific computing spans a spectrum of abstraction
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 Legacy models Programmable Low-level numerical 

● Linear solvers (PETSc)
● Optimized, scalable
● Flexible, you develop 

● Mature general 
circulation models

● Very rigid in structure

● Equations in code
● High-level abstractions
● Flexible and performant

Goal: fast, friendly and flexible

 Low-level                      →        Mid-level                    →        High-level                     



Why Oceananigans?
Hello, ocean! 
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 Climate Modeling 
Alliance (CliMA, 2017)

Oceananigans
(2020)

MIT General Circulation 
Model (MITgcm, 1997)

● Foundation of modern 
ocean modelling

● CPU-based HPC
● Difficult to adapt

● Need modern Earth 
system models

● Flexible and scalable
● Rethinking modeling

● MITgcm-like but for 
modern computing

● Programmable, GPU
● From idealized to global

From legacy models   →   programmable frameworks 
 MITgcm                        →             CliMA                    →        Oceananigans                     



Oceananigans: Programmable fluid 
dynamics on modern hardware
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 FastFlexible
● GPU-acceleration
● Efficient parallelism
● JIT compiled kernels

● Modular model design
● Adaptable physics
● Same code runs on CPU, 

GPU, and clusters

Laptop (CPU)
↓

GPU node
↓

Cluster

One language.  One model. From laptop to supercomputer

Friendly
● Readable, equation 

based code
● Minimal setup
● Julia language (2009)

256^3

400

Speed up: GPU vs CPU
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Faster code means faster science

Compare results with 
biogeochemistry

● OceanBioMe adds 
biogeochemistry

● MITgcm: 3 months
● Oceananigans

○ 3 hours of coding
○ 1 week

● Gained a factor of 10!



A complete simulation in one script Go20 Conference 2026 Francis Poulin

One script
=

Setup
+

Run
+

Analysis
+

visualization



Programmable InterfaceGo20 Conference 2026 Francis Poulin

Traditional
Code → config → run → post process → plot

Oceananigans
One script to do it all

User code is part of the model



From Simple to ComplexGo20 Conference 2026 Francis Poulin

● Grid
● Initial conditions
● Forcing

● Number of dimensions
● Tracers
● Diagnostics

● Geometry
● Domain
● Winds

 3D Turbulence Ocean Turbulence2D Turbulence

Same base code → increasing complexity
      Small changes               →      Medium changes            →        Big changes                    



Small Scale Capability: O(1 m)Go20 Conference 2026 Francis Poulin

DNS → resolves all scales
LES → resolves large scales 
Re is the Reynolds number



Mesoscale Capability: O(100 km)Go20 Conference 2026 Francis Poulin

Eady turbulence is well resolved

Resolves baroclinic instability

Minimal numerical dissipation is needed

High order advection on a GPU



Planetary Scale Capability: O(1000 km)Go20 Conference 2026 Francis Poulin

High resolution global 
simulations

Multiple spherical grids

Resolves baroclinic instability

Same framework as small-scale simulations



Coupled Ocean-Sea Ice ModellingGo20 Conference 2026 Francis Poulin

Coupled ocean-sea ice simulations

Ready-to-use climate datasets
 

Easily configurable experiments

From idealized turbulence → Earth system simulations
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Code looks like regular math

ω = ∂x(v) − ∂y(u)

Easy to compute diagnostics

KernelFunctionOperation is needed 
for complex equations

Code looks like math and calculates any function



Nonhydrostatic EquationsGo20 Conference 2026 Francis Poulin

Mass Conservation

Momentum Conservation
(Newton’s Second Law)

Tracer Conservation

u → velocity
p → pressure
b → buoyancy (like density)
c → tracers (T, S, etc.)

Finite-volume discretization on a staggered C grid

Hydrostatic model replaced the vertical 
equation with hydrostatic balance



Finite Volume FrameworkGo20 Conference 2026 Francis Poulin

Staggered C grid
(efficient)

Finite volume formulation
(Conservative)

Minimal dissipation
(High order methods)

Simple numerics + high resolution = accuracy



Performance (GPU payoff)Go20 Conference 2026 Francis Poulin

● GPU-native implementation
● Single-GPU global simulations
● High effective resolution

GPUs allow for high resolution simulations
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 GPU-first ProgrammableSingle framework

● From simple models to 
global ocean

● One model for all scales
● Many tools available

● Modern hardware
● Serial or parallel
● New methods must 

scale well on GPUs

● Single script-based 
workflows

● User code = model code
● Rapid prototyping

Design is based both on performance and usability



Why this matters for scienceGo20 Conference 2026 Francis Poulin

 Higher resolution ReproducibilityFaster experimentation

● Leverage GPU and high 
order methods

● Resolve smaller scales, 
parameterize less

● Script based works flows 
and easily shared

● Sharing with community 
is easy on Github 

● Prototype and modify 
models quickly

● Explore ideas without 
writing new code

Scientific discoveries will happen faster
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● Scientific computing is evolving

● Programmable frameworks enable flexible, high performance modelling

● Oceananigans spans small to global sales


