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Motivation: Emulators doing well, rely on available data

These emulators rely on high quality, 
openly available data, like ERA5.

Figure from the AIFS paper 
(Lang et al., 2024)

Weather emulators are achieving 
prediction skill that demands 

attention.

http://arxiv.org/abs/2406.01465


NOAA’s UFS Replay
● Produced to initialize GEFSv13/GFSv17 

reforecasts
● “Reanalysis-like”: nudged toward 

ERA5/ORAS5
● Fully coupled ufs-hr1

○ Atmosphere: FV3
○ Ocean: MOM6
○ Sea Ice: CICE6
○ Land: NoahMP
○ Wave: WW3

● ¼ degree horizontal resolution
● Spans 1994-2024 (continually updating)
● Approximately 1 Pb of data
● More info here: 

psl.noaa.gov/data/ufs_replay/ 

https://psl.noaa.gov/data/ufs_replay/


Most of NOAA’s Data is not 
in Analysis Ready, Cloud 
Optimized (ARCO) Format

How can we improve access to the vast 
amounts of high quality NOAA data?



● A collection of separate files 
(chunks), which can be 
written/read independently 

○ High throughput I/O
 

● Ideal for cloud workflows + 
bucket storage, but works 
well on HPC too

The Zarr Data Format

From wikipedia

https://en.wikipedia.org/wiki/Zarr_(data_format)


The Zarr Data Format

Figure from
Abernathey et al., (2021)

● A collection of separate files 
(chunks), which can be 
written/read independently 

○ High throughput I/O
 

● Ideal for cloud workflows + 
bucket storage, but works 
well on HPC too

https://ieeexplore.ieee.org/document/9354557


How do we move a Petabyte of data into the cloud?

dask-jobqueue

xarray-beam

Most runners suited for 
cloud, but our resources are 

on-prem, or look like on-prem 

Trouble seeing this scale for 
very large workloads

1)

2)

… and more

https://jobqueue.dask.org/en/latest/
https://xarray-beam.readthedocs.io/en/latest/index.html


A detour into our ML emulator developments using the 
GraphCast code base…
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JAX cannot use multiprocessing 
based dataloaders (e.g. pytorch)

JAX ecosystem does not have 
any built in dataloading tools
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Gray + Red = 
single MPI process

Gray & Red 
overlap (gray is 
one batch ahead)

…scaled up with 
mpi4py+mpi4jax



Array Dimensions:
[sample, lat, lon, channel] 

Dataloading at Scale Usually Requires Stacking

Stack vertical 
levels to 
Channel 
Space



Array Dimensions:
[sample, lat, lon, channel] 

Dataloading at Scale Usually Requires Stacking

While creating the 
Dataloader, we have 
defined the mapping 

from a full multivariate 
dataset to an 

enumeration of the 
smallest chunk that we 

care about
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{1994-01-01 00Z, fhr=3} 

{1994-01-01 06Z, fhr=0} 

{1994-01-01 06Z, fhr=3} 

{1994-01-01 12Z, fhr=0} 

{1994-01-01 12Z, fhr=3} 

Stacked Mapping = 
Enumerated, Multi-index

= MPI process



Workflow: monster dataset from many small datasets

From xarray-beam docs

When generating very large datasets, viewing the entire dataset (e.g. with dask) 
creates scheduling challenges, and does not appear to be robust. Workflows 

that manage small subsets of the dataset appear scalable & more robust.

https://xarray-beam.readthedocs.io/en/latest/why-xarray-beam.html


Strong Scaling Tests on Perlmutter (DOE HPC)

● Moving 1 year of NOAA’s Global 
Ensemble Forecast System (GEFS), 
with

○ All ensemble members
○ “The usual” ML weather emulator 

variables 
○ Forecast hour 0 & 6

● Lustre file system suboptimal for 
zarr, but still works well

● Test case is flipped, moving cloud to 
on-prem filesystem, but still 
illustrative

Performance is promising:
1 Pb in 35 hours with 8 nodes??

🚀



https://noaa-ufs-gefsv13replay-pds.s3.amazonaws.com/index.html#1deg/1994/01/1994010100/

Sample Notebook
... & more info

NOAA’s UFS Replay

~1 Pb
Thanks to NOAA Open Data 

Dissemination (NODD)

https://noaa-ufs-gefsv13replay-pds.s3.amazonaws.com/index.html#1deg/1994/01/1994010100/
https://nbviewer.org/gist/timothyas/f37ec28562e97c74217401fceb144f1f
https://psl.noaa.gov/data/ufs_replay/
https://www.noaa.gov/information-technology/open-data-dissemination
https://www.noaa.gov/information-technology/open-data-dissemination


CONUS404

Planetary Computer Link
More info from NCAR
and USGS

~2.3 Pb
Thanks to NOAA Open Data 

Dissemination (NODD)

https://planetarycomputer.microsoft.com/dataset/conus404#overview
https://rda.ucar.edu/datasets/d559000/
https://www.sciencebase.gov/catalog/item/6372cd09d34ed907bf6c6ab1
https://www.noaa.gov/information-technology/open-data-dissemination
https://www.noaa.gov/information-technology/open-data-dissemination


Analysis Ready Data in
Cloud Bucket Storage

Local File 
System

GPUs

Data 

Preprocessing

Training with 
Preprocessed Data

Inference with on the 
fly Data Preprocessing

ufs2arco

https://ufs2arco.readthedocs.io/


Key Takeaways
● By writing our own dataloader to work with JAX, found a way 

to harness on-prem resources for a scalable ARCO data 
mover

● Workflow: monster dataset from small datasets appears 
scalable

● Check out the Replay data on GCS & CONUS404 on 
Planetary Computer / Azure!

○ Big thanks to NOAA Open Data Dissemination (NODD)! 🚀

From xarray-beam docs

Future Developments
● Code is openly developed as a community resource & reference at 

github.com/NOAA-PSL/ufs2arco, but it is imperfect!

● Use this backbone to improve anemoi-datasets xarray-zarr workflow
● VirtualiZarr to improve access to existing datasets

Robustness to missing data Zarr v3 Icechunk? Questions/Comments?
Let’s chat!

tim.smith@noaa.gov
or on LinkedIn

xarray-beam + Flink Runner + SLURM?

https://xarray-beam.readthedocs.io/en/latest/why-xarray-beam.html
http://github.com/NOAA-PSL/ufs2arco
https://anemoi.readthedocs.io/projects/datasets/en/latest/
https://virtualizarr.readthedocs.io/en/latest/
mailto:tim.smith@noaa.gov
https://www.linkedin.com/in/timothy-smith-a44a9a57/

