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'History' of  ML/AI 
Forecasting

• ML and AI refer to similar things: a set of  algorithms 
that can learn from and make predictions on data, 
with AI also more broadly referring to technologies 
using these algorithms for robotics, problem-solving 
and so on.

• ML/AI has been present in climate research for 
quite some time. (Krasnopolsky)

• First forecasting attempt: 2018 by scientists at the 
European Centre for Medium Range Weather 
Forecasts (ECMWF). Dueben and Bauer (2018)
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'History' of  AI Forecasting
• First forecasting attempt: 2018 by scientists at the 

European Centre for Medium Range Weather 
Forecasts (ECMWF). Dueben and Bauer (2018)

• In 2022/23 enter the tech giants (Huawei, 
NVIDIA, Google).

• The creation of  ML/AI weather forecasting 
models that can rival and sometimes outperform 
traditional NWP.

• Advancements in ML techniques, use of  GPUs, 
alongside the publication of  a Weatherbench 
dataset, a 10-year roadmap for ML by the 
ECMWF, and other developments, have changed 
the landscape dramatically in recent years.

• Benefits, accuracy, computational cost, ensembles, 
45000x faster than current NWP.

• Image: Anima Anandkumar

• Image: ECMWF

• Image: FT



'History' of  AI Forecasting

• Rapid progress in 
weather forecasting 
has occurred in the 
last two years.

From Lam et al. (2023)



ML models

• FourCastNet (NVIDIA - implements a vision transformer architecture 
with an Adaptive Fourier Neural Operator - AFNO).

• FourCastNet v2 (NVIDIA – uses Spherical Fourier Neural Operators 
SFNOs)

• Pangu-Weather (Huawei - Transformer based architecture)

• GraphCast (Google - Graph Neural Networks)

• All four models come from the 'tech giants':

All models train on ECMWF data.

Models are showing considerable ability: equal or better than NWP in many 
domains. Their ability to forecast extremes is more open, and the focus of  
analysis has been different.



Surface land and ship station 

SYNOP observations of  Storm 

Ciarán at 06 UTC 2 November 2023 

extracted from the MetDB database

Storm Ciarán evolved from a weak disturbance to a deep storm in November 2023.

Storm Ciarán

Max wind gust speed 1-2 November 2023
https://www.metoffice.gov.uk/binaries/content/assets/metofficegovu

k/pdf/weather/learn-about/uk-past-

events/interesting/2023/2023_09_storm_ciaran_1.pdf

• First seen as a low-pressure weather system south of Newfoundland at about 00 

UTC on 31 October 2023.

• Tracked quickly across the Atlantic before underdoing explosive deepening.



Storm Ciarán evolved from a weak disturbance to a deep storm in November 2023.

Storm Ciarán - A Record Breaking Storm

Max wind gust speed 1-2 November 2023
https://www.metoffice.gov.uk/binaries/content/assets/metofficegovu

k/pdf/weather/learn-about/uk-past-

events/interesting/2023/2023_09_storm_ciaran_1.pdf

• First seen as a low-pressure weather system south of Newfoundland at about 00 

UTC on 31 October 2023.

• Tracked quickly across the Atlantic before underdoing explosive deepening.

Record low MSLP for 

November in England

Jersey tornado - 'strongest in 

almost 70 years'



• Across Northern Europe, at least 16 people were killed.

• Multiple airports, train services in Europe were shutdown.

• An estimated 1.2 million households in northern France were left 

without electricity and more than 1 million residents were cut off  

from the mobile telephone network.

Closer to home:

• Approximately 10,000 homes in Cornwall were left without 

power, hundreds of  schools were closed and many train services 

were disrupted by fallen trees

• Red weather warning issued by the Jersey Met Office more than a 

day ahead, closed all Channel Island Schools, airports, harbours 

and many non-essential businesses on 2 November

Storm Ciarán caused substantial damage and disruption in the UK and continental Europe.

https://www.metoffice.gov.uk/binaries/content/assets/metofficegovuk/pdf/weather/learn -about/uk-past-events/interesting/2023/2023_09_storm_ciaran_1.pdf

Storm Ciarán - Damage, Disruption



Do AI models produce better forecasts than 
physics-based models?
•Not only record breaking, extreme, but at the time it represents a valuable out-of-sample 

test for the ML-models

• FourCastNet

• FourCastNet v2

• Pangu-Weather

• GraphCast

• ECMWF  (including IFS HRES)

• Met Office

• JMA

• NCEP

Compared with forecasts from NWP (and reanalysis):



Storm Ciarán - Storm Track/MSLP

• First seen as a low-pressure weather system 

south of Newfoundland at about 00 UTC on 

31 October 2023.

• Tracked quickly across the Atlantic 

before underdoing explosive deepening.

• Initialised forecasts at 00UTC on 31 October

• Track is well forecast by IFS HRES and ML-

models

• BUT small differences in the low 

pressure centre location are critical for 

accurate predictions needed for weather 

warnings along the south coast of England.

Figure1: (a, b) Maps of 10-m wind speed (shading) and MSLP (contours) at (a) 00 UTC and (b) 

06 UTC 2 November 2023 from the IFS analysis. (c) Six-hourly track points from the IFS 

analysis and the IFS HRES forecasts and AI models from 06 UTC 31 October to 06 UTC 2nd 

November 2023 (left to right) together with partial MSLP and 250-hPa wind speed from the IFS 

analysis at 06 UTC on 31 October, 1 November and 2 November (left to right).



Storm Ciarán
MSLP and max 10m windspeed evolution – ML Models too weak

• All forecasts of  minimum MSLP closely 

follow analysis

• Spread between physical models is similar 

to the spread between ML-models

• Larger spread in max 10m windspeeds

• The wind speeds forecast by the ML 

models are far too weak and fail to 

capture rapid intensification of  the winds 

after about 06 UTC 1 November

• Note that this isn't the case for ERA-

5 analysis forecasts so likely not a 

"training" problem (or is it?)



Storm Ciarán
10m winds - 00 UTC 2 November (time of  maximum intensity)

• ML models fail to predict the 

strongest winds in a band 

following the isobars in the 

region of the tightest MSLP 

gradient

• ML models fail to capture the 

structure and magnitude of the 

winds in (as seen in the IFS 

HRES forecast/ERA5/IFS 

analysis)

• (*despite ML models being 

trained on ERA5).

• Mixed messages.



• Forecasts are initialised at 00 UTC 1 November, during the onset of 

Ciarán’s rapid intensification phase. They are evaluated 18 hours later and 

24 hours later, when Storm Ciarán’s peak wind speeds were observed.

• By shifting the focus to these short lead times from the previous 

section, the aim is to highlight both the similarities in and 

differences between, the NWP and ML forecasts on timescales 

relevant for refining hazard warnings.

Shifted lead time predictions – Hazard Warnings



Dynamical structure of Storm Ciarán (18 UTC on 1 
November 2023)

• ML models accurately capture the 

general shape of Storm Ciarán, but 

struggle to represent frontal 

structures conducive to mesoscale 

high-impact features.

• Similarly: maximum wind speeds 

are weaker in the ML models than 

in ERA5.

Figure 4: Maps of  wind speed at 850 hPa (shading), wind speed at 250 hPa 

(65 ms-1, cyan contour with high values in the bottom left of  the panels), wet-

bulb potential temperature at 850 hPa ( dark blue, light blue, light red and 

dark red contours), MSLP (thin grey contours), relative humidity with respect 

to water at 700 hPa (grey shading encircling regions above 80%), vertical 

component of  relative vorticity at 850 hPa (light-to-dark green shading).



Dynamical structure of  Storm Ciarán at 00 UTC on 
2 November 2023.

• The structures of  the MSLP fields 

are similar for the different 

models despite the differences in 

the wind speed structure and 

magnitude.

• Wind maxima are consistently 

underestimated in the ML models 

when compared to the 

benchmarks provided by the 

ERA5 and IFS forecast.

As previous figure but for the dynamical structure of Storm 

Ciarán at 00 UTC on 2 November 2023.



Conclusions

• Forecasts of  the rapid MSLP deepening and track of  the storms produced by the ML-
models were essentially indistinguishable to NWP forecasts. Many important dynamical 
features of  the storm were well captured by the ML models.

• ML-models failed to represent the strength of  the cross-front thermal gradient in the 
bent-back front.

• All four ML models failed to produce the narrow band of  very strong winds at the 
surface that led to the most severe impacts.

• This is important not least as the economic loss resulting from strong surface 
winds is often assumed to scale as the cube of  normalised wind gust speed over 
a threshold.

• Ability of  ML models to forecast more dynamically unusual storms is an open 
question.

• (Starting to explore this now)
• Physical consistency between models.



Next steps – Aurora Showing the Way?
• "A recent study by Charlton-Perez et al. (2024) 

underscored the challenges faced by even the most 
advanced AI weather-prediction models in capturing 
the rapid intensification and peak wind speeds of Storm 
Ciarán.

• To help address those challenges, a team of Microsoft 
researchers developed Aurora, a cutting-edge AI 
foundation model that can extract valuable insights 
from vast amounts of atmospheric data. "

https://www.microsoft.com/en-us/research/publication/aurora-a-foundation-model-of-the-atmosphere/
https://www.microsoft.com/en-us/research/publication/aurora-a-foundation-model-of-the-atmosphere/
https://www.microsoft.com/en-us/research/publication/aurora-a-foundation-model-of-the-atmosphere/


Next steps – Aurora Showing the Way?
• "By operating at a high spatial resolution of  0.1° 

(roughly 11 km at the equator), Aurora captures 
intricate details of  atmospheric processes, providing 
more accurate operational forecasts than ever 
before—and at a fraction of  the computational cost 
of  traditional numerical weather-prediction systems. "



VerAI Workshop

• Co-organized by Jochen Brocker and myself.

• Verifying, explaining etc. the AI models.

• Writing up report on this. (can send)

“In a report on extreme weather risks, the House of Commons Public 

Accounts Committee raised concerns about UK government’s approach 

in being able to strengthen UK’s resilience to society-wide risks (including 

extreme weather risks), saying it “lacks the required robust leadership, 

oversight and urgency”.

… Storm Ciarán was not an unusual storm, and as part of UK 

preparedness, further work must also go into understanding how much 

the AI models’ predictions can be trusted for more dynamically unusual 

storms.”

This is especially important with an increase in the likelihood of  

extreme weather events as climate change continues.

https://committees.parliament.uk/committee/127/public-accounts-committee/news/200939/extreme-weather-government-approach-to-societywide-risks-lacks-leadership-and-urgency/


Thank you for listening!

Contact 

a.j.charlton-

perez@reading.ac.uk  

s.driscoll@pgr.reading.ac.uk 
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