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Research question
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Where does atmospheric 
predictability come from?

What variables or Earth system 
components?

What processes?
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ML Framework:



Research question

Lang, A. L., Pegion, K., & Barnes, E. A. (2020). Introduction to special collection:“Bridging weather and climate: 
subseasonal‐to‐seasonal (S2S) prediction”. Journal of Geophysical Research: Atmospheres.
Richter, J.H., Glanville, A.A., King, T. et al. Quantifying sources of subseasonal prediction skill in CESM2. npj Clim Atmos Sci 7, 59 (2024).

4

ML Framework:

- What to predict?
- What variables represent the 

Earth system properties 
relevant for S2S prediction? 

- What ML model to use?



What to predict? (how to make 
the problem simpler)
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Images from: https://www.tropicaltidbits.com/ 

Small-scale features Large-scale features

https://www.tropicaltidbits.com/


How to compute the weather regimes?
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Lee, Simon H., Michael K. Tippett, and Lorenzo M. Polvani. "A new year-round weather regime classification for North America." Journal of Climate 36.20 (2023): 7091-7108.

2) Extract region of interest, remove 
annual cycle and regional trends, 

standardize

Z500 Anomalies

𝝈

1) Daily 500hPa Geopotential 
height (Z500) 1981-2020

time



k-means clustering
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Lee, Simon H., Michael K. Tippett, and Lorenzo M. Polvani. "A new year-round weather regime classification for North America." Journal of Climate 36.20 (2023): 7091-7108.

3) Dimensionality reduction: 12 first PCs (85% 
of variance)

How to compute the weather regimes?



Weather regimes
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Surface impact

Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S2S Predictability of North American 
Weather Regimes. Submitted to Artificial Intelligence for the Earth Systems.
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Surface impact

10

Predicting surface 
anomalies purely 

based on WR 
composites may be as 
skillful as predicting 

them directly.
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Predictors representing the initial state 
of the Earth system

Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S2S Predictability of North American Weather 
Regimes. Submitted to Artificial Intelligence for the Earth Systems.

Atmosphere (ERA5) - 4 variables: Z500hPa, U10hPa and U200hPa, and 
OLR. 
Land (ERA5) - 9 variables: Soil integrated moisture and heat for different 
depths, and snow depth.

Ocean (SODA) - 10 variables: OHC for different depths, SSH, SST, MLD, ice 
properties.
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Predictors representing the initial state 
of the Earth system

Removed climatology

Removed trends

Weekly average

To train different models with each 

variable individually

Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S2S Predictability of North American Weather 
Regimes. Submitted to Artificial Intelligence for the Earth Systems.
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What algorithm to use for classification? Aiming 
for scalable and fair models

5 classes: 
weather 
regimes

What ML 

model?

Shape: t(4094),  lat(60), 
lon(180)

Example: SST

Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S2S Predictability of North American Weather 
Regimes. Submitted to Artificial Intelligence for the Earth Systems.
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What algorithm to use for classification? Aiming 
for scalable and fair models

5 classes: 
weather 
regimes

What ML model?

Artificial neural network

Long-short term memory network

Convolutional neural network

XGBoostShape: t(4094),  lat(60), 
lon(180)

Example: SST

Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S2S Predictability of North American Weather 
Regimes. Submitted to Artificial Intelligence for the Earth Systems.



15

What algorithm to use for classification? Aiming 
for scalable and fair models

5 classes: 
weather 
regimes

XGBoost

Advantages: Widely used, similar performance to DL, low computational 
cost, fewer hyperparameters and lower sensitivity to them
Friedman, J. H., 2001: Greedy function approximation: a gradient boosting machine. Annals of statistics, 1189–1232.

Example: SST
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Hyperparameter optimization

Train a model for each variable (23 variables) and for each lead time (8 
weeks)

1980s 1990s 2000s 2010s

Test 3-fold CV → training

Test

Test

Test

Full test period

Aiming to find robust and fair models.

23 variables x 8 lead times x 4 
test-folds x 3 cv-folds

Perez-Carrasquilla, J., Molina, M. J. 2023. An Earth-System-Oriented View of the S2S Predictability of Weather Regimes using XGBoost. Artificial Intelligence for the Earth Systems (under review).
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Results: Skill of the models

Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S2S Predictability of North American Weather 
Regimes. Submitted to Artificial Intelligence for the Earth Systems.
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Variables and components that provide skill

Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S2S Predictability of North American Weather 
Regimes. Submitted to Artificial Intelligence for the Earth Systems.
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Variables and components that provide skill

No WR

Alaskan 
Ridge

Greenland 
High

Pacific Ridge

Pacific 
Trough

Winter Spring Summer Fall

Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S2S Predictability of North American Weather 
Regimes. Submitted to Artificial Intelligence for the Earth Systems.
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Variables and components that provide skill

Pacific Trough (ocean)

Pacific Ridge (ocean, land, atmosphere)

Greenland High (atmosphere and land)

Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S2S Predictability of North American Weather 
Regimes. Submitted to Artificial Intelligence for the Earth Systems.
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Variables and components that provide skill

Pacific Trough

Pacific Ridge

Greenland High
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Variables and components that provide skill

Pacific Trough

Pacific Ridge

Greenland High

Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S2S Predictability of North American Weather 
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OHC/SST
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Variables and components that provide skill

Pacific Trough

Pacific Ridge

Greenland High

Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S2S Predictability of North American Weather 
Regimes. Submitted to Artificial Intelligence for the Earth Systems.

Sea Ice
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Variables and components that provide skill

Pacific Trough

Pacific Ridge

Greenland High

Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S2S Predictability of North American Weather 
Regimes. Submitted to Artificial Intelligence for the Earth Systems.

Stratosphere
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Variables and components that provide skill

Pacific Trough

Pacific Ridge

Greenland High

Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S2S Predictability of North American Weather 
Regimes. Submitted to Artificial Intelligence for the Earth Systems.

Large-scale 
troposphere
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Variables and components that provide skill

Pacific Trough

Pacific Ridge

Greenland High

Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S2S Predictability of North American Weather 
Regimes. Submitted to Artificial Intelligence for the Earth Systems.

OLR
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Variables and components that provide skill

Pacific Trough

Pacific Ridge

Greenland High

Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S2S Predictability of North American Weather 
Regimes. Submitted to Artificial Intelligence for the Earth Systems.

Snowpack and 
soil moisture
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eXplainable AI

Layer-wise relevance propagation: Relevance index – where did the models look?



34

eXplainable AI

Shapley Values and SHAP (SHapley Additive exPlanations) - Game Theory:

Shapley values quantify the contribution of each feature (player) to the final prediction 
(outcome) in each instance.

Properties:

- Local accuracy, missingness, 
consistency

- Can be computed exactly 
with the XGBoost model

Lundberg, Scott. "A unified approach to interpreting model predictions." arXiv preprint arXiv:1705.07874 (2017).
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Composite Shapley values for correct predictions

Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S2S Predictability of North American Weather 
Regimes. Submitted to Artificial Intelligence for the Earth Systems.
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Processes that provide skill/Forecasts of 
opportunity: ENSO
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Processes that provide skill/Forecasts of 
opportunity: Sea Ice
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Processes that provide skill/Forecasts of 
opportunity: Sea Ice
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“Less ice over the North Pole favors the 
occurrence of Aleutian lows.”
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Processes that provide skill/Forecasts of 
opportunity: Stratospheric structure

Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S2S Predictability of North American Weather 
Regimes. Submitted to Artificial Intelligence for the Earth Systems.
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Processes that provide skill/Forecasts of 
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Processes that provide skill/Forecasts of 
opportunity: Stratospheric structure
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SSW vs. non SSW months
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Processes that provide skill/Forecasts of 
opportunity: Stratospheric structure
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SSW vs. non SSW months

Correct PR 
predictions at 
week 5
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Processes that provide skill/Forecasts of 
opportunity: Stratospheric structure
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SSW vs. non SSW months

Correct PR 
predictions at 
week 5
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Processes that provide skill/Forecasts of 
opportunity: OLR/MJO

Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S2S Predictability of North American Weather 
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Processes that provide skill/Forecasts of 
opportunity: OLR/MJO
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Processes that provide skill/Forecasts of 
opportunity: Soil Moisture

Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S2S Predictability of North American Weather 
Regimes. Submitted to Artificial Intelligence for the Earth Systems.
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Processes that provide skill/Forecasts of 
opportunity: Snow Depth

Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S2S Predictability of North American Weather 
Regimes. Submitted to Artificial Intelligence for the Earth Systems.
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Summary

Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S2S Predictability of North American Weather 
Regimes. Submitted to Artificial Intelligence for the Earth Systems.

XGBoost could “see” previously identified sources of predictability and 
shed light into potential new ones.

Relevance of Processes (cold season)
- ENSO relevant for Pacific Trough and Pacific Ridge
- MJO relevant for Greenland High
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Could AI leverage all this information to do 
improved predictions?

Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S2S Predictability of North American Weather 
Regimes. Submitted to Artificial Intelligence for the Earth Systems.
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improved predictions?
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:(



56

Other work with LENS2 and WRs

LENS2 provides a good representation of the 
frequency and duration of the WRs
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Other work with LENS2 and WRs

Pacific Trough during spring - forced change?
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Other work with LENS2 and WRs

WR-Transitions and long-term changes: Will it get easier or harder to 
predict the WRs?
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Thanks!!!!                                               Summary
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