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ity of North American Weather Regimes

Earth Systems Itis largely understood that subseasonal-to-seasonal (52S) predictability arises from the atmospheric initial state during early lead times, the land during intermediate lead times, and the ocean during later lead times. We examine whether
this hypothesis holds for the S2S prediction of weather regimes by training a set of XGBoost models to predict weekly weather regimes over North America at 1-to-8-week lead times. Each model used a different predictor from one of the
three considered Earth system components (atmosphere, ocean, or land) sourced from reanalyses. Three additional models were trained using land-, ocean-, or atmosphere-only predictors to capture process interactions and leverage
multiple signals within the respective Earth system component. We found that each Earth system component performed more skillfully at different forecast horizons, with sensitivity to seasonality and observed (i.e., ground truth) weather
regime. S2S predictability from the atmosphere was higher during winter, from the ocean during summer, and from land during spring and summer. Ocean heat content was the best predictor for most seasons and weather regimes beyond
week 2, highlighting the importance of sub-surface ocean conditions for S2S predictability. Soil temperature and water content were also important predictors. Climate patterns were associated with changes in the likelihood of occurrence
for specific weather regimes, including the El Nifio-Southern Oscillation, Madden Julian Oscillation, North Pacific Gyre, and Indian Ocean dipole. This study quantifies predictability from some previously identified processes on the large-
scale atmospheric circulation and gives insight into new sources for future study.
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GFS Composite Reflectivity (dBZ) and MSLP (mb; 0.5-degree smoothed)
Init: 18z Nov 30 2022 Forecast Hour: [6] valid at 00z Thu, Dec 01 2022

TROPICALTIDBITS.COM

N

Small-scale features

Images from: https://www.tropicaltidbits.com/

What to predict? (how to make
the problem simpler)

GFS 500mb Geopotential Height & Anomaly (dam) (based on CFSR 1981-2010 Climatology)
Init: 182 Nov 30 2022 Forecast Hour: [6] valid at 00z Thu, Dec 01 2022 TROPICALTIDBITS.COM
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Large-scale features
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%@\f‘;’ﬁ M How to compute the weather regimes?
1) Daily 500hPa Geopotential 2) Extract region of interest, remove

height (Z500) 1981-2020 annual cycle and regional trends,
standardize

Z500 Anomalies
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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.
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3) Dimensionality reduction: 12 first PCs (85%
of variance)
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WR 1: Pacific Trough (25% of total) WR 2: Pacific Ridge (22% of total)
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ERAS5 500-hPa Geopotential Height Anomaly (o)

Lang, A. L. Pegion, K. & Barnes, E. A. (2020). Introduction to special collection:“Bridging weather and climate:
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c) WR 3: Greenland High (17%) d) WR 4: Alaskan Ridge (14%)

b) WR 2: Pacific Ridge (22%)
-

a) WR 1: Pacific Trough (25%)

Fic. 1. The upper column (a-d) shows composites of detrended standardized ERAS 500-hPa geopotential height anomalies from 1981 to 2020
for the four weather regimes (WRs) identified. The daily frequency of each weather regime is shown in the subplot titles. The “ No WR” class is
not shown. The middle and bottom columns show the composited standardized daily precipitation (e-h) and temperature (i-1) anomalies for each

one of the four weather regimes sourced from ERAS.

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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Ensemble Predictability of Week 3/4 Precipitation and Temperature over the
United States via Cluster Analysis of the Large-Scale Circulation?’
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® AOES Department, George Mason University, Fairfax, Virginia
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Surface impact

Predicting surface
anomalies purely
based on WR
composites may be as
skillful as predicting
them directly.

10



o=

o9

it M Predictors representing the initial state
of the Earth system

Atmosphere (ERAD) - 4 variables: Z500hPa, U10hPa and U200hPa, and
OLR.

Land (ERAD5) - 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.

UMD PARETO

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.



Q‘Pﬁ M Predictors representing the initial state
PR of the Earth system

Removed climatology

To train different models with each
Removed trends

variable individually

Weekly average

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 Intelllgence for the Earth Systems



%@\/‘;’ﬁ M What algorithm to use for classification? Aiming
TEPEER for scalable and fair models

Example: SST

What ML 5 classes:
—» weather
model? regimes

Shape: t(4094), 1lat(60),
lon(180)
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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.



%@\5;@:& M What algorithm to use for classification? Aiming
TEPEER for scalable and fair models

Example: SST

What ML model?

Artificial neural network 5 classes:

> Long-short term memory network —» weather

regimes

G T Convolutional neural network

Shape: t(4094), 1lat(60),

lon(180) XGBoost

14
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.



%@\5;@:& M What algorithm to use for classification? Aiming
TEPEER for scalable and fair models

Example: SST XGBoost
x,y
P il S S 5 classes:
Tree 1 Tree 2 Tree n
PNty LN Ly . b —» weather
e W W regimes
\ i:z’ijl fe®) /
Result

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.
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Aiming to find robust and fair models.

1980s 1990s 2000s 2010s Hyperparameter Search range _ Optimal values

Maximum depth of a tree 2-20 12-14
. . Minimum sum of instance weight needed in a child 1-20 10-12
Te St 3 -fo | d CV —> tra I n I n g Percentage of samples used for each tree construction 0.7-0.9 0.8-1
Percentage of features used for each tree construction 0.6-0.9 0-0.25

Percentage of features used for each split 0.75-1 0.83-0.88

Te St Learning rate 0.0001-0.3 0.003-0.015
Minimum loss reduction required to make a further partition on a leaf node of a tree (gamma) 0-5 0-4
L1 regularization term on weights 4-40 6-10
L2 regularization term on weights 1-316 1.5-40
Te St Exponential term for the weights to reduce class imbalance 0-1 0.6-0.8

Test 23 variables x 8 lead times x 4 NCAR O
| test-folds x 3 cv-folds ClSL ﬂﬂﬂ
PyTorch

Full test period

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

weeks)
16

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).



Results: Skill of the models
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0.40 b) Models based on oceanic variables
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a) Models based on atmosphere variables

b) Models based on oceanic variables

Results: Skill of the models

c) Models based on land variables
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Regimes. Submitted to Artificial Intelligence for the Earth Systems.
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(b) CESM

d) Best models from each component
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Variables contributing meaningful
predictability
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Variables and components that provide skill
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Variables and components that provide skill
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&

a) Winter - WR1: PT b) Spring - WR1: PT : ) Summer - WR1: PT d) Fall - WR1: PT
Pacific —r g @ T @ =
Variables contributing meaningful =EESE | B
predictability Trough : == e B
OLR - VT8, i VA ", G VT P i i1 R diiiis PN Iiiidva IIiLILie

U10 - // // Lead time (week) Lead time (week) Lead time (week) Lead tme (week)
©) Winter - WR2: PR 1) Spring - WR2: PR g) Summer - WR2: PR b Fall - WR2: PR
5 B s o

U200 1/~ AN A T, = | EE-E=-=—
25001 /L WV /X /AL AV /] » ) o = e
ka 7 Pacific Ridge - r=—-=

MLD - v/ LA Az CR FREEEE
OHC].OO' // ///// 3 2345678 - 1 1‘?4 5 6 7 8 N S B el 12345678

7 Lead time (week) Lead time (week) Lead time (week] Lead time {week)
OHC200 A /// // // // i) Winter - WR3: GH ) Spring - WR3: GH k) Summer - WR3: GH 1) Fall - WR3: GH

OHC300{ WLXLALSL ¥ AZZ. = | § & oo===
OHC50 574 75, W VA D, Greenland = | @ l
OHC700 - (AALT = | 3 i =
SSH - | . : ‘w:;;é =
55T/ 7% 2272V 7 High . by =
SD A FERILTL ZAZEERE PRI EERTRAT
ST_].m T I ,// ; ;;/ ,// // al . m wmtevwﬁ;ﬂ . n) Spring - WR4: AR e 0) Summer - WR4: AR " ) Fall - WR4: AR
ST_28cm A A = & 8 %
ST_7cm - 75, T4 T TS s L Alaska n gl . e
ST_full - 7. (AT . < | = -
swcimd  CLALLV AN A VL Rldge el o= o
SWC_28cm - | Y = | $ki e

5 / fusl
SWC 7cm - A SN T333i367 % IR ERER] 1:134367 8 T:3:3547 48
i /] Lead time (week) Lead time fwoek) Lead time (week) Laad time (woek!

SWC full 1 ’/ | q) Winter - No WR r) Spring - No WR 's] Summer - No WR 1) fall - No WR
™ T T T T T T T T o iy et i) = 7, v | o
i 4l | =t | &
1 2 3 4 5 6 74 8 z_‘é w1 W ‘.§
: gl rras i me——— gttt 5 g R
Lead time (week) N WR iz T | B o et |
o) i o i B ==
'- T == k]
i i =
T13:3¢73 TI3i367 s RN ERERERRE 23
Load e woak) Lead e e Lot (wosk) Lot ek
Pérez-Carrasquilla, J. S. & Molina, M. J. (under review)., An Earth-System-Oriented View of the S$S2S Predictability of North American Weather

Regimes. Submitted to Artificial Intelligence for the Earth Systems.



Variables and components that provide skill
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Layer-wise relevance propagation: Relevance index — where did the models look?
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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

34
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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.
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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

Exploring the Relative Importance of the MJO and ENSO to
North Pacific Subseasonal Predictability

Kirsten J. Mayer B4 William E. Chapman i William A. Manriquez
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Relevance of Processes (cold season)
- ENSO relevant for Pacific Trough and Pacific Ridge
- MJO relevant for Greenland High
- Stratosphere relevant for Pacific Ridge (why?)
- Snowpack and soil moisture relevant for Greenland High and Pacific

Ridge (why?)
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Long-term changes in the characteristics of North American weather regimes

Jhayron S. Pérez—CarrasquiIIa1 (jhayron@umd.edu), Maria J. Molina’, Kirsten J. Mayer?, Katherine Dagon?, and Isla R. Simpson2
"University of Maryland, Atmospheric and Oceanic Science Department
°NSF National Center for Atmospheric Research

LENS2 provides a good representation of the
frequency and duration of the WRs
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Long-term changes in the characteristics of North American weather regimes

Jhayron S. Pérez-Carrasquilla’ (jhayron@umd.edu), Maria J. Molina’, Kirsten J. Mayer?, Katherine Dagon?, and Isla R. Simpson?
"University of Maryland, Atmospheric and Oceanic Science Department
°NSF National Center for Atmospheric Research

Pacific Trough during spring - forced change?
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WR-Transitions and long-term
predict the WRs?
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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
- Stratosphere relevant for Pacific Ridge (why?)
- Snowpack and soil moisture relevant for Greenland High and Pacific

Ridge (why?)
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