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Key Points

Deterministic weather prediction on the 2022 Pakistan floods.
Global AI models: FuXi [1], GraphCast [2], SFNO [3] perturbed with
Gaussian, Hemi‐Centric Bred Vectors (HCBV), Huge Ensembles
(HENS) [4].
HENS: Most skillful ensembles, improved precipitation forecasts.
ENS outperforms all AI models, especially at long lead times.

Methodology

Data: ERA5 reanalysis initial conditions to initialize forecasts.
Perturbation Methods: 50‐member ensembles.
Benchmarks: ERA5 (ground truth), ENS (NWP reference).
Evaluation: Root Mean Squared Error (RMSE) for deterministic skill,
Continuous Ranked Probability Score (CRPS) for probabilistic
accuracy, and Receiver Operating Characteristic Skill Score (ROCSS)
for extreme‐event discrimination.
Tools: earth2studio (forecasting), weatherbenchx (evaluation).
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Figure 1. Overview of the methodology in this study.
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Figure 4. Daily accumulated precipitation spread for the different ensemble models
(ENS, AIWPs) over Pakistan. Daily average geopotential height at 500 hPa is displayed
as contour lines.
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Motivation and Objectives

Extreme weather more frequent and severe due to climate change.
AI Weather Prediction (AIWP) models show strong deterministic skill
but lack uncertainty quantification.
Deterministic nature limits extreme‐event prediction skill.
Objective: Input perturbations to generate probabilistic AI forecasts.
Focus: August 2022 Pakistan floods driven by extreme precipitation.

Quantitative Results

ENS 0.83 0.88 0.86 0.86 0.86 0.84 0.81 0.77 0.75 0.75

ROCSS TP24h > P99

Zero
Gaussian

HCBV
HENS

0.63 0.49 0.44 0.39 0.34 0.24 0.14 0.11 0.08 0.08

0.65 0.50 0.45 0.41 0.36 0.25 0.15 0.13 0.09 0.08

0.69 0.54 0.51 0.46 0.42 0.29 0.19 0.15 0.11 0.10

0.77 0.68 0.65 0.62 0.60 0.48 0.33 0.26 0.20 0.19

FuXi

Zero
Gaussian

HCBV
HENS

0.74 0.57 0.52 0.47 0.42 0.36 0.34 0.30 0.26 0.21

0.76 0.59 0.55 0.50 0.44 0.40 0.38 0.35 0.30 0.25

0.78 0.64 0.60 0.55 0.49 0.44 0.43 0.39 0.36 0.33

0.83 0.74 0.69 0.69 0.62 0.59 0.58 0.55 0.54 0.51

GraphCast

1 2 3 4 5 6 7 8 9 10
Lead time (days)

Zero
Gaussian

HCBV
HENS

0.19 0.16 0.11 0.08 0.08 0.10 0.11 0.14 0.13 0.11

0.20 0.16 0.12 0.09 0.08 0.10 0.12 0.15 0.14 0.12

0.24 0.21 0.15 0.12 0.12 0.15 0.16 0.19 0.19 0.19

0.31 0.32 0.28 0.24 0.25 0.30 0.33 0.34 0.34 0.34

SFNO

Figure 2. ROCSS for the 99th percentile of the ERA5 1990‐2020 climatology for daily
precipitation, in the Pakistan region in August 2022. Higher ROCSS values mean better
performance. HENS perturbations improves the detection of extreme precipitation,
extending skill to longer lead times across all AI models.
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Figure 3. Global CRPS and RMSE across lead times and latitudes for August 2022 for 6
hourly precipitation. HENS ensembles for GraphCast achieve the lowest CRPS and
most realistic RMSE spread. After 5 days lead time all models converge in performance
with HENS.
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