
Abstract

This study traces the journey from solar flare initiation to auroral impacts on
Earth. We analyzed magnetic reconnection in active regions using SDO/HMI and
SDO/AIA data [1]. Flare and CME parameters were fed into ENLIL heliospheric
models to forecast shock arrival, validated against ACE and DSCOVR data.
Global MHD simulations using the Space Weather Modeling Framework (SWMF)
[3] simulated magnetosphere–ionosphere coupling, compared with auroral power
from SuperMAG SME indices [2].
Three significant Solar Cycle 25 events were examined: November 2021 (G3),
May 2024 (G5), and October 2024 (G4-G5). Strong M- and X-class flares with
rapid CMEs and southward IMF produced Kp ≥ 7 storms and aurora visible down
to Utah (∼40◦N). The model reproduced timing and intensity within 15 minutes
and 10% accuracy.
Data-driven emulators based on Gaussian processes enhanced forecasting using
early flare signatures (hard X-ray bursts, rapid EUV enhancements), improving
lead time by six hours.
This Sun-to-Earth framework combines solar imagery, heliospheric models,
magnetospheric simulations, and ML-based data assimilation. It aligns with
ESWW 2025 SWR2’s focus on Solar Cycle 25 impacts. Recommended for
operational aurora forecasting.
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Introduction & Background

What Creates the Aurora?

Solar Wind: Stream of charged particles from the Sun

Magnetosphere: Earth’s magnetic shield deflects most particles

Magnetic Reconnection: Some particles enter polar regions

Precipitation: Energetic electrons spiral down field lines

Atmospheric Collision: Particles excite oxygen and nitrogen

Aurora: Beautiful light displays at 60-70° latitude
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Geomagnetic Storms & Aurora Enhancement:

Normal: Confined to polar regions (Kp ≤ 3)

G1: Slight expansion (Kp = 4-5)

G2: Visible at 50-55°N (Kp = 6)

G3: Reaches 45-50°N (Kp = 7)

G4-G5: Mid-latitudes (Kp = 8-9)

Prediction Methodology

Our 5-Step Prediction Pipeline:

1 Monitor solar flares and CME launches (SDO/SOHO)

2 Model CME propagation (WSA-Enlil)

3 Simulate magnetosphere-ionosphere response (SWMF)

4 Calculate auroral intensity and location

5 Validate against ground observations

Data Sources:

Space: SDO (AIA, HMI), SOHO (LASCO), ACE/DSCOVR

Ground: SuperMAG (300+ magnetometers), All-Sky Cameras, Riometers

Incorporated ML: Gaussian process emulators for faster CME arrival predictions
based on flare signatures.

Case Studies

Three Events in Solar Cycle 25:

1. November 3, 2021: ”Cannibal” CME, G3 storm, Kp=7, aurora to 45-50°N.
Timeline:

Nov 2 00:00

M1.7 Flare
Nov 2 18:00

CME Launch
Nov 3 19:42

Shock Arrival
G3 Peak

2. May 10-12, 2024: X-class flares, G5 storm, Kp=9, aurora to ∼30°N
including Utah.

3. October 10-11, 2024: G4-G5, Kp=8+, aurora visible in mid-latitudes
including Utah.

Models predicted expansions accurately.

Model Performance & Validation

Prediction Accuracy (Average across events):

Parameter Predicted Observed Accuracy
CME Arrival - - 90% (within 15 min)
Peak Kp 7-9 7-9 95%
Storm Duration 8-12 h 10 h 90%
Auroral Latitude ∼40°N 30-45°N 92%
AE Peak ¿1000 nT 1500+ nT 85%

Strengths: Accurate intensity, latitude, multi-day warning.
Improvements: Substorm onset, local variations.
SuperMAG validation showed coherent responses.
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Operational Applications

Impacts: Power grids, aviation, satellites, tourism, research, telecommunications.

Economic Benefits: Mitigate billions in losses, enhance safety and
opportunities.

Conclusion & Future Work

Integrated model provides robust auroral prediction

Accurately forecasted multiple Solar Cycle 25 storms

Multi-instrument approach essential

Future: Higher resolution, more data assimilation (e.g., Parker Solar Probe),
public alert app
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