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Current Modeling Approaches

0.1 AU * \
MHD ® ENLIL. ““‘ 1 O AU
(phy sics-base d) Odstrcil et al., 2003
e EUHFORIA
Provides: magnetic field (B), Pomoell & Poedts 2018
velocity (V), pressure (P) & density (p) = o SWASTi
Runtime: >200 CPU hours Mayank et al., 2022
WSA -._
semi-empirical ‘: iri
( pirical) a Empirical it
; (crude approximation) Riley & Lionello 2011
M HD Provides: only speed (|V|) * HUXt Remote Sensing
(physics-based) Runtime: few CPU minutes Owensasgeteo and In-situ :

Spacecrafts,-"
(SDO, SoHO, ACE)

Machine Learning
(statistical pattern-based)

Yang et al., 2018
Upendran et al, 2020
Lin et al., 2024
Cobos et al., 2025

Provides: only speed (|V|)
Runtime: few CPU seconds

Trade-off between physics and speed



Next Generation Approach

0.1 AU *,

WSA+

generalized optimization
of WSA

MHD surrogate

Provides: magnetic field (B),
velocity (V), pressure (P) & density (p)

Runtime: few seconds

Fast and Reliable

Remote Sensing
and In-situ :
Spacecrafts
(SDO, SoH®, ACE)



WSA — Solar Wind Relation

V= Cmax 1.0 — a1 ~Dy'
—Umin+wx U — exp S

Magnetogram derived quantities:
1. expansion factor
2. minimum angular distance from coronal hole boundary

v_max = 750, v._min = 250,
alpha =0.222, w = 0.028, 3 = 1.25,

al=0.8,a2=3.0



Development of WSA+
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Comparison with WSA
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Y (AU)

Y (AU)

a) CR2065 WSA Default
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Comparison with OMNI

d) Speed Profile at 0.1 AU (Sub-Earth Latitude)
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RMSE Value

PCC Value

Long Term Analysis
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Long Term Analysis
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Python Package

Wsa p lus O ° 1 ° 1 4 Latest version

pip install wsaplus ™ Released: Aug 18, 2025

WSA+: generate solar wind speed maps from synoptic magnetograms

. Search All fields Search
a I'le > aStrO—ph > arXiv:2509.06181 Help | Advanced Search

Astrophysics > Solar and Stellar Astrophysics Access Paper'

View PDF

Neural Enhancement of the Traditional Wang-Sheeley-Arge Solar Wind Relation ?T)Izllg_ (experimental)
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MHD Surrogate Pipeline

MHD surrogate model

Line-of-sight WSA+
Synoptic solar wind
Magnetogram speed at 0.1 AU | INPUT OUTPUT
2D plasma 3D plasma
boundary PI N O simulation
condition from
at 0.1 AU 0.1 to 2.0 AU
PDE Loss Data Loss
2D Encoder Learning in
INPUT B Fourier space OUTPUT
Vv Neural : Neural
AWSoM e | ' | Fourier Layers ' 3D profiles of
at 0.1 AU P | e e’
2D — 3D Lifting gl .



ML

Density

ML Pressure

Initial Results ...
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90° 90°

180° 180°

Speed

MHD

90°

180°

270° 270° 270°
MHD MI. Magnetic Field MHD
90° 90° 90°
10.0
10 - 7.5
5.0
. 5.0
2.5 2.5
180° 10°1 180° 0.0 180° 0.0
~2.5 -2.5
10-2
-5.0 ~5.0
10-3 -75 -7.5
~10.0 ~10.C
270° 270° 270°



Initial Results ...

ML Density MHD ML Speed MHD
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Summary

1. WSA+
e 40% improvement over traditional WSA model
e Python package available: pip install wsaplus
2. MHD surrogate

e Full global MHD solution in seconds
e Can be extended to other PDE systems

3. Sun-Earth Connection

e Full differentiable pipeline from Sun to (near) Earth
e Tune with observations to overcome observational
constraints



