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24.8%

10-Day Forecast Error Growth
Baseline
Physics-Enhanced

0 2 4 6 8 10
Forecast Lead Time (days)

10 3

10 2

10 1

Re
la

ti
ve

 E
ne

rg
y 

Er
ro

r

Energy conservation
improved by 76.0%

Energy Conservation Over Time

Baseline
Physics-Enhanced

0 2 4 6 8 10
Forecast Lead Time (days)

0.1

0.2

0.3

0.4

0.5

RM
SE

 (
no

rm
al

iz
ed

 u
ni

ts
)

Per-Variable Forecast Error
U Wind (Baseline)
U Wind (Physics)
V Wind (Baseline)
V Wind (Physics)

Geopotential (Baseline)
Geopotential (Physics)
Temperature (Baseline)
Temperature (Physics)

0 20 40 60 80 100
Epoch

10 3

10 2

10 1

Lo
ss

 V
al

ue

Physics constraints
strengthen during training

Physics Constraint Evolution (Phase 2)

PV Conservation
Energy Spectra (k ³)
Mass Divergence
Geostrophic Balance

Day 1 Day 3 Day 5 Day 7 Day 10
Forecast Lead Time (days)

0.0

0.1

0.2

0.3

0.4

RM
SE

 (
no

rm
al

iz
ed

 u
ni

ts
)

0.063

0.094

0.147

0.218

0.357

0.051

0.094

0.126
0.149

0.268

+19.8%

-0.4%

+14.3%

+31.7%

+24.8%

Forecast Skill at Key Lead Times
Baseline
Physics-Enhanced

Ablation Study: Baseline vs Physics-Enhanced WeatherFlow
Phase 2 Enhanced Physics Constraints for 10-Day Forecasting


