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Overview
LEAF

Long-Term probabilistic forecasts that are directly connected to satellite hazards at different orbit regimes

• Long Term Environment and Anomaly Forecasts (LEAF) are a series of multi-week ahead forecasts of 
space weather observables that relate to satellite hazards 

– Forecasts
• LEEF-GEO (28 day forecast of GEO electrons)
• LEAF-Kp (7 day forecast of Kp Index)
• LEAF-OBI (7 day forecast of POES Outer Belt Index)

– Dashboards
• LEAF-SSA (Forecast/Current Conditions Dashboard)
• LEAF-HQ (Hazard Quotient Dashboard/Tool)

• Probabilistic 7 or 28-day ahead Forecasts built using Random Forest
– Instead of predicting flux will be x tomorrow, predict 60% chance flux will exceed x

• Trained on 20+ years of Input time series:
– GOES Electron Fluxes, GOES Proton Fluxes, Vsw, Kp, IMF B, POES Outer Belt Index, Sunspot Number

• Designed to take advantage of recurrence in the system due to the 27-day solar rotation
• Organized all these models along with the current conditions into convenient dashboards (LEAF-SSA and 

LEAF-HQ) organized by orbital regime
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Dose Rate @ 1200 km

Space Environment Hazards to Space Vehicles
• Event Total Dose Damage accumulates over 

entire mission through ionizing and non-ionizing 
mechanisms. Caused by solar particle events 
(SEP) and transient slot or outer belts. Not an 
issue in LEO due to dominance of stable South 
Atlantic Anomaly (inner belt)

• Single Event Effects (SEE) tend to occur in the 
inner (proton) belt and at higher L shells when a 
solar particle event is in progress. Galactic 
Cosmic Rays (GCR) also cause SEE at all orbits.

• Internal electrostatic discharges (ESD) occur 
over a broad range of L values corresponding to 
the outer belt, when penetrating electron fluxes 
are high over extended periods of time.

• Surface ESD tends to occur when the spacecraft 
or surface potential is elevated: at 2000-0800 
local time in the plasma sheet and in regions of 
intense field-aligned currents, e.g., auroral arcs.0
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Model to Hazard Connection

GEO LEO, HEO/MEO

Internal Charging
GOES >2 MeV Electrons POES >300 keV Outer Belt Index

LEEF-GEO (28 day forecast) LEAF-OBI-1 (7 day forecast)

Surface Charging
Kp Kp

LEAF-Kp (7 day forecast) LEAF-Kp (7 day forecast)

SEE/Total Dose
Solar Protons Solar Protons

NOAA/SWPC PROTONS NOAA/SWPC PROTONS

Observable

Model

Long-Term Environment and Anomaly Forecast (LEAF) Models
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LEEF-GEO
Internal Charging (GEO)
• 28-day Probabilistic forecast of the daily 

GOES >2 MeV Electron flux
• Additional 24/72-hr fluence forecasts
• Running in real-time since May 2019



6

LEAF-OBI-1
Internal Charging (LEO/MEO)

• 7-day Probabilistic forecast of the POES 
>300 keV electron Outer Belt Index

• Normalized Daily average of POES 
measurements for L>2.5 
(https://satdat.ngdc.noaa.gov/sem/poes/
data/belt_indices/)

• Running in real-time since Feb 2020

https://satdat.ngdc.noaa.gov/sem/poes/data/belt_indices/
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LEAF-Kp
Surface Charging

• 7-day Probabilistic forecast of the daily 
maximum Kp Index (up to Kp>6)

• Running in real-time since Jan 2020
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Dashboard
LEAF-SSA

Conditions from 
last 3 days

Forecast for 
next 7 days

Probability of falling in 
G/Y/R range

NOAA SWPC 
Forecasts
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Dashboard
LEAF-SSA

• Links to summary plots and model pages that give more details, downloadable .csv forecasts and realtime
validation plots

Current/Past 
Observations

Forecast
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LEAF-HQ
Hazard Quotient Forecasts

Transitioning to actionable forecasts

Forecast of Kp Index

Forecasts of 
LEO Surface 
Charging 
Hazard
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LEAF-HQ
Hazard Quotients

• SEAES Hazard Quotient:

– 𝑧𝑧(𝑡𝑡) = Instantaneous Anomaly Rate
Long Term Average Anomaly Rate ∝ Probability of an anomaly

– Computed based on fits to real anomaly datasets
• For LEAF-HQ: Transition from forecasts of observables to forecast of Hazard Quotients
• 3 orbit regime pages: LEO, HEO/MEO and GEO
• 2 different methods for displaying the results

– General: Quick look maps, tables
– Satellite Specific: Hazards tailored to user provided satellite (TLE entry or UDL lookup)
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LEAF-HQ
LEO

Surface Charging Hazard 
based on LEAF-Kp

Past/Current Conditions 
based on observations

Hourly 
maps of 
Surface 
Charging 
hazard

Internal Charging Hazard 
based on LEAF-OBI
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LEAF-HQ
LEO
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LEAF-HQ
LEO

• Example output for specific 
satellite (IRIDIUM-170)

Interactive plot of the 
hazard along the orbit 
track

Hour long orbit track 
centered on the map time



15

LEAF-HQ
HEO/MEO

Internal Charging Hazard 
based on LEAF-OBI

Surface Charging Hazard 
based on LEAF-Kp

Daily L/MLT maps of Surface charging hazard
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LEAF-HQ
HEO/MEO

• Example output for specific satellite 
(NAVSTAR-60)

Daily orbit track

Interactive plot of the 
hazard along the orbit 
track
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LEAF-HQ
GEO Internal Charging Hazard 

based on LEEF-GEO

Surface Charging Hazard 
based on LEAF-Kp
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LEAF-HQ
GEO

• Example for GOES-16
• For GEO, can use TLE or orbit 

longitude

Interactive plot of the 
hazard along the orbit 
track (LT->UT translation)

Daily Hazard 
vs. MLT (similar 
to SEAES-RT)
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Summary

• Long Term Environment and Anomaly Forecasts (LEAF) are a series of multi-week ahead forecasts of 
space weather observables that relate to satellite hazards 

– Forecasts
• LEEF-GEO (28 day forecast of GEO electrons)
• LEAF-Kp (7 day forecast of Kp Index)
• LEAF-OBI (7 day forecast of POES Outer Belt Index)

– Dashboards
• LEAF-SSA (Forecast/Current Conditions Dashboard)
• LEAF-HQ (Hazard Quotient Dashboard/Tool)

• Forecasts/SSA dashboard available on UDL for FOUO Users: 
https://unifieddatalibrary.com/sfm/rest/downloadFile/External/Aerospace/leef_geo/index.html

• LEAF-HQ prototype running internally at Aerospace
• Planned integration for all LEAF tools into SET4D, endorsed by USSF/Delta 9

https://unifieddatalibrary.com/sfm/rest/downloadFile/External/Aerospace/leef_geo/index.html
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Backup
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Model Setup
Random Forests

• Each of the LEAF models is constructed using a ML technique called Random Forest

𝑝𝑝(𝑦𝑦|�⃗�𝑥)
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Random Forest
Individual Decision Trees
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NoYes
xk>c
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Decision 
Tree
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Model Setup
Training

• 20+ year training dataset
• Potential Inputs (45 day histories):

– >2 MeV GEO Electron Flux
– Kp Index
– Sunspot Number
– Solar Wind Velocity
– >5 MeV GEO Proton Flux
– POES Outer Belt Index
– Interplanetary magnetic field magnitude

• Output cumulative probability distribution
• Try different combinations of inputs, model parameters to find 

best out-of-sample score
• Each forecast horizon trained separately

1 2 3 4 5

1 2 3 4 5

20% Test
Data

80% Training Data

5 equal partitions
for cross-validation

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

Score 
based on 
worst CRPS
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Forecast Tools
Bartels’ Rotation Plots

Kp
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LEEF-GEO
Validation

Comparison of real-time 7 day forecast to GOES observations 

5th-95th range

25th-75th range

Median

Presenter Notes
Presentation Notes
The model has been running daily with real time inputs since May 2019. This gives more than a 1.5 years of real-time observations along with several years of out-of-sample test data for validation. Here we show a comparison of the 7 day forecast model and observations (shown in blue). The shaded regions show the 5-95th and the 25th-75th ranges. 
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LEAF-OBI
Validation

Comparison of real-time 7 day forecast to POES observations 
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LEAF-Kp
Validation
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