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Motivation
• Thermospheric density uncertainty drives large errors in LEO orbit prediction 
• Accurate, low-latency density estimates are essential for space operations 
• See Poster 4 in this session by Nijanthan Vasudevan

Variability & Forcing
• Dominant forcing from solar EUV irradiance causes order-of-magnitude density changes over the 

solar cycle, additional variability occurs on diurnal, seasonal, and geomagnetic storms
• Even small density errors accumulate rapidly in low Earth orbit propagation

Modeling Gap & Deep Learning efforts
• Empirical models lack event-scale responsiveness 
• Physics-based models are accurate but too expensive for real-time use[2]

• See Poster 6 in this session by Immanuel Ulinfun

Reduced-Order Modeling
• ROMs capture dominant thermospheric variability in a low-dimensional space[3]

• Enable fast propagation while retaining key physical structure (10000x speedup)
• See Poster 7 & 10 in this session by Nathaniel Michek & Harshitha Challa

Data-Driven Dynamics
• Linear (DMDc) and sparse nonlinear basis (SINDy𝑐) models capture forced dynamics[1]
• Autoregressive terms incorporate memory and state–driver interactions 
• See Poster 8 in this session by Daniele Sicoli

Data Assimilation
• Kalman filtering combines ROM dynamics with sparse in-situ density data[4]

This Work
• Combines interpretable ROMs with multi-satellite density assimilation 
• Validated across quiet and disturbed geomagnetic conditions 
• Improved density estimates and released 2000–2025 assimilated dataset

Introduction

Assimilation Framework

Model Reduction

via PCA

zk = W
→(xfull,k → µ0)

System Identification

DMD / SINDyc-AR
(offline, TIE-GCM)

Latent-State Dynamics (AR)

ωk+1 = F(ωk,uk) + w
aug
k

ωk =
[
z
→
k , z

→
k↑1, . . . , z

→
k↑nAR+1

]→

OFFLINE TRAINING

Onboard Satellite Measurements

yk = Haug ωk + µ + vk
Haug = [H | 0 ] → R1↓naug

Kalman Filter — Predict & Update

PREDICT

ω̂k|k↑1 = fSINDy

(
ωk↑1|k↑1, uk

)

Fk = Aaug +!nl
ωω

ωzk

∣∣∣∣
ẑk→1|k→1

P
aug
k|k↑1 = Fk P

aug
k↑1|k↑1 F

→
k +Qaug

UPDATE

ωk = yk →Haug ω̂k|k↑1 → µ Sk = Haug P
aug
k|k↑1 H

→
aug + ε2

v,k

Kk = P
aug
k|k↑1 H

→
aug S

↑1
k ω̂k|k = ω̂k|k↑1 +Kk ωk

(Joseph form)
P

aug
k|k =

(
I→KkHaug

)
P

aug
k|k↑1

(
I→KkHaug

)→
+Kk ε

2
v,k K

→
k

Full-State Reconstruction

Extract: ẑk|k = ω̂k|k
[
1 : r

]

Project: x̂full,k = Wẑk|k + µ0

ASSIMILATION LOOP

Applications
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Single-Satellite Assimilation: Halloween Storm
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• CHAMP density measurements are assimilated during 
the Oct–Nov 2003 Halloween storm; GRACE is 
withheld for validation 

• Validation against GRACE shows improved cross-orbit 
performance 

• Outperforms open-loop ROM, NRLMSIS 2.1 and 
HASDM

• Better than driver estimation as this allows to correct 
global state

• Directly be used for optimization work, generating 
long-term dataset, retraining of models

Long-Term Assimilated Density Dataset
• Spanning Aug 2000–Dec 2025. Release(TBD)
• Generated in approximately 5hrs possible due to ROM 

speedup 

All Assimilation Scenarios Considered

Orbital Parameters for Measurement Satellites

TLEs as measurements: Density from Energy Dissipation Rate

If calibrated 
against 
MSIS

Slope present but scale incorrect

Constellation for Density Estimation

Assimilate constellation and 
validate against independent 
orbits

Constellation vs 
Table 2[5] (prior 
work) vs 
Independent set

Scenario: 500 
Starlink 
satellites, one-
week 
propagation 
horizon. 
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