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F10.7 and F30 cm radio flux are required by most models characterizing the state of the upper
Earth’s atmosphere, such as the thermosphere and ionosphere in order to specify satellite orbits,

re-entry services, collision avoidance maneuvers and modeling of space debris evolution.

. dels in use:
: : Major source of thermosphere Atmosphere mo —
Solar EUV irradiance J _ . P NRLMSIS-00, DTM-2013, GO
density variations Bastida Virgili, 2017

Change of density mmp Atmospheric drag change

Decay and following re-entry

Far UV 120-200 nm

Extreme UV 10-120 nm

" Troposphere

Properties of Earth’s atmosphere, NASA
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—Reconstructed F10.7 cm — Smoothed F10.7 cm
—Reconstructed F30 cm Smoothed F30 cm

v" Smoothing of monthly mean data using optimized
smoothing technique (Podladchikova et. all, 2017)

Radio flux

Time (years)

F30 cm radio flux: Toyokawa & Nobeyama Observatories, Japan 1sfu=10"2%22 Wm—2Hz?
F10.7 cm radio flux: Ottawa and Pentincton Observatory, Canada Tapping, 2013; Dudok de Wit and Bruinsma, 2017



h-Lincoln method

Radio flux predictions with McNis

—Cycle 19
—Cycle 20 —Smoothed F10.7 cm
® Last smoothed F10.7 cm
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Mean cycle — average of all cycles smoothed solar radio Prediction for month m : last smoothed
flux aligned on the month of the minimum value (month i)

Fp, = Fm + kmi(Fi — Fl) Drawback

I o value Available with the
mean \;a ue (month ) 6-month delay with respect
(month m) to the current time.

McNish and Lincoln, 1949




Improvement of initial McNis

F10.7 cm
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Original McNish-Lincoln
predictions 30 months ahead

_+%"Improved predictions

/,,,/ with the Kalman filter

7
——Monthly mean F10.7 cm
— Smoothed
H — -M&L prediction
Filtered curve Filtoren
= ~M&L+KF prediction

2011 2012 2013

Time (years)

h-Lincoln predictions with the adaptive K

alman filter

To assimilate the monthly mean radio flux data
available over the last 6-month period and estimate

the smoothed radio flux at the current time.

Apply McNish-Lincoln method again, but use the
estimated smoothed radio flux at the current time
as the starting point for the predictions.

The improvements in prediction accuracy with application
of the McNish—Lincoln + Kalman filter reach
36% for F10.7 and 39% for F30.




RES{'S
ormance results for solar cy DNANCE

Heat map:
F10.7 predictions >0: RESONANCE outperforms Root-mean square error of prediction
12 months ahead <0: SOLMAG outperforms 1-24 month ahead (in sfu)
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SOLMAG - short and |°Z$'t?rm dsolalr anj RESONANCE (M&L+KF) statistically outperforms
geomagnetic activity prediction develope the ESA SOLMAG method by 15.5-66.5%.
and currently employed by ESA

Mugellesi-Dow et al. 1993; Bastida Virgili et al. 2014




e-entry predictions Wi

The objects re-entered over 2006-2019, (1635 predictions)

th past ESA re-entry campaigns

v' 602 payloads and rocket bodies

covering the period over the full solar cycle. v’ 2344 objects of space debris

(9584 predictions)
Recovered space deb_ri_s_, ESA

Actual F10.7 cm Predicted F10.7
SOLMAG

Re-entry prediction tool
(orbit propagations)

Predicted epoch
VS
Real epoch

v" On average 2 small tracked objects ( < 1 m) re-enter
the Earth atmosphere and burn up every day.
v Objects of moderate size ( > 1 m) — once a week.
v’ Large objects (heavy science satellites) few times in a year.

Relative prediction
error

Predicted F10.7
RESONANCE




e-entry predictions using actual F10.7 as an input

Positive/negative errors show cases of the re-entry
observed earlier (later) than its prediction.

Systematic evaluation of r

Bl Payloads and Rocket Bodies | | -Space Debris

Systematic bias
in predictions
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16% of cases have the absolute error of 61% of cases have the absolute error of
re-entry prediction more than 365 days re-entry prediction more than 365 days




ons using predicted F10.7 as an input

Comparison of re-entry predicti

Fraction of all the forecasts, where
I RESONANCE (M&L+KF) outperforms
N SOLMAG outperforms [ non-advantageous

Payloads and Rocket Bodies [IM&L+KF

“ISOLMAG RESONANCE (M&L+KF) provides a larger

fraction of more accurate re-entry forecast
compared to the SOLMAG method.

Majority of predicted re-entries are observed
at the second half of the cycle
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Our approach provides a larger fraction
of more accurate re-entry forecast compared

o

to the SOLMAG method for the prediction lead
times 1-11 months ahead.

o

Majority of predicted re-entries are observed

0 2 4 6 8 1012 14 16 18 20 22 24 at the first half of the cycle

Prediction interval (months)




Example of re-entry predictions for three rocket bodies

Centaur
the second stage of an Atlas 1

Second stage of a Delta 3 rocket Third stage of a N-1 rocket
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Number of months before the re-entry
A negative error - predictions are earlier than the re-entry.
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Re-entry time: 29-Dec-2008
SOLMAG: 10-Dec-2008
RESONANCE (M&L+KF): 28-Dec-2008

Re-entry time: 20-Oct-2014
SOLMAG: 22-Nov-2014
RESONANCE (M&L+KF): 14-Oct-2014

Re -entry time: 9-Mar-2009
SOLMAG: 5-Feb-2009
RESONANCE (M&L+KF): 8-Mar-2009

Improvement - 18 days Improvement - 27 days Improvement - 31 days



Summary

5.66.5% and in general leads
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