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Abstract—The ability of space-based infrastructure to provide essential and sustained benefits to humanity
in critical areas such as communications, Earth observation, technology development, navigation, and
space exploration is increasingly threatened by the growing amount of orbital debris. A deliberate, urgent,
and sustained effort must be made to resolve the problem of space debris and to ensure a risk-free utilisa-
tion and sustainability of the space environment. In this paper, we review the concept and appropriate tech-
nologies for orbital sustainability in low Earth orbit (LEO) and provide model-based space situational
awareness (SSA) for LEO debris. We simulate the long-term evolution of the orbital decay of eight cata-
logued LEO objects due to space weather-enhanced atmospheric drag, as a function of solar-geophysical
indices during Jan-Jun 2024, using the ephemeris data-assisted calibration (EDAC) method. The simulated
mean heights and orbit decay rates of the objects compared well with their historical orbital data, although
slight deviations were observed depending on the objects’ altitudes. The objects between 500 and 600 km
altitude experienced an 8-fold drag effect compared to objects between 600 and 700 km altitude. We also
investigated the short-term enhancement of acrodynamic drag during the severe geomagnetic storm of 10—
11 May 2024 and found that the storm increased the objects’ orbit decay rates by 233-266% during its
main phase, with up to 7-fold relative impact for a group separation of about 60 km. The impact levels
were strongly influenced by storm-driven thermospheric density enhancements at the object altitudes, in
combination with object-specific orbital dynamics, ballistic properties, and operational characteristics.
We also showed that the long-term evolution of atmospheric drag-induced orbital decay on the objects ob-
tained from both EDAC simulated results and the objects’ historical data were also consistent with the sig-
nature of solar cycle variation. The results demonstrate significant improvement in drag modeling and that
the simulation of a long-term drag impact for maintaining reliable SSA for LEO objects is achievable.

Keywords: Atmospheric drag / Drag normalisation coefficient / LEO debris / Orbital decay / Orbital sustainability /
Space situational awareness / Space weather

1 Introduction

1.1 The increasing threat of space debris to
sustainable use of space

There are currently more than 10,000 active satellites in
orbit (ENISA, 2025; ESA, 2025) providing substantial social,
scientific, strategic, and economic benefits worldwide across
critical domains including communications, Earth observation,
navigation, technological development, and space science
(SWF, 2018). This space-driven ability to provide important
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and sustained benefits to humanity will continue to motivate
and pave the way for the launch of more satellites into space.
One of the long-term consequences of this scenario is the
increase in the population of debris in orbit. Space debris
(mainly remnants of on-orbit collisions, exploded spacecraft,
defunct satellites, rocket bodies, breakup fragments, and mis-
sion-related debris) now outnumbers active space assets (ESA,
2025), with many fragments orbiting within potentially haz-
ardous proximity to operational satellites, including the crewed
International Space Station (ISS). Experts have warned that
without an intentional, drastic, and urgent remedy, the threat
posed by orbital debris to the reliable operation of space systems
will continue to rise significantly (e.g., David, 2009; Jakhu,
2009; SWE, 2018). NASA’s Orbital Debris Program Office
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Figure 1. Number of objects >10 cm in LEO. Credit: NASA ODPO.

(ODPO) statistics chart showed a significant growth in the pop-
ulation of both active missions and debris in the past few years
(see Fig. 1). One worrisome implication of this trend is an
increase in the probability of objects colliding in space, such
as active satellite-to-active satellite, active satellite-to-debris,
and/or debris-to-debris collisions. This scenario can lead to
the so-called “Kessler syndrome” — an exponential increase in
the debris field which could render certain orbit locations unten-
able (Kessler & Cour-Palais, 1978; Kessler et al., 2010).

The Iridium-Cosmos collision on 10 February 2009 at
around 800 km altitude is an excellent example of an active
satellite-to-debris collision in space. Before that incident, Irid-
ium-33 was an active commercial satellite providing L-band
mobile telephone and telecommunication services, while Cos-
mos-2251 was a defunct satellite in orbit. Besides the destruc-
tion of Iridium, the collision produced 15002000 pieces of
potentially lethal space debris measuring >10 cm in diameter
(Weeden, 2010). Figure 1 shows a significant increase in debris
population following the Iridium-Cosmos collision and anti-
satellite tests (AST) deployed for the destruction of defunct
satellites in orbit (e.g., Fengyun-1C). Of the estimated pieces
of debris associated with the collision, more than 29 remnants
from Iridium and 60 from Cosmos have already decayed from
orbit into the Earth’s atmosphere (Weeden, 2010). The destruc-
tion of Fengyun-1C also produced over 2800 cataloged frag-
ments > 5 cm (as of 2008), leading to an increase in the
probability of debris collision with active satellites in specific
orbits (Pardini & Anselmo, 2009). This shows that collisions
pose risks not only to space assets but also to life on Earth.
More recent incidents of collisions in space involved objects
such as ESA’s VESPA' and Kosmos-2143 or Kosmos-21452.
The fact that all nations benefit from existing space assets makes
space debris a global problem, because any satellite in orbit can
be adversely affected without discrimination. Therefore, it is in

' ESA Space Safety: ClearSpace-1 debris removal mission target.
2 0ld Soviet satellite breaks apart in orbit after space debris
collision.

the interest of all nations to collectively resolve the problem of
space debris (Jakhu, 2009; SWF, 2018) and ensure a risk-free
utilisation and sustainable use of the space environment
(Lawrence et al., 2022).

1.2 Space weather as a player in debris generation

Space weather can adversely affect the operation of satellites
in Earth orbit (e.g., Baker, 2002; Lu et al., 2019; Nwankwo
et al., 2020a; Nimis et al., 2002) and consequently exacerbate
the problem of debris generation in space. Adverse conditions
in the space environment can damage onboard electronics and
disrupt communications or navigation signals, leading to tempo-
rary service disruptions and a long-term degradation of space-
craft reliability and lifetime (SWF, 2018; Nwankwo et al.,
2020b). Space weather also enhances atmospheric drag on satel-
lites in low Earth orbit (LEO), leading to difficulties in the iden-
tification, tracking, and maneuvering of spacecrafts, as well as
accelerated orbit decay (Doombos & Klinkrad, 2006; Nwankwo
et al., 2015; Nwankwo et al., 2021; Nwankwo, 2016). Atmo-
spheric drag-induced errors in spacecraft positioning and motion
can result in satellite and/or object collisions in space, especially
in LEO, consequently increasing the density of space debris.
Space weather-enhanced drag has also been suspected to con-
tribute to satellite launch failures, e.g., during the SpaceX Star-
link satellites launch on 3 February 2022 (Dang et al., 2022;
Berger et al., 2023; Baruah et al., 2024). The 25th solar cycle
is currently at its peak, and the probability of impacts from
the above-mentioned associated effects (e.g., accelerated orbit
decay) will increase significantly. Figure 2 depicts solar cycle
effect on SATi’s orbit, where accelerated orbital decay due to
enhanced atmospheric drag can be seen to be highly probable
around the peak of a cycle (e.g., 2014 and 2023-2025). SATi
is a hypothetical LEO spacecraft operating in a near-circular
orbit at an altitude of ~570 km in January 2014. The long-term
orbital decay evolution was simulated using the proposed drag
model.

Some key factors for a long-term sustainable use of space
include (i) the ability to monitor and understand the constantly
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Figure 2. Orbital decay of SATi in relation to solar activity from
January 2014 to June 2025. The red curve shows satellite altitude
variation, while the blue curve represents the sunspot number (SSN).
The transition between Solar cycles 24 and 25 is indicated by the
dashed vertical line.

changing space environment (achievable through improved
space situational awareness) and (ii) reduction of the hazards
posed by man-made orbital debris (David, 2009; Jakhu, 2009;
Holzinger & Jah, 2018; SWF, 2018) This work addresses the for-
mer. The impact of the constantly changing space environment
on artificial satellites, especially in the LEO, mainly arises from
the interaction between the atmosphere and the spacecraft sur-
face, leading to an aerodynamic force component termed the
so-called “atmospheric or acrodynamic drag”. The ground- and
space-based dynamic processes, which contribute to the heating
and expansion of the upper atmosphere and consequent enhance-
ment of drag force on LEO spacecrafts, need to be considered
when modeling thermosphere density and aerodynamic drag.
Such models are important for space situational awareness since
they allow for proper forecast of satellites and potential debris
orbit (e.g. see, Kodikara, 2019; Bruinsma et al., 2023).

1.3 Technology-driven concepts for sustainable use of
the space

Beyond adherence to debris mitigation guidelines (or their
enforcement), various concepts for sustainable use of the space
are being actively conceived and implemented in areas such as
space situational awareness (SSA), on-orbit servicing (OOS),
active debris removal (ADR), and on-orbit assembly (OOA).
National and international developments towards initiation
and/or demonstration of these areas in past, present, and future
missions include the Laser Ranging Systems Evolution Study —
LARAMOTIONS (Dreyer et al., 2021), e. Deorbit (Biesbroek
et al.,, 2017), Deutsche Orbitale Servicing Mission — DEOS
(Reintsema et al., 2010), Mission Robot Vehicle MEV-1 and
MEV-2 (Pyrak and Anderson, 2022), ELSA-d mission (Fujii
et al., 2021), Clearspace-1 (Biesbroek et al., 2017), On-Orbit
Servicing, Assembly and Manufacturing 1, OSAM-1 Coll
et al. (2020). Today, the German Aerospace Center (DLR) is
effectively addressing the concepts and technologies for increas-
ing sustainability in Earth orbit within the framework of the
ION (Impulsprojekt Orbitale Nachhaltigkeit) Project’. This

3 JON: Sustainability of the orbital environment.

ongoing effort combines cross-program competencies from
space, security and aeronautics (especially in the areas of satel-
lite operations, robotics and automation, space debris observa-
tion and measurement, space weather, and aerospace
maintenance and repair) to pursue a holistic view of the space
ecosystem, which will address short-, medium- and long-term
goals in the sustainability and circular economy in orbit. The
short-term goal includes the integration of relevant technology
for space debris removal, life extension, and inspection into
the planned orbital infrastructure. The work presented in the cur-
rent paper is part of the ION project work packages that provide
SSA through technologies for the (i) identification and charac-
terization of space debris from ground and space and (ii) mod-
eling of atmospheric drag in relation to solar activity, for the
purpose of debris removal mission planning.

The modelling of atmospheric drag-induced orbital decay is
generally challenging, because the proxies and contributions of
individual effects of various solar (and non-solar) forcing mech-
anisms are not well represented in atmospheric density models
(Kutiev et al., 2013; Nwankwo et al., 2015). Space weather
effects, which are underrepresented in thermospheric density
models (Jackson et al., 2020) can create uncertainties that widen
the gap between modeled results and the actual orbital parame-
ters. Also, because solar activity is not predictable with high
accuracy, mission designers make assumptions to calculate the
remaining lifetime of space probes in orbit (Fiedler & Hackel,
2012), which sometimes yields a shorter lifespan estimate, when
compared to reality. However, due to these limiting factors,
short-term intervals of drag on satellites in LEO can be simu-
lated with better accuracy than long-term effects. Long-term
estimation or prediction of defunct spacecraft’s orbit is even
more challenging when such objects are no longer under ground
control. To improve drag estimation, Wu et al. (2025) utilized
historical spacecraft orbital data to derive an orbital decay factor,
W, during geomagnetically quiet periods. The factor W relates
variations in satellite semimajor axis to changes in thermo-
spheric density, enabling altitude normalisation of density esti-
mates derived from two-line element (TLE) data. This decay
factor was subsequently combined with an atmospheric density
proxy developed in Wu et al. (2024) to enable quasi—real-time
assessment of satellite orbital decay during geomagnetic storm
conditions. While this approach improved short-term drag esti-
mation associated with geomagnetic activity, challenges in long-
term drag estimation remained. Accordingly, the objective of the
present work is to enhance long-term drag estimation and
prediction.

In particular, we develop a robust drag model adapted to the
ephemeris data-assisted calibration (EDAC) simulation method
(Nwankwo et al., 2025), for improved simulation and prediction
of short-term and long-term (6 months in this case) evolution of
orbital decay of LEO objects as a function of solar-geophysical
indices. The earlier version of this model was applied to near-
circular LEO orbit to simulate space weather-enhancement of
atmospheric drag and consequent orbital decay for solar mini-
mum and maximum regimes (e.g., Nwankwo & Chakrabarti,
2014; Nwankwo et al., 2015) and the intervals of strong geo-
magnetic storms and associated disturbances (e.g., Nwankwo
et al., 2015; Nwankwo et al., 2021; Nwankwo & Chakrabarti,
2018). Also, on a rolling basis, we leverage institutional
cross-program expertise in space- and ground-based observa-
tions, modeling, and theoretical frameworks to continuously
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Table 1. Magnitude of perturbing accelerations acting on a space vehicle whose area-to-mass ratio is A/M (source: p. 94, Stark et al. 2011).

Source Acceleration (m/s?)
500 km Geostationary orbit
1 Air drag 6 x 1075 AM -
2 Radiation pressure 4.7 x 107 A/M 4.7 x 107 A/M
3 Sun (mean) 5.6 x 1077 3.5 x 107°
4 Moon (mean) 1.2 x 107 7.3 x 107°
5 Jupiter (max.) 8.5 x 10712 52 x 101

refine solar-geophysical proxies for improved atmospheric den-
sity estimation (e.g., Kodikara et al., 2021; Fernandez-Gomez
et al., 2022; Forootan et al., 2022; Yuan et al., 2023; Siemes
et al., 2023; Hladczuk et al., 2024). Building on these efforts,
the present work focuses on improving long-term drag estima-
tion through the application of the EDAC simulation method.

The remaining part of this paper is structured as follows:
Section 2 provides the theoretical background of our drag
model. Section 3 presents the data (including input solar indices
and LEO objects’ orbital and ballistic parameters) and the
method of analysis. The results of the analysed data and simu-
lations are presented in Section 4, while Section 5 contains the
discussion of the results. Section 6 consists of the summary and
conclusion of the work.

2 Method

2.1 Atmospheric drag modeling: general theoretical
considerations

The general equation of motion for a spacecraft moving
under the attraction of a point mass planet with perturbation
effects is given by the equation (Chobotov, 2002),

&*r GM,

aw- T p rtap, (1)

where r is the position vector of the satellite relative to Earth’s
centre, G is the Earth’s gravitational constant (G = 6.67 x 10!
Nm?/kg?), M, is mass of the planet (Earth in this case =
5.97 x 10?* kg) and g, is the resultant vector of all perturbing
accelerations in the adverse space or near-Earth environment.

The gravitational (a,,) and non-gravitational (a,.,) acceler-
ation components make up the perturbing acceleration (a,). So
that

@y = Qgf + Apgy- (2)

Gravitational forces include the Earth, solar and lunar attraction,
and Earth’s oblateness and its triaxiality, while the nongravita-
tional forces consist of atmospheric drag, solar radiation pres-
sure, outgassing, and tidal effects (Wertz & Larson, 1999;
Chobotov, 2002). The contribution of each force (except radia-
tion pressure) depends on the altitude of the spacecraft (Stark
et al., 2011; Curtis, 2020). In Table 1, we provide the list of
major perturbing forces and their relative importance with
respect to spacecrafts that are orbiting the Earth at 500 km
(LEO) and Geostationary orbit (usually at ~35,786 km) (Stark
et al., 2011). The respective magnitude of perturbing accelera-
tions (acting on the spacecraft, whose area-to-mass ratio is

A/M) shows that atmospheric drag (which significantly depends
on the level of solar activity) is the largest force affecting the
motion of LEO satellites, as well as the only force significantly
competing with the primary inverse square law gravity field of
the Earth in LEO (Stark et al., 2011). At the height where the
magnitude of inertial accelerations due to aerodynamic effect
equals and/or exceeds the gravitational acceleration (usually at
80-100 km), the spacecraft will most likely re-enter the Earth’s
atmosphere (see Fig. 3).

Another important force to reckon with in LEO is the off-
center gravitational pull caused by Earth’s equatorial bulge, or
oblateness. This phenomenon, commonly referred to as the J,
effect, primarily results in a secular drift of the orbital node
(Q) and perigee (), producing a force component directed
toward the equator (Wertz & Larson, 1999; Chobotov, 2002).
In this study, however, the J, effect is neglected (as are the
higher numerical expansions J3, J4, and Js also shown in
Fig. 3) because the focus is on atmospheric drag. This simplifi-
cation is justified since the catalogued objects considered are
located below 800 km altitude and generally spend only brief
periods crossing near-equatorial regions, where the influence
of J, is comparatively less impactful. J5, J,, and Js are zonal
spherical harmonic coefficients of Earth’s gravitational potential
that describe the progressive deviations of the geoid (equipoten-
tial surface of Earth’s gravity field) from a simple oblate spher-
oid. J3 is the dominant odd zonal harmonic and represents the
north-south asymmetry of Earth’s mass distribution. It gives
the geoid its characteristic “pear-shaped” form, with unequal
polar radii. J3 is primarily responsible for long-period oscilla-
tions in satellite orbital elements and was first clearly detected
from artificial satellite observations. J; is an even zonal har-
monic that refines the description of Earth’s oblateness beyond
J,. It accounts for higher-order, equatorially symmetric flatten-
ing effects and modifies both the gravity field and the geoid
shape while preserving hemispheric symmetry. Js is an odd
zonal harmonic of smaller magnitude. Like J3, it contributes
to hemispheric asymmetry, but its effect is weaker and repre-
sents finer-scale distortions of the geoid. Its influence is mainly
seen in subtle periodic satellite perturbations rather than large
geometric effects (Von Puttkamer, 1969).

The drag or negative acceleration, ag4r,g €xperienced by the
spacecraft is given as (Bate et al., 1971; Wertz & Larson, 1999;
Chobotov, 2002):

pA;C v?
——, 3)

Adrag =
€ 2my

where p is the altitude-dependent atmospheric density. p is
obtained from the NRLMSISE-00 model described in
Section 3.2. C, is the unitless atmospheric drag coefficient
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(Moe et al., 1995, 1998; Moe & Moe, 2005), A, is the space-
craft’s projected area in the direction of motion, m, is the mass
of the spacecraft and v; is the relative spacecraft velocity with
respect to the environment or neutral winds. 4,, C,; and m;
are related through the spacecraft’s ballistic coefficient B and
expressed as (Wertz & Larson, 1999; Chobotov, 2002):
5= (4)

mg

The velocity of a spacecraft in circular orbit is expressed as
(Chobotov, 2002):

GM,
_—

(5)

Uy =

The velocity of a spacecraft in an elliptical orbit (depicted in
Fig. 4) is given by the equation (Chobotov, 2002):

vy = m@@-%, (6)

a

where a is the semimajor axis.
Atmospheric drag force is strongest at the perigee of a space-
craft in an elliptical orbit. When under the influence of the neg-
ative impulse of drag at the perigee, the elliptical orbit becomes
more circular in each revolution, until the apogee altitude
reduces to the value of the perigee (Chobotov, 2002; Colombo
& Mclnnes, 2010; Huang et al., 2022). When this happens,
r & a, so that equation (6) reduces to equation (5).

The radius 7 (satellite’s position) is generally represented by
(Bate et al., 1971; Chobotov, 2002):

P

ril—i—ecosf’

(7)

where P is the semilatus rectum, e is the eccentricity of the orbit
and f is the true anomaly. The parameters a, P and e can be
expressed as (Chobotov, 2002):

Fa+7p
=— 8
2 ) ()

where 7, is the radius (or height) of the apogee and r,, the radius
of the perigee expressed as r, = a(l +e) and r, = a(l — e),
respectively.

P=a(l-¢&)=r,(1+e)=r,l—e), 9)
and
_Ta—Tp
e_ru—l—rp' (10)

The true anomaly (f) can be calculated using the equation (Cho-

botov, 2002):
1
1 : F
f = 2arctan te tan—| .
1—e 2

(11)
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Figure 3. Relative magnitude of the main sources of perturbation
acting upon an Earth-orbiting spacecraft (p. 105, Stark et al., 2011).

where E is the eccentric anomaly expressed as E ~M + e sin M
(if the mean anomaly (M) is known). The true anomaly (f') can
be defined as the angle at the focus F between the direction of
perihelion (or perigee) and the radius » of the body (as demon-
strated in Fig. 4).

The decay rate of the satellite’s semimajor axis a is theoret-
ically given by (Chobotov, 2002):

da a’pA,C; |GM,
sl 12
dt mg ad’ (12)

\/(GMe /a*) represents the mean motion (n) of the spacecraft
(Chobotov, 2002; Doornbos, 2012).

The latitude (L) of the spacecraft (i.e., latitude of the point
directly beneath the satellite on Earth) and its longitude (¢)
on the celestial sphere are governed by the equations (4) and
(6) of Washburn (2004).

L = arcsin (sin f sin i), (13)

¢ = arctan (tan f cos i), (14)

L and ¢ are determined by the inclination of the orbit (/) and f
(defined above). The satellite’s location is a periodic function of
both f and time.

The formulation of the drag model is based on the above
theoretical framework. We used the numerical integration
method* in the spherical coordinate system for the orbit propa-
gation. The dynamical system evolves the radial distance (),
radial velocity (v,), angular position (¢) and angular rate (¢)
as coupled differential equations under Earth’s gravity and
atmospheric drag (Nwankwo et al., 2021).

i =, (15)
b = —grrp L (16)
. Ud)
=— 1
p=", (17)

* Fourth-order Runge Kutta.
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S Y Koy
¢ =—5rrd"— (18)

s

v, and qS are the radial and tangential acceleration components.
The basic equations (e.g., (5)(11)) are introduced into the cou-
pled equations via 7 and ¢ (v; = vg).

2.2 Long-term drag estimates using ephemeris data-
assisted calibration simulation

In this section, we introduce an object-specific Drag Nor-
malization Coefficient (DNC), denoted y,,04, derived using the
EDAC method (as illustrated in Fig. 5) to improve long-term
orbital decay prediction of LEO objects. The DNC acts as a
unitless scaling factor applied to the drag-induced rate of change
of the spacecraft semimajor axis, compensating for aggregate
uncertainties in drag modeling arising from time-varying ballis-
tic coefficients, unresolved attitude dynamics, atmospheric den-
sity biases, and unmodeled perturbations. The proposed
approach preserves physical transparency in the drag-orbit cou-
pling (without modifying underlying physical models) while
correcting the net bias accumulated over long propagation hori-
zons. The DNC is estimated by comparing observed semimajor-
axis decay extracted from historical ephemeris data with decay
predicted by a nominal drag model over a selected calibration
interval. When incorporated into forward propagation, the mod-
ulated drag model reproduces long-duration orbital decay trajec-
tories that closely match historical decay records of LEO
objects, enabling realistic and computationally efficient long-
term decay prediction without reliance on detailed object-speci-
fic drag characterisation. We thus express the 04 as:

o AV T

) —Faf Adye Qg — Qgf
mod — -
Arest Fet

;o (19)

— lef Aaest Aot — Uef

where Ar,; or Aa,. is the difference between the actual space-
craft positions at time ¢, r,, and some future time f, r,, and
Ar,g or Aa, is the difference between the estimated positions
Tet (¥er) at the times #(f). Note that 7,04 1S a unitless normalisa-
tion factor, adjusted to be close to 1. The time difference
between ¢ and f* (Af) can be an orbital period or several orbits.
However, the application of a DNC is recommended when the
model’s integrated decay bias exceeds the practical drag-uncer-
tainty envelope — typically on the order of 10-20% in Aa, over
the calibration arc, or equivalently when |Aau — Adey|/
Adey = 0.1 —0.2. Such behavior indicates that unmodeled
object-specific drag effects and/or atmospheric density biases
dominate the long-term prediction error.

As an alternative to enforcing an exact match of the cumu-
lative decay over the calibration arc, a regularized form of the
DNC may be employed to mitigate overfitting to short-duration
ephemeris data. In this formulation, the modulation factor is
expressed as:

Adyy
) =1 ——1]. 20
Vmod + o (Aaest ) ( )

where o € (0, 1] controls the strength of the correction. This
expression interpolates between the unmodified drag model («
= 0) and the fully calibrated single-arc EDAC solution

(o = 1), allowing partial correction of the net semimajor axis
decay bias while preserving model robustness in the presence
of the model-associated uncertainties.

The DNC is then applied as a multiplicative correction to
the drag-induced rate of change of the spacecraft semimajor
axis, such that

da) (da)
1. = Vmod\ 7, . (2 1 )
( dt drag,mod ¢ dt drag,est

2.3 Estimation of short-term drag enhancement by
geomagnetic storm

Several flares and geomagnetic storms were recorded during
Jan—Jun 2024, with more than 8 storms having Kp > 6 (or Ap >
100), including the extreme storm of 10-11 May (Hayakawa
et al., 2025). However, to assess the impact of geomagnetic
storms on atmospheric drag, we investigate only the extreme
geomagnetic storm of 10-11 May 2024. The unique character-
istics of each storm case depend on their respective interplane-
tary drivers — e.g., coronal mass ejection (CME) or corotating
interactive region (CIR) and/or high solar wind streams
(HSS). The CME-driven storm has a stronger magnetospheric
convection electric field strength than a CIR/HSS-driven storm
(Denton et al., 2006), while a CIR/HSS-driven storm and asso-
ciated effects propagate longer than a CME-storm (Chen et al.,
2012). However, because the consideration of these drivers and
associated dynamics is beyond the scope of the present work,
the authors refer readers to related articles such as Knipp
et al. 2004, Prolss, 2011. In general, the energy input into the
Ionosphere-Thermosphere (IT) system during storms signifi-
cantly increases, and results in joule heating. Particle precipita-
tion (electrons and protons) can also play a role on smaller
scales’. Storms drive short-term but strong heating of the upper
thermosphere, which can lead to severe perturbation of the orbi-
tal motion of spacecraft. The daily orbit decay rate (ODR p) and
ODR associated with the storm day (ODR ) can be estimated
using the expressions: Naay

ODRp =Y [a;— a1, (22)

i=1

ODRg = ODRp — ODRy, (23)

ODRy, is the mean ODR for the month. The above expression
can also be referred to as the specific storm-induced ODR
(SSIO). Storms sometimes have overlapping effects on the
day (or days) before and/or after the main phase of the events,
depending on their driver, initiation, commencement, and/or
duration (Knipp et al., 2005; Olabode & Ariyibi, 2020). Consid-
ering a number of storm active days (N), the total orbit decay
(TODg) associated with the storm can thus be calculated from:

N

TODs(N) = > (ODRs), . (24)

i=1

5> Geomagnetic Storms | NOAA/NWS Space Weather Prediction
Center.
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Figure 4. Geometry for spacecrafts in elliptical Earth’s orbit (Chobotov, 2002, p. 26).

3 Data

3.1 Space object parameters

A debris removal mission usually consisst of robotic and satel-
lite technologies for rendezvous, proximity operations, and subse-
quent capture of space debris objects or target (Ledkov &
Aslanov, 2022; Borelli et al, 2023). We will thus provide a
model-based space and orbital situational awareness of selected
targets through the analysis of space weather influence on the
objects’ trajectory for the period of January to June 2024. The list
of selected cataloged LEO objects and their orbital and ballistic
parameters is provided in Table 2. The 8 objects were selected
based on their height (at the start of this investigation) and posses-
sion of retro reflectors for enhanced observability from ground-
based facilities. Typically, the height of the objects ranges from
~512 to 689 km. However, for convenience, we categorised the
objects into 2 height-dependent groups — Group A at
500 < h < 600 km and Group B at 600 < / < 700 km. Figure 6
shows the distribution of objects within the respective groups and
the separation between them. Group A objects are distributed
within a 53 km range, while those in group B are distributed
within a 64 km. The separation between the last group A object
(ASAP-S) and the first group B object (HELIOS-1B) is ~60 km.

The historical orbital data, such as the mean height (%),
eccentricity (e), and inclination (i) of the objects were obtained
from a comprehensive satellite catalogé. Their mass (my), pro-
jected cross-sectional area (4;), and shape were obtained from
ESA’s DISCOSweb’. e can also be calculated from equation

¢ In-The-Sky.Org object catalog.
7 ESA DISCOSweb.

(10). The drag coefficients (C,) were assumed based on the
shape-dependent recommendations in Moe et al. (1995, 1998)
and Moe & Moe (2005). Table 3 provides information on the
shape of the objects. In this work, the specific orbital and ballis-
tic parameters of each object will be used to simulate their pecu-
liar orbital trajectory and associated solar activity-modulated
environment. The daily solar radio flux (F10.7) and geomag-
netic Ap during the period of investigation (Jan—June 2024)
are shown in Figure 7.

3.2 Thermospheric density (p) estimates

The altitude-dependent thermospheric density, p, is obtained
from the NRLMSISE-00 empirical atmospheric model (Picone
et al., 2002), which consists of parametric and analytic approx-
imations to physical theory for the vertical structure of the atmo-
sphere as a function of time, location, and solar and
geomagnetic activity. The main input related to solar-geophysi-
cal indices was the daily F10.7 and 3-h Ap index (shown in
Fig. 7). These indices are used to parameterise solar and geo-
magnetic forcings (see, e.g., Gaposchkin and Coster, 1988;
Picone et al., 2002; Doornbos, 2012).

4 Results

4.1 Analysis of long-term effects of space weather on
the objects’ aerodynamic drag

Figure 8 shows the actual mean height (h-ACT) obtained
from the historical orbital data and the simulated mean heights
(h-SIM) of group A objects (ELSA-D, GFO-1, OICETS, and
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Figure 5. The concept of ephemeris data-assisted calibration (EDAC) method for improving long-term drag simulation. (a) unmodulated
simulation of a LEO spacecraft’s mean height () and (b) EDAC normalised simulation of 7.

ASAP-S) and their corresponding orbit decay rates (ODR-ACT,
ODR-SIM), modeled as a function of the observed solar-geo-
physical indices during January to June 2024. The respective
h-ACT and h-SIM of the objects on 1 January and 30 June,
and the 7y, 4 normalisation factor used to achieve the simulated
long-term decay scenario is provided in Table 4. Based on this
detail, their actual total orbital decay (TOD-ACT) is ~34.4,
12.7, 16.5, and 8.5 km, respectively, while the simulated total
decay (TOD-SIM) is ~35.9, 13.1, 17.0, and 8.7 km, respec-
tively. The objects TOD-SIM were generally higher than
TOD-ACT by ~1.5, 0.7, 0.5, and 0.2 km, respectively. These
values correspond to a respective percentage error (0) of about
4.3,3.2,2.8, and 2.1%. The obtained results are for objects that
are orbiting Earth at a typical altitude range of ~512-565 km,
and the combined mean TOD-ACT and TOD-SIM for this
height range are 18.04 and 18.68 km, respectively.

Figure 9 shows the h-ACT and h-SIM of HELIOS-1B,
RESURS-1, SOHLA-1, and GALEX and their corresponding
orbit decay rates (ODR-ACT, ODR-SIM) as a function of the
observed solar-geophysical indices during Jan—Jun 2024. These
objects fall within the Group B category, with the typical height
range of ~625-689 km. Their respective h-ACT and h-SIM on
1 January and 30 June, and the 7,,,, normalisation factor used to
achieve the simulated long-term decay for the interval is pro-
vided in Table 5. The TOD-ACT values for the objects during
the interval are ~2.56, 3.13, 1.73, and 0.15 km, respectively,
while the corresponding TOD-SIM values are ~2.65, 3.24,
1.84, and 1.60 km. Similar to the previously analysed cases,
the objects’ TOD-SIM are slightly higher than TOD-ACT by
~0.1, 0.1, 0.1, and 0.2 km, respectively, which corresponds to
a respective 6 of about 3.4, 3.5, 6.0, and 7.5%. For this altitude
range, the combined mean values of TOD-ACT and TOD-SIM
are 2.2 km and 2.3 km, respectively. These results indicate that
Group A objects experienced an approximately eightfold stron-
ger drag impact than Group B objects, despite an altitude sepa-
ration of only 60 km.

4.2 Analysis of short-term aerodynamic drag
enhancement due to geomagnetic storm

In this section, we estimate the 4 days (10-13 May) accu-
mulated impact of the reference storm on the objects using
the simulated results. In Figure 10, we show the observed daily
mean values of F10.7 and Ap and the simulated ODR of the
objects for 814 May 2024. The approximate height of the

objects at the time of impact, the pre-storm day ODR (ODR ),
the mean daily ODR on 10—13 May (ODR p,y_p;3) and the esti-
mated mean atmospheric density (p) during the storm main
phase on 11 May 2024 are provided in Table 6. Similarly, their
respective TOD for the month, the mean ODR for the month
(ODRyy), the storm-induced ODR for each day during 10-13
May (ODRgjo-s13) and the 4-day [combined] storm-induced
total TODg are provided in Table 7. ODR p;o_p13 were excluded
from the computation of ODRy to prevent contamination of the
quiet-time background. ODRg¢_g;3 and TODg were estimated
based on equations (23) and (24), respectively. The results show
a height-dependent drag effect with the maximum impact occur-
ring on 11 May 2024. However, there are a few exceptions to
the impact dependency on the objects’ height, which we believe
are coupled to their individual ballistic coefficients. Relative to
the pre-storm mean reference values (ODR pg; Table 6), the
orbital decay rates increased by 248.5%, 232.8%, 245.6%,
241.3%, 256.7%, 264.7%, 266.0% and 259.4% for the respec-
tive objects. When referenced to the monthly mean values
(ODRy;,; Table 7), the corresponding increases were 213%,
217%, 234%, 229%, 233%, 239%, 243% and 236%. Because
ODRps and ODRy, are comparable, the resulting storm-time
ODR enhancements derived using either reference are consis-
tent, differing only modestly while preserving both their magni-
tudes and relative ordering across spacecraft.

To further demonstrate the observed dependency of the
storm (and atmospheric drag) impact level on the objects’
height, we show in Figure 11 the ODR j, of objects in group
A and group B during 1-30 May 2024. Their ballistic coeffi-
cients (B) and approximate heights at the time of impact are also
indicated. Considering their typical height range and separation
(as described in Sect. 3.1 using Fig. 6), the combined mean
ODR of group A on 10th, 11th, 12th, and 13th DOM were
148 m/day (ODRSl()), 165 m/day (ODR Sll)’ 63 m/day
(ODR ),) and 31 m/day (ODR g;3), respectively, which corre-
sponds to a TOD 5 of 407 m, while the respective ODR (913
of group B are 23, 24, 9, and 5 m/day, corresponding to TOD
of 61 m. Given the ~60 km separation between the two altitude
groups, the geomagnetic storm produced an approximately sev-
enfold larger increase in ODR for objects at 500 < # < 600 km
than for those at 600 < 4 <700 km. To quantify the storm-dri-
ven variability in thermospheric density at the respective group
altitudes and its contribution to the observed impact levels,
Table 6 reports the mean atmospheric density evaluated at the
object altitudes. The mean combined thermospheric density at
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LEO Object h (km) my (kg) A, (m?) Cy, B (m?/kg) e i(°)
1 2021-022 N ELSA-D 511.9 175.0 1.284 2.354 0.01727 0.010697 97.48
2 1998-007A GFO-1 539.0 361.7 2.513 3.090 0.02147 0.080052 108.03
3 2005-031A OICETS 553.2 570.0 5.823 2.354 0.02405 0.007823 98.14
4 2011-076G ASAP-S 564.6 624.0 1.508 2.408 0.00582 0.004885 98.10
5 1999-064A HELIOS-1B 624.9 2544.0 9.274 2.200 0.00802 0.001622 98.27
6 1994-074A RESURS-O1 632.7 1900.0 11.656 3.253 0.01996 0.002157 97.75
7 2009-002E SOHLA-1 658.8 50.0 0.375 2.124 0.01593 0.005847 98.23
8 2003-017A GALEX 689.1 280.0 3.315 2.124 0.02787 0.000340 28.99
720 T T T T T T

Group A altitude, pgroup-a, is 2.72 x 10 7'? kg/m?, whereas the 200l ]
corresponding value at Group B altitude, pgroupn, IS ssol —— Croup B il
6.77 x 10~ kg/m?3. On average, Group A experiences sol : soH ]
approximately four times the atmospheric density of Group B siol 64km RES 1
(Pgroup-a/Peroup-s ~ 4.0). Despite this fourfold density differ- ol ;HEL ® 1
ence, the mean orbital decay rate in Group A is nearly seven 2 sool g 1
times larger, indicating that the storm-time response is influ- < 60ikm
enced by the combined effects of atmospheric density, object- 281 o ry — 1
specific ballistic properties, and orbital dynamics rather than = seop ' &. M ; 1
density alone. or &0 53ikm 1

In addition to object altitude, as demonstrated by the results, 5201 | ]
object-specific orbital and ballistic parameters play a critical role so0p [ELS - 1
in determining aerodynamic drag severity. The ballistic coeffi- 4801 ]
cient, B, of the objects selected for this work ranges between a0 , , , , , . L
0.0058 and 0.0278 m2/kg (see Table 2). Figure 12 shows the ! 2 3 T E0 Objecr 6 7 8

objects” B and total orbit decay (TOD ) against their altitudes
at the time (and duration) of storm impact. The results show
enhanced orbital decay (via TOD g) for objects that have larger
B at higher altitude (e.g., OICETS, RESURS) than relatively
lower height objects with smaller B (e.g., GFO-1, HELIOS).
The TODg of OICETS at ~543 km is ~397 m, while GFO-
1 is ~280 m at ~531 km. Similarly, the TOD g of RESURS
(at ~631 km) is ~84 m/day, while that of HELIOS
(~623 km) is ~65 m.

5 Discussion

The investigated objects vary considerably in shape, orbital,
and ballistic parameters (see Tables 2 and 3), yet the EDAC
simulated results in the long-term regime compared well with
their historical orbital data. The percentage error of the simu-
lated total orbital decay (TOD-SIM) of the objects was less than
10%. In general, the trend in variation of the objects’ TOD
shows strong dependency on the height and ballistic coefficient
(B). Objects at altitudes of 500-565 km experienced approxi-
mately eight times stronger aerodynamic drag than those at
600-689 km. This difference is partly attributable to the expo-
nential decrease in thermospheric density with altitude, whereby
higher ambient density leads to increased drag forces and accel-
erated orbital decay (Doornbos et al., 2013; Nwankwo and
Chakrabarti, 2014; Zesta and Huang, 2016; Nwankwo et al.,
2021), as demonstrated by the height-dependent density varia-
tions reported in Table 6. The influence of B on drag is demon-
strated in the decay scenario between GFO-1 (at ~539 km) and
OICETS (~553 km) and between HELIOS (~625 km) and
RESURS (~633 km). OICETS (with B = 0.024 m* kg~ ") expe-
rienced more drag (or decay) than GFO-1 (B = 0.021 m” kg™ ")

Figure 6. Representation of height-dependent grouping, distribu-
tion, and separation of the investigated LEO objects. Group A objects
are distributed within a 53 km range, group B are distributed within a
64 km and the separation between the last group A object (ASA) and
the first group B object (HEL) is ~60 km. Each diamond represents
an object listed accordingly in Table 2.

350 300
— Solar radio flux (F10.7)
— Geomagnetic Ap

1250
300
Extreme storm of 10-11 MAY ——

4200

1150

F10.7

Ap

100

H 50

40
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Jan-Jun 2024 (Day of Year)

Figure 7. Observed daily solar radio flux (F10.7) in solar flux unit
(sfu = 10722 Wm 2 Hz ') and geomagnetic Ap during Jan—June
2024'°.

despite being at a higher altitude (where the drag effect is rela-
tively less) due to its larger B. B accounts for the shape and mass
of the objects and is connected to the spacecraft’s projected area

19 GFZ Helmholtz Centre for Geosciences, Germany.
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Table 3. The objects’ shape, maximum, minimum, and mean As (source: ESA’s DISCOSWeb).

LEO Object Shape Max 4 (m?) Min 4, (m?) Mean 4, (m?)
1 2021-022 N ELSA-D Box + 2 pan 2.297 0.360 1.284
2 1998-007A GFO-1 Cyl+1 dish+1 pan 2.812 0.785 2513
3 2005-031A OICETS Box + 2 pan 11.377 1.210 5.823
4 2011-076G ASAP-S Cylinder 1.649 1.131 1.508
5 1999-064A HELIOS-1B Box + 1 pan 11.477 4.000 9.274
6 1994-074A RESURS-O1 Cyl + 2 pan 20.516 1.539 11.656
7 2009-002E SOHLA-1 Box 0.433 0.250 0.375
8 2003-017A GALEX Box + 2 Pan 4.834 1.21 3.315
520 O [T T T T T T T T T T T T T T T T T T T T T 1T 17171 4000 TT T T T T T T T T T T T T T T T T T T T T T T 17T
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—_ 5450 LIS L L L L O N B B B B B B —~ 1500 TT T T T T T T T T T T T T T T T T T T T T T T 17T
g 540.0 [ 1998-007A GFO-1 ] '§ ] 1998-007A GFO-1 {
< “F = 1000 - .
= 5350 1 = : ;
5 530.0 F 1 % 500 \
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Figure 8. The actual mean height (h-ACT) and simulated mean height (h-SIM) of ELSA-D, GFO-1, OICETS, and ASAP-S as a function of the
observed solar-geophysical indices during Jan—Jun 2024 and their corresponding orbit decay rates (ODR-ACT, ODR-SIM).

(4,) and C, through equation (4). 4, can change when the ob-
ject’s attitude (or orientation) changes and the C, can also
change due to external temperature, spacecraft’s material, and
the angle with which particles are deflected off by the satellite’s
surface (Moe & Moe, 2005; McLaughlin et al., 2011; Bernstein
& Pilinski, 2022). These factors can influence B. Assuming the
same mass m, (and C,) for two objects, and differences in 4,
the one with the larger 4; will experience greater drag force
and a consequent increase in orbit decay rate than those with
smaller 4, (Chobotov, 2002; Nwankwo & Chakrabarti, 2015;
Nwankwo et al., 2021). Also, spacecraft with a high B (such
as OICETYS) typically have low mass and a large surface area
relative to their volume, making them highly susceptible to
the low-density upper atmosphere and its variations caused by
solar activity (e.g., Miyata et al., 2018; Marianowski et al.,
2025). Therefore, the difference in the respective 4, for OI-
CETS and RESURS (associated with shape), is a major contrib-
utor to the increase in their ODR.

It is worth noting that there is a striking agreement in the
signature of the long-term evolution of the objects’ orbital decay
for both the actual and simulated scenarios (see Figs. 8 and 9).
This signature is connected to solar cycle variability as demon-
strated in Figure 13, where the long-term evolution of the
objects’ ODR was compared with solar-geophysical indices of
the corresponding interval. The thermospheric density varies
with solar and geomagnetic activity, which causes thermo-
spheric heating and expansion of the thermosphere and also
reflects solar cycle variation (Knipp et al., 2005). Consequently,
atmospheric drag-induced orbital decay and the lifetime of
spacecrafts reflect solar cycle variation in density (Walterscheid,
1989). The solar cycle-induced feature or signature observed in
the orbit decay rate (ODR-ACT, ODR-SIM) of the objects
appears to be lacking in ELSA-D’s ODR evolution (see
Fig. 8, top panel). To investigate this seeming anomaly, we
obtained and shown in Figure 14 the orbital history of ELSA-
D during Jan 2023 to April 2024. The historical orbital data
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Table 4. Analysis of the actual and simulated mean heights (h-ACT, h-SIM) of ELSA-D, GFO-1, OICETS, and ASAP-S for 01.01.2024 —
30.06.2024 (DD.MM.YYYY) and their respective 7,4 normalisation factor.

Catalogued Actual mean /~ (km) Simulated h-OSI (km)
Object
LEO Object 01.01.2024 30.06.2024 TOD 30.06.2024 TOD Ymod
1 2021-022N 511.93 477.52 34.41 476.03 35.90 0.8500
ELSA-D
2 1998-007A 539.06 526.35 12.70 525.95 13.11 0.7500
GFO-1
3 2005-031A 553.22 536.68 16.54 536.21 17.01 0.8050
OICETS
4 2011-076G 564.61 556.09 8.52 555.91 8.70 0.9200
ASAP-S
626.0 360 T
625.0 %28 [ ODR-ACT 1999-064A HELIOS-1B]
624.0 180 [ OPR-SIM .
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Figure 9. The actual mean height (h-ACT) and simulated mean height (h-SIM) of HELIOS-1B, RESURS-1, SOHLA-1, and GALEX as a
function of the observed solar-geophysical indices during Jan—Jun 2024 and their corresponding orbit decay rates (ODR-ACT, ODR-SIM).

Table 5. Analysis of the actual and simulated mean heights (h-ACT, h-SIM) of HELIOS-1B, RESURS-1, SOHLA-1, and GALEX and

associated yp0q during 01.01.2024 to 30.06.2024 (DD.MM.YYYY).

Catalogued Object Actual mean / (km) Simulated h-OSI (km) Ymod
LEO Object 01.01.2024 30.06.2024 TOD 30.06.2024 TOD
5 1999-064A HELIOS-1B 624.94 622.38 2.56 622.29 2.65 0.8408
6 1994-074A RESURS-O1 632.76 629.63 3.13 629.52 3.24 0.7450
7 2009-002E SOHLA-1 658.82 657.09 1.73 656.98 1.84 0.7200
8 2003-017A GALEX 689.09 687.61 1.48 687.49 1.60 0.6500

show a trajectory pattern that appears to be related to the
object’s operational characteristics. Figure 13 also showed the
corresponding spike in the ODR during the intervals of acceler-
ated orbital decay. The ELSA-D spacecraft was designed to
simulate and validate the technologies for end-of-life spacecraft
retrieval and disposal services®. Consequently, it demonstrated
capabilities that are essential for on-orbit servicing, such as ren-

8 ELSA-d (End-of-Life Service by Astroscale Demonstration) - on
Soyuz-2 Rideshare Mission.

dezvous maneuvers and captures and proximity operations dur-
ing its active mission phase’. An anomalous spacecraft
condition was also detected in ELSA-D during the period of
its technology demonstration (see Footnote 9). We therefore
conclude that the comparatively weak solar-activity signature
observed in ELSA-D’s ODR, relative to the other objects,
may be attributable to its operational characteristics. Our model

? Astroscales ELSA-d Finalizes De-Orbit Operations Marking
Successful Mission Conclusion.
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Figure 10. The observed daily F10.7 and Ap and the simulated objects’ orbit decay rate (ODRp) for 814 May 2024. The black and red bars
represent F10.7 and Ap indices, respectively. The blue bar represents the ODR, and the orange line indicates the monthly mean ODR (baseline).
The left panel is for Group A objects and the right panel for Group B objects.

Table 6. Mean daily ODR (ODR p) during 10-13 May 2024 and mean p on 11 May.

LEO Object H (km) ODR pg ODR pyg ODR pj; ODR pj» ODR pj3 Mean p on 11.05.2024
(m/day)  (m/day) (nday)  (miday)  (m/day) (ke/m’)
12021-022 N ELSA-D 492.43 221.13 519.06 549.44 371.62 322.16 435 x 10712
2 1998-007A GFO-1 531.22 90.00 201.6 209.52 129.76 125.04 246 x 10712
3 2005-031A OICETS 543.22 118.60 279.76 291.27 191.45 133.08 225 x 10712
4 2011-076G ASAP-S 559.35 63.75 135.97 153.84 106.96 91.32 1.83 x 10712
5 1999-064A HELIOS- 623.34 17.86 43.43 45.84 29.37 24.95 8.69 x 1013
1B
6 1994-074A RESURS 630.80 21.89 56.45 57.95 35.93 30.45 7.66 x 1013
72009-002E SOHLA-1 657.75 12.86 33.64 34.20 21.60 18.45 6.63 x 10713
8 2003-017A GALEX 688.16 11.48 30.00 29.78 19.02 16.26 422 x 10713

Table 7. Analysis of specific storm-induced ODR (SSIO) for 10-13 May 2024.

LEO Object H (km)TOD (km) ODR,; (m/day) ODR ;o (m/day) ODR g1; (m/day) ODR s (m/day) ODR g3 (m/day) TOD g (m)
1 2021-022 N ELSA-D 49243  8.45 257.66 261.40 291.78 113.96 64.50 731.64
2 1998-007A GFO-1 531.22  3.07 96.44 105.16 113.08 33.32 28.60 280.16
3 2005-031A OICETS 543.22 4.11 124.68 155.08 166.59 66.77 8.40 396.84
4 2011-076G ASAP-S 55935 2.13 67.29 68.68 86.55 39.67 24.03 218.93
51999-064A HELIOS-1B 623.34  0.63 19.67 23.76 26.17 9.70 5.28 64.91
6 1994-074A RESURS 630.80 0.78 24.15 32.30 33.80 11.78 6.30 84.18
7 2009-002E SOHLA-1 657.75 0.47 14.09 19.55 20.11 7.50 4.36 51.52
8 2003-017A GALEX 688.16 0.41 12.60 17.40 17.18 6.42 3.66 44.66
assumed a trajectory evolution that is consistent with the sur- The geomagnetic storm of 10-11 May 2024 was associated

rounding space environment. We also note the relatively sharp ~ with significant elevation of solargeophysical indices (Kp of up
drop in the objects’ height and the consequent large increase  to 9 or Ap ~ 400 and F10.7 ~ 223). The elevated solar-geophy-
in their ODR (in Figs. 8 and 9), which started within week  sical indices implied a strong thermospheric heating by solar
18. This effect is associated with the severe geomagnetic storm, = EUV (represented via F10.7 proxy), plus additional Joule heat-
which lasted for several days starting on 10 May 2024. ing from geomagnetic perturbations (via Ap proxy). The storm
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Figure 11. The ODR for objects in Group A (500 < 2 < 600 km) and Group B (600 < 4 < 700) during 1-30 May 2024.

driven short-term intense heating of the magnetosphere-iono-
sphere-thermosphere system can expand the upper thermo-
sphere and lead to enhanced atmospheric drag on LEO
objects (Mandea et al., 2019; Nwankwo et al., 2021). Similar
to the analysed long-term decay evolution, the drag force
exerted on the object during the severe storm was significantly
influenced by the B and height of the object, which is strongly
reflected in the obtained results published here (see, Figs. 11 and
12 and Table 6). Other factors that can influence drag impact
include the object’s operational dynamics and coordinates.
When a spacecraft’s mounting location is oriented towards the
sun on the dayside, atmospheric drag force (which is propor-
tional to the increased atmospheric density on the dayside and
the spacecraft’s A, facing the direction of motion) will increase,
leading to a greater rate of orbital decay (e.g., Colombo &
Mclnnes, 2010). Although the storm-induced increase in the
objects ODR varied between 233% and 266% on 11th DOM
(relative to pre-storm value), the mean daily ODR percentage
increase (of ELSA-D) is -249%. This is in good agreement with
Wau et al. (2025), who reported observed (and estimated) daily
ODR increase of about 560 (and 580) m/day on 11 May
2024 for FY-3G spacecraft with B —0.015 m*/kg (based on bal-
listic parameters obtained from DISCOSweb) at the mean
height of —414 km. The decay rate compares well with simu-
lated ODR of 549 m/day for ELSA-D (B = 0.017 m* kg ")
at a higher altitude of —492 km. Other objects investigated in
the present work are well above the height of FY-3G.

The y,,,; normalisation factor proved important for achiev-
ing a good estimate of long-term drag effect. It is generally
lower for strong drag (or solar active) scenario and tend to
depend on the object’s altitude and ballistic (and orbital) param-
eters. To provide an insight into how the 9,04 iS connected to
the orbital and ballistic parameters of the objects, we show in
Figure 15 the Pearson correlation coefficients of y,,, depen-
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Figure 12. The object’s ballistic coefficient (B) and storm-associated
total orbit decay (TODg) against their altitudes at the time and
duration of storm impact (10—13 May 2024).

dency of the objects height, ballistic coefficient and inclination.
Ymod appear to have a good anti-correlation with the heights of
the objects (r = —0.64). For the present investigation it tends to
decrease with increasing height. It also has strong anti-correla-
tion with B (r = —0.79). Objects with large B are highly suscep-
tible to atmospheric drag force, especially when their A/M ratio
is high (White et al., 2013; Miyata et al., 2018). GFO, OICETS,
RESURS and GALEX have large B but their y,,,q4 is smaller
when compared to objects with smaller B value. GALEX has
the largest B with the lowest y,,,¢ and RESURS is at a relatively
higher orbit (—630 km), yet its y,,0q 1S comparable to that of
GFO in lower orbit. We also see a good correlation between
Ymod and the objects inclination (» = 0.61). However, the appar-
ent dependence of y,,,q on inclination is not robust because the
result appears to be largely influenced by GALEX rather than
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Figure. 13. Seven-day mean ODR of ELSA-D, GFO-1, OICETS, RESURS-O1 and SOHLA-1 compared with Ap and F10.7 indices during
January 2023 to June 2024.

T H T T Y T T H T T H T T T T T
‘E 550 2021-022N ELSA-D -
X
(]
3
= 525f 4
©
Cc
3
=S 500

1 L M 1 M M 1 2 L 1 M . 1 L " 1

1Jan 2023 1 Apr 1 Jul 1 Oct 1Jan 2024 1 Apr
2023 - 2024
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reflecting a systematic inclination effect across the debris popu-
lation — indicating that inclination may not be an independent
driver of drag normalisation. Therefore, a more accomplished
investigation of y,, 4 normalisation factor is required for a better
interpretation of'its dependence on spacecrafts orbital and ballis-
tic parameter. Such investigation should include the analysis of
multi-spacecraft dynamic parameters, the constantly varying
space environment and possible influence of other perturbing
forces (e.g., solar radiation pressure (SRP)), which are beyond
the scope of this work. Although we assumed (in the present
analysis) that SRP is negligible at the objects’ typical height
range of 512-689 km (Alessi et al., 2018), it will be worthwhile
to investigate their significance, especially at 2 > 600 km. Other
factors that can influence the simulated result include the esti-
mated or constant C,, A, and possible errors in atmospheric den-
sity models (Picone et al., 2002; Wang et al., 2024).

6 Summary and conclusion

This study applied the ephemeris data-assisted calibration
(EDAC) method to simulate the long-term orbital decay of 8
catalogued LEO objects driven by space weather-enhanced
atmospheric drag during the period January—June 2024. The
analysis incorporated observed solar-geophysical indices and
classified the objects into two altitude groups spanning 500—
600 km and 600-700 km. In general, the EDAC-based simula-
tions showed good agreement with historical orbital data, with
only modest altitude-dependent deviations. Objects operating
at lower altitudes (~512-565 km) experienced drag impacts
up to 8 times stronger than those at higher altitudes (624—
689 km), consistent with the exponential decrease of thermo-
spheric density with altitude. We also investigated short-term
drag enhancements associated with the severe geomagnetic
storm of 10—11 May 2024, and the results revealed storm-time
increases in orbital decay rates of about 233-266% during the
main phase. For a vertical separation of ~60 km, storm-related
drag impacts differed by a factor of 7 between the two altitude
groups. The analysis further demonstrates that storm-time and
long-term drag responses vary substantially from object to
object, reflecting the combined influence of altitude-dependent
atmospheric density, object-specific orbital dynamics, ballistic
properties, and operational characteristics. Both the EDAC sim-
ulations and historical orbital data consistently captured the sig-
natures of solar activity over the investigated period, reinforcing
the consistency of the proposed modeling framework. Overall,
the results indicate that the EDAC approach provides improved
fidelity in long-term orbital decay and drag modeling and repre-
sents a valuable tool for both predictive and diagnostic assess-
ment of drag impacts in LEO. We note, however, that the
present simulations utilised mean projected areas for the objects,
whereas most operational spacecraft typically experience vary-
ing cross-sectional area in flight. While the agreement with his-
torical orbital data supports the suitability of the approach for
long-term drag estimation, future work will incorporate adaptive
drag normalisation, rather than a single global DNC, to more
accurately capture regime-dependent drag behaviour as objects
traverse varying thermospheric density conditions. These results
have direct implications for SSA, mission planning and opera-
tions, as improved long-term drag characterisation enhances

orbit prediction accuracy, conjunction assessment reliability,
and re-entry forecasting for LEO objects under both quiet and
disturbed space weather conditions.
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