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Abstract:

Background: Atmospheric drag remains the dominant non-gravitational disturbance for
satellites in low Earth orbit, even during solar-minimum conditions.

Aim: This paper investigates how low solar activity affects orbital evolution and component-
level loading for a representative LEO satellite.

Methodology: A 100-kg spacecraft in a 6700 km semi-major-axis, € 0=0.020, 1_0=120"corbit
was propagated under NRLMSISE-00 densities with F_10.7=70sfu. Eight cases with different
right ascensions of the ascending node for 25-30 h, and component-wise drag contributions
were estimated.

Results: Semi-major axis decreased by 30-37 km per day, yielding lifetimes of 5.7-8.4 days
from ~320 km altitude. Changes in RAAN altered decay rate by ~50%. Solar arrays accounted
for ~53% of drag force and ~87% of aerodynamic torque.

Conclusion: Even under low solar activity, RAAN selection, area-to-mass ratio, and
deployable geometry critically govern lifetime, station-keeping demand, and attitude-control
requirements.

Keywords: Low Earth orbit, atmospheric drag, low solar activity, thermospheric density,
RAAN sensitivity, satellite lifetime, solar arrays.

Introduction

The low Earth orbit (LEO) can broadly be described as the zone that lies between approximately
160 km and approximately 2,000 km in the air of Earth and in which the majority of functional
spacecraft operate (Dragonfly Aerospace, 2022; Warren, 2017). Such high altitudes enable
satellites to aid a great variety of services, such as optical and radar Earth observations,
meteorological surveillance, scientific missions and an ever-growing population of commercial
constellations of communication satellites. The recent development of CubeSats and other
small satellites, which usually orbit between 350 and 700 km, has only added to the operational
significance of LEO as such platforms offer inexpensive and fast-deployable capabilities in
imaging, Internet-of-Things connectivity and space-weather measurements (Bright Ascension,
2021; European Space Agency [ESA], 2023).
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LEO is not a harmless place, although it is rather useful. The neutral atmosphere that is
remaining in the upper thermosphere interacts with the high-speed spacecraft to create
atmospheric drag, which is the most significant non-conservative perturbation of satellites
below approximately 1,000-1,200 km (Nwankwo et al., 2021; Vallado and Finkleman, 2007).
Drag dissipates the orbital energy and contributes to the secular decay of semi-major axis,
progressive shortening of orbital lifetime and in the case of very low Earth orbit missions,

constant or even periodic orbit-raising manoeuvres. Alongside changing the orbit, the drag may
cause attitude perturbations and asymmetry of aerodynamic loading on long or flexible
elements like solar arrays, booms and large antennas, and this in turn impacts on the pointing
performance and structural fatigue. These effects become particularly strong in small satellites
that have high area-to-mass ratios and severely limit the mission design and operational concept
(Nwankwo et al., 2021).

The thermospheric mass density and the ballistic coefficient of the satellite are what determine
the magnitude of drag. The density of the thermosphere is very space and time dependent and
is severely modulated by the solar and geomagnetic activity. Higher levels of extreme-
ultraviolet and X-ray radiation when the sun is active warm the upper atmosphere and fill it,
making it denser at normal altitudes of LEO, causing higher drag accelerations and greater
orbital decay (Nwankwo et al., 2015; Yu et al., 2025). Conversely, when the solar activity is
low, the thermosphere shrinks and the densities are lowered and the nominal orbital life times
are lengthened. Nevertheless, density variability under the influence of repetitive solar-rotation
patterns and non-violent geomagnetic events is a significant cause of uncertainty in making
predictions and avoiding collisions (Qian et al., 2025; Chen et al., 2025).

1.2 Problem Statement

Even though the literature has studied the atmospheric drag and thermospheric density in
normal and storm-time conditions of the sun, comparatively limited attention has been given to
measuring the influence of drag against LEO satellites under low solar activity (Nwankwo et
al., 2015; Yu et al., 2025). The extant literature normally considers the spacecraft as one rigid
body and the bulk orbital decay, which gives minimal information on the role of drag on
individual structural elements with varying projected areas, orientations and masses. This
component-level deficiency at low-activity conditions can negatively interfere with reliable
lifetime prediction, development of extended appendages and optimization of the attitude
maneuvering at contemporary small-satellite platforms.

1.3 Gap in knowledge and research objectives.

The vast majority of existing drag models of operation, as well as a large number of more recent
studies directly address average or high solar activity, at the time when thermospheric density
is highest and satellite re-entry hazard is most severe (Nwankwo et al., 2015; Emmert et al.,
2021). Therefore, the behaviour of LEO satellites when in long periods of low activity is not
well quantified. current literature typically works with the spacecraft as a single rigid body and

19|Page




European Science Methodical Journal
ISSN (E): 2938-3641
Volume 4, Issue 5, May- 2026

considers bulk orbital decays, which provide little information on how the drags to the

individual structural parts and their areas, orientations, and masses vary (Nwankwo et al.,
2021).

1.4 objectives

1- Measure the change in major orbital parameters of a typical LEO-based mission in the long
run when the sun is at low activity.

2- Assess the orbital decay sensitivity to right ascension of ascending node, argument of perigee
and effective area to mass ratio.

3- Associate orbit-averaged drag accelerations with the loads and risk of degradation of
individual components of the satellite, especially the solar arrays and the main bus.

2. Methodology

2.1 Orbital Environment and Assumptions

The study considers a representative low—Earth—orbit satellite operating in a near—circular,
high-inclination orbit typical of Earth-observation and scientific missions. The orbit is
modelled in a geocentric equatorial inertial frame with the Earth represented by the WGS-84
reference ellipsoid and its associated gravitational parameter u = 3.986004418 X
10* m3s~2and equatorial radius Rg = 6378.137 km. The zonal harmonic J, = 1.08263 X
1073is included explicitly to account for the dominant oblateness perturbation, while higher-
order harmonics and third-body effects are neglected, as their contribution over the relatively
short integration intervals 1s small compared with drag and J,for this class of orbit.

The initial orbital elements are selected to match the existing set used as a basis for this
work.The baseline semi-major axis corresponds to an altitude of approximately 322 km above
eccentricity and a high, retrograde inclination to enhance ground-track coverage at mid-
latitudes. The nominal elements at the reference epoch are summarised in Table 1.

Table 1 Baseline orbital and physical parameters at the reference epoch.

Parameter Symbol Value Unit
Semi-major axis ao 6700  km
Eccentricity €o 0.020 -
Inclination io 120 deg
Argument of perigee Wy 0 deg
Mean anomaly M, 0 deg
Satellite mass m 100 kg
Reference area (projected) A, 2.0 m?
Area-to-mass ratio A/m  0.020 mkg™!
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In each instance, the orbit is propagated between 25-30 hours, which is approximately 16-20
revolutions. The period of time is adequate to record the secular decay due to the drag as well
as the brief period oscillations in angular elements caused by the drag-J2 coupling. The 30
hours of integration of two intermediate right ascension values (100deg and 150deg) are
ensured to ensure that the observed trends fluctuate over a slightly higher time frame.

2.2 Atmospheric Density and Drag Force Model

The aerodynamic drag acceleration acting on the spacecraft is computed from the standard

expression

pCp A
m

VZ 5 — _l B—l VZ 5
rel Vrel = 2 p rel Vrels

1
aD——E

where pis the local thermospheric mass density, Cpis the dimensionless drag coefficient, Ais
the projected cross-sectional area normal to the relative flow, mis the spacecraft mass, Vi qis
the magnitude of the velocity of the satellite relative to the co-rotating atmosphere and V,is
the corresponding unit vector. The ballistic coefficient B = m/(CpA)is introduced for
convenience. For the baseline configuration we adopt Cp = 2.2, a widely used value for
compact satellites with predominantly diffuse re-emission of incident particles.
Thermospheric densities are obtained from the NRLMSISE-00 empirical model, which
provides globally consistent density and temperature profiles from the ground to the exobase
and is widely employed for LEO drag studies. The model is driven by solar and geomagnetic
indices discussed in Section 2.3. Density is evaluated at the instantaneous spacecraft position
and epoch for each integration step, assuming the atmosphere to co-rotate with the Earth.
For the component-wise analysis, the satellite is decomposed into the main bus and two
symmetric solar array panels. Each component is assigned its own projected area and drag
coefficient, allowing the net drag force and torque to be obtained by summing the contributions.
In this case, the effective area-to-mass ratio for the j-th component is

(4) =

m/ m

and the total acceleration is the mass-weighted sum of all components.

2.3 Solar Activity Representation (Low-Activity Scenario)

To represent low solar activity, the NRLMSISE-00 model is driven by the 10.7-cm solar radio
flux index F; yand the planetary geomagnetic index A,. The 10.7-cm flux is a long-established
proxy for the extreme-ultraviolet irradiance responsible for thermospheric heating, and
therefore for density variations in LEO.

In the present study, a constant value of F;,-, = 70 sfuis adopted to represent a typical
quiescent-Sun condition near solar minimum. The daily A,index is held fixed at 4, = 8,
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corresponding to quiet geomagnetic conditions. These values are consistent with recent
analyses of thermospheric behaviour during extended solar minima. Holding the indices

constant isolates the effect of the orbital geometry and satellite configuration from short-term
space-weather variability, allowing a clearer assessment of how drag acts on the spacecraft
under sustained low-activity conditions.

2.4 Satellite Geometry and Components

The spacecraft is idealised with a rigid central bus with two identical deployable solar arrays
and a small nadir-pointing antenna. The central bus is assumed to be a rectangular prism
whereas the arrays and the antenna are assumed to be flat plates. Such geometric fidelity is
also adequate to represent the major contributions to drag and aecrodynamic torque of a small
Earth-observation satellite.

There are physical properties, which are adopted in the component-wise model as presented in
Table 2. These values have been chosen to represent a 100-kg class satellite, and are comparable
to the overall area-to-mass ratio given in Table 1.

+x (Velocity)

Figure 1. Idealised satellite configuration and body-fixed axes used for drag modelling.

Table 2 Idealised satellite components and physical properties.
Component Area Aj(m*) Cp; A;Cp;/m(m’kg™)
Main bus 0.80 2.0 0.016
Solar array (x2) 0.50 each 2.3 0.023
Antenna 0.20 2.2 0.0044
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It is assumed that the spacecraft will be in a pure nadir-pointing attitude, i.e. the body +zaxis
along with the local vertical, and the +x axis along with the velocity approaching parallel. Solar

arrays are assumed to be mounted to the body frame, and are symmetrically positioned along
the +x-axis, and mounted so that their normals are close to the orbital plane. This realistic
attitude profile of simple nature gives repeatable projected history of the area of projection and
results in non-zero aecrodynamic torque about the body axes subsequently utilized to evaluate
the disturbance of attitude and structural loading.

2.5 Orbit Propagator and Numerical Implementation
The satellite motion is described in an Earth-centred inertial frame by the second-order
differential equation

.. U
r= —T—3r+a]2 + ap,

where ris the position vector of the spacecraft, r =l r |, a;,is the perturbing acceleration due

to the Earth’s oblateness and apis the drag acceleration defined in Section 2.2. The
J>contribution is modelled using the standard expression

— 2 -
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(5-5%)

withr = [x,y,z]".

State propagation is performed using a variable-step Runge—Kutta—Fehlberg 7(8) integrator,
which provides embedded seventh- and eighth-order estimates of the solution and an associated
local error estimate for automatic step-size control. The absolute position and velocity error

tolerances are set to 10~ ° mand 10" ms™?!

, respectively, resulting in typical step lengths
between 5 and 15 s. This resolution is sufficient to resolve density variations along the orbit

without incurring excessive computational cost.

2.6 Cases and Design of Experiments

To investigate the sensitivity of drag-induced orbital evolution to the orbital geometry, a series
of eight cases is performed in which only the right ascension of the ascending node (lis varied.
All other orbital and physical parameters are held fixed at their baseline values (Tables 1 and
2). The selected values of (span a complete 360° range and correspond to the cases already
analysed in the internal dataset.
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Table 3 Cases for the RAAN-sensitivity study.
CaseID | Qqy(deg) ip(deg) @ ag(km) e Integration time (h)

C1 0 120 6700 0.020 25
C2 50 120 6700 0.020 25
C3 100 120 6700 0.020 30
C4 150 120 6700 0.020 | 30
Cs 200 120 6700 0.020 25
Co 250 120 25
20

Cc7 300 120 6700 0.020 25
C8 360 120 6700 0.020 25

For each case, the time histories of the classical elements a, e, i, (), wand the composite angle
oare recorded at 60-s intervals for subsequent analysis. The resulting profiles correspond to the
families of curves presented later in the Results section.

2.7 Data Post-Processing and Metrics
The raw orbital-element time histories are post-processed to extract scalar metrics that facilitate
comparison between cases. For any element y € {a,e,i, (), w,c}, the net change over the
integration interval [tol tf]is

Ay = x(tr) — x(to),

and the average rate of change is

Xavg - tf _ tO.

In particular, the mean semi-major-axis decay rate d,,,(m day™') provides a convenient scalar
measure of drag severity for each configuration. Similar expressions are used for eccentricity
and inclination to quantify orbit-shape and plane changes.

To estimate the remaining orbital lifetime, a least-squares straight line is fitted to the semi-
major-axis history a(t)for each case. Assuming the decay rate remains approximately constant,
the time required for the orbit to decay from the initial semi-major axis ayto a disposal threshold

are = Rg + 120 kmis

Ay — Qre

Tiife = ————-.
life | aavg |

Finally, when the component-wise drag model is used, the mean drag force on component jover
the interval is obtained from
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_ 1 tr1
Fp; =—— f > p(t) Cp,jAjVim () dt,
tf to to 2

and the corresponding aerodynamic torque about the spacecraft centre of mass is computed as
T,=1 X Fp, j» Where 1jis the lever arm of component j. These quantities are used in the
Discussion section to relate drag-driven orbital evolution to the mechanical loading and
potential degradation of specific satellite components.

3. Results

All results reported in this section are described in Section 2 and from the time histories and
summary values plotted .Unless otherwise noted, the baseline configuration corresponds to the
100-kg satellite in a a, = 6700 km, ey = 0.020, i, = 120°orbit under low solar activity
(constant F;,, = 70 sfu, quiet geomagnetic conditions).
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Figure 2. Baseline orbital evolution (o = 0°).

3.1 Baseline Orbit Evolution under Low Solar Activity
A convenient reference for discussing the dynamical behaviour is the case with right ascension
of the ascending node , = 0°. Over the 25-h integration interval, the semi-major axis
decreases from 6.700 X 10° mto 6.668 X 10° m, corresponding to a net change

Aa = 0.032 X 10° m = 32 km,

or roughly 0.48%of the initial value. The decay is close to linear in time, confirming that, for
the modest change in altitude considered here, both atmospheric density and the ballistic
coefficient remain nearly constant. When expressed as a daily rate, the observed Aacorresponds
to a mean decay of approximately 30.7 km day™~'(Table 3).
The eccentricity exhibits a similarly monotonic decrease. Starting from e, = 0.020, it falls to
about er = 0.0164, giving

Ae = —0.0036(an 18% reduction).
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Such behaviour is common to drag in low earth orbit: the drag acceleration along the track
eliminates orbital energy and angular momentum at the same time, moving the orbit towards a
lower, more circular orbit. According to the time history, only minor superimposed oscillations
at the orbital period exist and are caused by the projection of the acceleration of drag onto the
radial and transverse directions as the argument of latitude varies.
The inclination decreases slightly from 120.000°to approximately 119.995°, i.e.

Ai = —0.005°.
The angular elements in the reference case show richer short-period structure. The ascending
node Qundergoes oscillations with an amplitude of order 10~* degabout a nearly constant
mean, with a net change over 25 h of only AQ ~ 10™* deg. The nodal dynamics are therefore
dominated by the secular J,precession, while drag contributes only a tiny correction.
The argument of perigee woscillates between approximately —0.4°and 0°, with a slow positive
drift. The tabulated change Aw =~ 0.24°over the 25-h interval is consistent with the
superposition of the well-known J,-driven perigee precession and small drag-induced
variations in eccentricity and inclination. Finally, the composite angle ¢ = w + Mdecreases
almost linearly from 0° to roughly —35°, reflecting the overall reduction in mean motion as the
semi-major axis decays.
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Figure 3. Time histories of orbital elements for the reference case under low solar activity

with Qg = 0°, ag = 6700 km, e, = 0.020, i; = 120°. Subplots show: (a) semi-major axis,

(b) eccentricity, (c) inclination, (d) right ascension of the ascending node, (¢) argument of
perigee and (f) 0 = w + Mover a 25 h interval.
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3.2 Sensitivity to RAAN and Orbital Geometry

To evaluate the role of orbital geometry, the same analysis was repeated for eight initial values
of right ascension of the ascending node, spanning the full 0-360° range in increments of 50—
60°. The main outcomes of these are summarised in Table 3, which gathers the net changes in
the principal elements over each integration interval and the corresponding mean decay rates.

Table 3 Summary of drag-induced variations as a function of RAAN.
Case Qg(deg) T(h) Aa(km) Ae Ai(deg) a,yo(km day -1

C1 0 25 32.0 0.0036 0.005 30.7
C2 50 25 34.0 0.0039 0.0056 @ 32.6
C3 100 30 32.0 0.0036 0.005 25.6
C4 150 30 30.0 0.0035 0.010 24.0
C5 200 25 36.0 0.0041 0.048 34.6
Cé6 250 25 37.0 0.0042  0.058 35.5
Cc7 300 25 35.0 0.0040 0.0055 33.6
C8 360 25 31.0 0.0032  0.005 29.8
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Figure 4. Evolution of orbital elements for (1, = 50°under low solar activity. Panels (a—f)
show semi-major axis, eccentricity, inclination, right ascension of the ascending node,
argument of perigee and o, respectively, for a 25 h propagation.
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The figures reveal that, although all cases experience qualitatively similar evolution, the
magnitude of the drag effects is sensitive to RAAN. The smallest decay is observed for ), =

150°(C4), with a mean semi-major-axis reduction of about 24 km day ™. By contrast, the most
severe decay occurs for y = 250°(C6), where a,,, ~ 35.5 km day_l. Relative to the most
favourable case, this corresponds to roughly a 50% increase in decay rate.

The dependence of Aaon RAAN is not monotonic but exhibits a broad maximum for (yin the
range 200°-250°. In this configuration, the orbit samples denser regions of the thermosphere
for a larger fraction of each revolution, because the local solar time at perigee is closer to the
late-afternoon sector where the day—night density contrast is still pronounced even during low
solar activity. For 0y = 100°-150° the orbit spends more time in the relatively cooler dawn
sector, leading to smaller average densities and reduced drag. Although NRLMSISE-00 is a
climatological model and the present integrations cover only about one day, this pattern is
consistent with the expected longitudinal structure of the thermosphere.

Variations in eccentricity follow the same trend. Cases C5 and C6 show the largest reduction,
with Ae = 0.0041-0.0042, while the smallest changes occur near 0y = 150°and 360°.
Inclination changes remain very small in most cases (Ai = 0.005°), but reach up to 0.048° and
0.058° for )y = 200°and 250°, respectively. These larger values coincide with the highest
decay rates and indicate that, for certain combinations of RAAN and argument of perigee, the
cross-track component of the drag acceleration can become temporarily more effective.
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Figure 5. Evolution of orbital elements for {1, = 100°under low solar activity, integrated for
30 h. Subplots (a—f) correspond to semi-major axis, eccentricity, inclination, right ascension
of the ascending node, argument of perigee and o..
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Figure 6. Evolution of orbital elements under low solar activity for different right ascensions
of the ascending node (RAAN). Panels (a)—(d) correspond to Q, = 200°, 250°, 300°, and
360°, respectively. Within each panel, the subplots show the time histories over 25 h of (a)
semi-major axis, (b) eccentricity, (c) inclination, (d) right ascension of the ascending node, (e)
argument of perigee, and (f) 0 = w + M. The comparison illustrates how changes in RAAN
modify the path-integrated thermospheric density and therefore the drag-induced decay of the
orbit.

3.3 Component-Level Drag Effects
Although the orbit propagations treat the spacecraft as a point mass, the aerodynamic loading
can be interpreted in terms of the component-wise ballistic coefficients introduced in Section
2.4. Using the areas and drag coefficients listed in Table 2, the effective drag areas for the main
bus, the pair of solar arrays and the nadir-pointing antenna are

Aeffbus = AbusCD bus = 1.6 m2

Aeff Jpanels — 2ApaneICD panel — =23 m

Aeff,ant = AantCD,ant = 0.44 m.
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The total effective area is therefore A = 4.34 m?. The corresponding fractional
contributions to the net drag force are shown in Table 4.

Table 4 Fractional drag and torque contributions by component (baseline configuration).

Component A;Cpj(m*) Force fraction (%) Torque fraction (%)
Bus 1.60 36.9 8.0

Solar arrays (pair) 2.30 53.0 86.5

Antenna 0.44 10.1 5.5

Assuming lever arms of 0.2 m (bus), 1.5 m (each panel) and 0.5 m (antenna) from the centre of
mass.These values indicate that, even though the main bus represents a substantial fraction of
the projected area, the solar arrays dominate both the net drag force and, more markedly, the

aerodynamic torque. Approximately 53% of the total drag and nearly 87% of the torque
originate from the arrays.

(a) - Mean Drag Force Contribution (%) (b) 100Mean Aerodynamic Torque Contribution (%)
80 80
= 60} = 60}
o= 8
= =
a o
S 40F S 40f
(&) (&)
201 20
0 0
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[-Main Bus [l Solar Arrays (pair) -Amenna] I-Main Bus [ Solar Arrays (pair) -Anten@

Figure 7. Component-wise contributions to drag force and aerodynamic torque.

Because the orbit-averaged drag acceleration scales linearly with the ballistic coefficient
CpA/m, simple scaling arguments allow design changes to be assessed. For example, if the
arrays were kept stowed so that only the bus and antenna are exposed, the effective drag area
would reduce from 4.34 m? to 2.04 m?, i.e. by a factor of about 2.13. In the absence of other
changes, the semi-major-axis decay rate would reduce by the same factor, roughly doubling the
orbital lifetime. Conversely, increasing the panel size so that the overall area-to-mass ratio rises
from 0.020 to 0.030 m*kg™' would increase the decay rate, and therefore fuel consumption or
re-entry rate, by about 50%.
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3.4 Impact on Satellite Lifetime and Operational Constraints

The semi-major-axis decay rates reported in Table 3 can be converted into approximate orbital
lifetimes by extrapolating the observed trends down to a disposal altitude of h,, = 120 km(i.e.
a,. = Rg + 120 km). Assuming the mean decay rate over the 25-30 h remains representative,
the estimated time to reach this altitude is

Qg — Qe

Tyige =

)

| ayg |

with ay — a,. ® 202 km. The resulting lifetimes and the corresponding AVrequired per day to
maintain the orbit are listed in Table 5. The latter is obtained by equating the decay to the effect
of a small daily tangential manoeuvre that restores the original semi-major axis, using the
approximation AVy,, = (daye/2a0)Vfor a circular orbit.

Table 5 Estimated lifetime and daily AVdemand for drag compensation.
Case Qq(deg) a,,(kmday 1) Tye(days) AVg,(ms 1)

C1 0 30.7 6.6 17.7
C2 50 32.6 6.2 18.8
C3 100 25.6 7.9 14.7
C4 150 24.0 8.4 13.8
Cs 200 34.6 5.8 19.9
Cé 250 35.5 5.7 20.4
C7 300 33.6 6.0 19.3
C8 360 29.8 6.8 17.1

Even at the low-activity scenario taken, the natural lifetimes are short-lived between
approximately 5.7 and 8.4 days as the reference orbit is set to be very low (at approximately
320 km). The reliance on the RAAN is once more apparent: the better case (Qo = 150°) has a
lifetime nearly 50 percent as long as the worst case (Qo = 250°). To support missions which
demand this altitude over a number of weeks or longer, the number of m s™* of the daily required
AV to overcome the drag must be between 14 and 20 m s! with a cumulative requirement of
station-keeping of order 400-600 m s™! over a one-month campaign.

Operatively speaking, these findings point at three important things. To begin with, although
on solar minimum conditions the drag at purely low altitudes may not be a significant problem,
mission times can be severely limited unless large propellant reserves are set aside. Second,
local time of the orbit and RAAN can be chosen carefully in order to achieve significant
benefits in terms of decay rate and fuel consumption. Third, due to the dominance of the solar
arrays in both the drag and torque budgets, methods of stowing or partially feathering the panels
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during periods of high density would be able to increase lifetime or minimize attitude
disturbances at relatively low power generation cost.
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Figure 8. Estimated orbital lifetime and daily AV requirement as a function of RAAN.

Discussion

As indicated by the results, the atmospheric drag is still operationally relevant even in low-
solar activity as the thermosphere is not stagnant and insignificant at approximately 320 km
altitude. At these altitudes, the neutral density is large enough to generate measurable amount
of energy dissipation on each orbit and drag is the most prominent non-gravitational
perturbation in the prediction and maintenance of LEO orbit (Bruinsma et al., 2023; Vallado
and Finkleman, 2014). Even in the case of low F10.7 and geomagnetic activity, the
thermosphere has profoundly strong spatial and temporal structure propagated by solar
illumination geometry, Earth rotation, and remnant geomagnetic forcing, thus, even in the so-
called quiet-Sun conditions, the magnitude of drag is decreased but not eliminated (Picone et
al., 2002; Bruinsma et al., 2023). This is the reason why the current continue to cause high
short-term decay of semi-major axis and eccentricity at the chosen low altitude.

The sensitivity of RAAN observed is physically plausible since variations in RAAN vary the
local-time sampling of the thermosphere by the orbit. At a given altitude, inclination, and
eccentricity, varying values of RAAN values change as the spacecraft traverses sunlit and more
cool sectors, and such variations in the integrated density traversed throughout an orbit
(Bruinsma et al., 2023; He et al., 2024). Practically this implies that two satellites which have
the same ballistic coefficient but different orientation in the orbital plane may have different
drag histories and consequently different decay rates. The non-monotonic dependence of the
variation of aon RAAN observed in this experiment is in agreement with this mechanism: the
path-integrated density exposure, as opposed to the altitude alone, controls drag.
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Comparison with previous studies

The rate of decay and short estimated lifespan found here are widely in agreement with any
previous drag measurements when the atypically small starting altitude (~320 km) is taken into
account. Past studies have demonstrated that the effect of drag-driven decay is intensely
elevated as the altitude declines and that the unpredictability of orbital prediction is intensely
enhanced by variation in thermospheric density, in the absence of significant storms (Nwankwo
etal., 2021; Bruinsma et al., 2023). The current findings are consistent with the physical picture
in that regard: low solar activity decreases mean density compared with the conditions in solar
maximum, yet even satellites in very low LEO can undergo rapid orbital decays due to the
sharpness of density gradient with altitude (Picone et al., 2002; Vallado and Finkleman, 2014).
In comparison to works on the average or disturbed conditions, the absolute decay of the present
work is less than the storm-time cases reported in the literature where the thermospheric heating
of the atmosphere can easily swell the density and drag in hours and days (Bruinsma et al.,
2023; Parker et al., 2024). Nonetheless, the comparative sensitivity to orbital geometry and
political coefficient in this case is qualitatively the same as earlier results. Deviations in the
published rates are to be found in any quantitative measure on the basis of drag results, since
drag performance is highly dependent on the density model (NRLMSISE-00 vs. JB-class
models), the solar/geomagnetic index used, the assumed drag coefficient, and the
geometry/attitude representation of the spacecraft (Picone et al., 2002; Vallado and Finkleman,
2014; Acciarini et al., 2024). A component-wise interpretation is also a component of the
current analysis, and is less frequently found in bulk orbit-decay studies, and could be one of
the causes of differences when compared directly to single-body models.

4.3 Operation and Mission Design Implications.

Mission design This implies that low-solar-activity assumptions cannot be regarded as a
sufficient safety margin with very low LEO missions. Even in nominally quiet conditions,
conservative lifetime planning must factor in density-model uncertainty and geometry-induced
variability (e.g. RAAN/local time effects) (Bruinsma et al., 2023; Vallado and Finkleman,
2014). The high sensitivity of effective area-to-mass ratio is strengthening the role of
deployable geometry and attitude strategy especially in spacecraft dominated by solar-array. In
areas where there is flexibility in the launch-window, RAAN choice could minimize the drag
exposure and cost of station-keeping. To operate on a long term basis at the altitudes of 300-
400 km, the system should be designed to undergo routine maintenance of its orbit or drag-
compensation capacity at the conceptual design stage.

4.4 Limitations and Uncertainties.

There are a number of limitations that should be recognized. One, the empirical density model
(NRLMSISE-00) and fixed low-activity indices are applied in the study, isolating geometry
effects but failing to represent day-to-day space-weather variations or model-to-model
variability (Picone et al., 2002; Acciarini et al., 2024). Second, the geometry and attitude of the
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spacecraft is simplified and the loads at the component level are estimated using simplified
projected areas instead of a complete free-molecular aerodynamic panel approach. Third, the
drag coefficient is considered to be constant, but CDcan does change depending on the
composition, accommodation, and surface properties (Vallado and Finkleman, 2014; Wang et
al., 2024). These assumptions do not nullify the trends, but constraints quantitative
generalization and induce future validation within flight or accurate-orbit sources.

Conclusion

The present research measured the effects of atmospheric drag in a typical low earth orbit
satellite under low solar activity, with particular focus on orbital dynamics, sensitivity of
RAAN, and component based aerodynamic loading. Drag also provided important short term
decay of semi major axis and eccentricity at the altitude of about 320 km even during unstirred
solar conditions. These findings demonstrated that the orbital geometry (in particular, RAAN)
significantly alters the path-integrated density exposure resulting in significant variations in the
decay rate, lifetime and station-keeping requirement. The component-wise analysis showed that
solar arrays are predominant in the drag force and aerodynamic torque. These results favor
better lifetime margins, attitude planning, and drag-compensation planning of the low-altitude
missions when the operations are performed under the conditions of solar-minimum.
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