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Key Points:

¢ The debris cloud from the high-altitude breakup of Fengyun 1C is proving to be
even more persistent than predicted

e Debris raised in apogee during the breakup has acted as a reservoir, giving a reen-
try rate to date only weakly influenced by cloud depletion

« In addition to debris altitude decay by storms there is another, subtle, geomag-
netic effect through the Russell-McPherron mechanism
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Abstract

The effect of space weather on the debris cloud generated by the high-altitude Anti-Satellite
(ASAT) test on the Fengyun-1C satellite is studied over the subsequent 18 years. Us-

ing the 3532 tracked debris pieces, we show that more of the cloud at sizes above about
10c¢m has survived than was predicted four years after the ASAT test, despite the av-
erage space weather activity being higher than was assumed in making those predictions.
We show how debris accelerated by the test into high-apogee orbits has acted as a reser-
voir, giving a long-lived supply of objects ready to start the reentry spiral. The average
rate of descent varies with the solar cycle and with the solar rotation period because of
the variation in EUV heating of the thermosphere. It is shown that geomagnetic storms
have a short-lived but significant effect on the altitude decay of the debris. A second,
more subtle, geomagnetic effect is seen to be present, identified as being driven by the
Russell-McPherron effect on solar wind-magnetosphere coupling. The contribution of this
mechanism to the semi-annual variation in average debris descent speed is greatest at
high altitudes but other thermospheric effects, such as wave and tide dissipation and cir-
culation changes, are more important at lower altitudes. At times of low solar activity
the EUV heating is the dominant effect but the total geomagnetic contribution is more
significant during disturbed times. We discuss how these results are of importance to con-
trolled de-orbiting of space junk.

Plain Language Summary

A “star wars” anti-satellite (ASAT) missile test at high altitudes generates space
junk that will remain a great collision hazard for objects in low-Earth orbit for many decades.
We study the debris cloud that was generated by such a test on the defunct Fengyun-
1C satellite on 11 January 2007 and show it has decayed even more slowly than was pre-
dicted soon after the event. Like many pollution events, this has generated considerable
problems but, ironically, tracking the consequences can provide scientific insights. In this
case, the problems are associated with our exploitation of near-Earth space, but we can
study the variations in, and contributions to, the heating of the upper atmosphere (the
thermosphere). This is because thermospheric heating increases the atmospheric den-
sity at all heights and hence the drag it exerts on objects in low—Earth orbit. This slows
them and causes their altitude to decrease.

1 Introduction

The decline in altitude of all objects in Low-Earth Orbit (LEO) is caused by the
frictional drag as they move through the upper atmosphere. This slows the objects, mak-
ing them drop in altitude. The loss of gravitational potential energy increases the kinetic
energy so, counter-intuitively, the drag has the effect of speeding up the objects, but causes
their altitude to decay. When objects reach about 120 km., orbit is no longer possible
and they “reenter”. This primarily means that they burn up in the atmosphere but some
pieces fall all the way to Earth’s surface. Record numbers of satellite and rocket pieces
have reentered in recent years and the rate at which they are reaching all the way down
to Earth’s surface has risen to more than 3 per day (i.e., more than 1,100 per year) glob-
ally. The frictional drag depends on the size of the object and on the density of the ther-
mosphere, which is raised at all altitudes if the thermosphere is heated. The thermosphere
is primarily heated by absorption of solar Extreme Ultraviolet (EUV) radiation and by
Joule heating caused by ionospheric currents (currents which also give rise to geomag-
netic activity). There are also heating contributions from the dissipation of waves and
tides propagating upward from below, while changes in atmospheric composition can mod-
ify the thermospheric energy balance by affecting both heating and cooling. The wave
and tide dissipation heating can be significant, but unlike the EUV and geomagnetic heat-
ing, does not vary much over the solar cycle (Neogi et al., 2026),
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In a recent paper, Lockwood et al. (2026) detected a contribution of the Russell-
McPherron (R-M) effect (Russell & McPherron, 1973) to the well-known semi-annual
variation in global mean thermospheric densities (Paetzold & Zschorner, 1961; Emmert,
2015; Jones et al., 2018; Yue et al., 2019). Because thermospheric densities have a con-
trolling influence on the decay of the altitude of objects in Low-Earth Orbit (LEO) (Vallado
& Finkleman, 2014; Doornbos, 2012), this raises questions about a possible detectable
influence of the R-M effect, and space weather in general, on the evolution of debris clouds
and other space junk. In this paper, we use the debris from the 2007 anti-satellite (ASAT)
test on the Fengyun-1C satellite. The method used here to detect the R-M effect is that
employed by Lockwood et al. (2026) which sorts the data by the dawn-dusk component
of the near-Earth Interplanetary Magnetic Field (IMF) in the Geocentric Solar Equa-
torial (GSEQ) frame of reference.

1.1 The FY-1C ASAT test and consequent debris

On 11 January 2007 the Chinese army conducted an ASAT test by destroying a
defunct meteorological satellite, Fengyun-1C (hereafter FY-1C) using a ballistic kill mis-
sile. FY-1C was in a near-circular (eccentricity e = 0.0015), Sun-synchronous orbit at
altitude hg = 863 km with an orbital period of Ts = 102.1 min. The missile released a
kinetic kill vehicle (KKV) which impacted the spacecraft at a relative velocity of 9.36 km s~1.
The impact generated a huge debris cloud. Objects of size 5 ¢m and above were detected
on the day of the test by the US Space Surveillance Network (SSN) and of size > 0.5 ¢cm
from the next day using the Haystack observatory (including HAX, the Haystack Aux-
iliary Radar) (Johnson et al., 2008). Objects 1 em to 2 em were observed from 13 March
(debris cloud evolution time, t, = 0.17 yr) by the EISCAT Svalbard radar (Markkanen
et al., 2009) and observations of > 3 ¢m objects began at the Goldstone bistatic radar
in December (Johnson et al., 2008). By the end of 2007 (t. = 0.97 yr), SSN had detected,
and were tracking, over 2500 debris pieces, a number that subsequently rose to 3532. These
tracked pieces are mainly greater than about 10 cm in diameter. It is estimated that,
in addition, there were between 35000 and 150000 fragments larger than 1 ¢m in diam-
eter and several millions of smaller fragments (Liou & Johnson, 2009; Johnson et al., 2008).
These figures have been used to inform NASA’s Standard Breakup Model (Cimmino et
al., 2021). ESA’s DISCOS database reveals that of the 3532 tracked debris pieces, 1071
had re-entered by 1 April 2025 (t. = 18.22 yr) of which 1018 have adequately-complete
tracking data available from Space Track (https://www.space-track.org). Hence even
18 years after their generation, 2461 debris objects from FY-1C remained in orbit, which
is 70% of the total. This ASAT test was the largest single contribution to space junk in
history (Lockwood, 2025).

At the time of the test, the FY-1C satellite had a mass of approximately 880 kg,
almost all of which will ultimately re-enter and ablate in Earth’s atmosphere. We do not
have a precise inventory of its constituent materials, but it likely contained about 250 kg
of aluminum, contributing to the anthropogenic input of metals into the middle atmo-
sphere from space activities. To put this into context, Ferreira et al. (2024) estimate that
4.17x10* kg of aluminum entered the atmosphere from all satellite reentries in 2022, about
30% above the natural meteoritic aluminum influx and over 150 times greater than the
likely aluminum content of FY-1C. Aluminum is of particular concern because it is ox-
idized during atmospheric reentry, producing aluminum oxide particles that have the po-
tential to act as catalysts of stratospheric ozone depletion. It is not presently possible
to establish whether the FY-1C ASAT event caused more total ozone depletion, integrated
over time, than would have occurred had the satellite remained intact. However, the frag-
mentation converted what would otherwise have been a single eventual reentry into a
prolonged source of aluminum and other spacecraft-derived material. The potential im-
plications for stratospheric ozone therefore warrant further investigation. Although frag-
mentation does not increase the total mass of aluminum ultimately released from the space-
craft, it spreads its injection into the atmosphere over a much longer period and over a
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much bigger area. Because the proposed ozone-destroying mechanism involves the cat-
alytic action of fine aluminum-containing particles, which are not themselves consumed
in the reaction, it is possible that the prolonged injection from a debris cloud could pro-
duce a greater integrated ozone loss than would occur following a single conventional re-
entry. We need further studies to quantify the magnitude of this potential effect.

The debris is known to be a hazard for our exploitation of Low-Earth Orbit (LEO).
One piece of the debris, cataloged as FY-1C debris fragment 30670, may have destroyed
the Russian satellite was BLITS (Ball Lens In The Space), which suddenly changed in
orbit and spin on 22 January 2013. Fengyun-1C debris object 30670 was the only known
object that was in close proximity to BLITS at the time. The encounter was predicted
at about 07:56 UTC, with a relative velocity of about 9.7 km/s. However, a detailed anal-
ysis by Kelso et al. (2013) found that the orbit of FY-1C fragment 30670 showed no de-
tectable change at the supposed collision time. Conservation of momentum means that
a collision capable of producing the observed change in BLITS should also have measur-
ably perturbed the fragment. The authors therefore ruled out fragment 30670 as the cause
of the demise of BLITS. However, the closeness of the conjunction still highlights the po-
tential hazard. In addition, the International Space Station (ISS) has had to perform avoid-
ance maneuvers because of FY-1C fragments (well-documented examples were on 28 Jan-
uary 2012 and 25 November 2024), and we know of 14 collision-avoidance maneuvers by
NASA spacecraft that were conducted to avoid FY-1C debris.

In 2011, using the rescaled ballistic coefficients discussed below, Pardini and Anselmo
(2011) predicted that less than 49% of the FY-1C debris cloud would remain in orbit by
1 April 2025 (see their Figure 16), compared to the 70% that, in the event, was still in
orbit at this date. It might be thought that the smaller-than-predicted fraction that has
actually reentered was because the solar activity level was lower than the prediction that
they had employed, which was the long-term prediction of F10.7 solar radio flux issued

by NASA on 1 March 2010. In fact, the average predicted F10.7 for the interval was 106.1 sfu

(1 sfu=10"22 W m~2 Hz~!), whereas the observed average was 113.8 sfu. Hence the
solar activity was slightly higher than used in the prediction and yet considerably fewer
of the tracked debris cloud objects re-entered than had been predicted. Hence it is timely
to look at how the prevailing space weather has depleted the debris cloud.

A Gabbard plot is a standard way of representing the debris cloud after a fragmen-
tation event. Johnson et al. (2008) showed one for the FY-1C debris cloud for 11 July
2007 (cloud evolution time t. = 0.5 yr), by when a total of 2360 objects had been iden-
tified and tracked and 13 has reentered, leaving 2347. This is reproduced in Figure 1A.
The legend to the figure explains the Gabbard plot format. Shortly after a fragmenta-
tion event, a Gabbard plot has a characteristic “open-scissors” form. This is because the
debris accelerated forward by the impact have period, T, greater than that of the craft
before the impact (T > Ts, marked along the plot x-axis in mauve) and have perigee at
the altitude of the satellite before impact (hg) but reach up to higher altitudes, the high-
est known for the FY-1C fragmentations reaching an apogee of 3921 km. This half of
the cloud generally experiences lower drag as each debris piece spends much of their or-
bit at raised altitude. On the other hand, the half of the debris cloud with T < Tg ini-
tially keeps the satellite altitude hg at apogee but have lowered perigee altitudes and so
subsequently experience increased drag and decay faster in altitude (marked along the
Gabbard plot x-axis in green).

Figure 1B shows the location of the further 95 reentries that occured between 11
July 2005 and 19 September 2010 (i.e., at t. < 3.69 yr), plotted on the Gabbard plot for
11 June 2007. This date in 2010 is adopted as, by then, most all the trackable debris had
been identified. The plot shows that the early reentries came from three distinct sources:
(1) very low T objects that were the most strongly decelerated by the ASAT event; (2)
objects that kept an orbital period close to Tls but went into a more elliptical orbit, and
(3) a few very highly-accelerated objects that went into highly elliptical orbits. Of these,
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Figure 1. A“Gabbard plot” of height, h (vertical axis) as a function of period, T (horizontal
axis), describing the debris cloud generated by the Fengyun 1C ASAT missile test on 11 July
2007, as was presented by Johnson et al. (2008). Thus this plot is for a cloud evolution time after
the ASAT test of te = 0.5 yr. Each of the 2347 pieces of debris tracked generates a pair of dots:
a blue dot with a red dot vertically below it, giving its height at apogee and perigee, respectively.
The black dot is at the pre-test coordinates of the satellite (T's,hg). Debris accelerated forward
by the impact was raised to a higher apogee (losing speed and increasing orbit length so the pe-
riod T rose), but perigee remained at the same altitude as that is the fastest point on each orbit.
Debris slowed by the impact falls to a lower perigee (gaining speed so T falls) and in this case
apogee stays at the same altitude because that is the slowest point of any orbit. By this time

(te = 0.5 yr), 13 tracked pieces had already re-entered. Part B shows the same Gabbard plot

as in Part A but all objects in the cloud that survived to 19 September 2010 (t. = 3.69 yr) are
shown by pairs of orange points and the 95 that had re-entered and burned up in the atmosphere

between 11 July 2007 and 19 September 2009 are shown by pairs of black points.
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category (1) is by far the dominant one. In addition to the fact that by ¢, = 0.5 yr 13
objects had re-entered, Figure 1A shows that the processing of the cloud by orbital drag
was already detectable by this time as the very lowest T some objects have already lost
some height at both perigee and apogee and so were no longer precisely in the fragmen-
tation “open scissors” pattern.

The evolution of the FY-1C debris cloud was predicted by Pardini and Anselmo
(2009) and Pardini and Anselmo (2011) using the ballistic parameters of the cloud mem-
bers and assuming that they remained constant (i.e., no further fragmentations). We need
to be clear on the definitions used. Pardini and Anselmo (2009) define the ballistic pa-
rameter as

B=Cp— (1)

where Cp is the drag coefficient, a is the reference cross-sectional area, and m is the ob-
ject mass. This definition represents the sensitivity of an object to atmospheric drag, with
larger values corresponding to greater drag acceleration for a given atmospheric density
and velocity. For the catalogued Fengyun-1C fragments, Pardini and Anselmo did not
determine § from independent measurements of fragment mass, area, and aerodynamic
properties. Instead, the ballistic parameters were derived from the B* values contained
in the available orbital Two-Line Element (TLE) tracking data. B* is the drag-related
parameter used by the SGP4 orbit propagator, the analytical model used to propagate
TLE orbits (Vallado et al., 2012). Within SGP4, atmospheric drag is represented through
an empirical perturbation model in which B* acts as an effective scaling parameter for
the drag terms that modify the satellite’s mean orbital elements over time. It is obtained
during orbit determination by fitting the predicted orbit to tracking observations, rather
than by directly measuring the physical aerodynamic characteristics of the object. Con-
sequently, although B* is related to the physical drag term Cp.a/m, it is not the same.
The fitted B* value will include uncertainties in atmospheric density models, altitude
variations, uncertainties in the reference area and mass, and other orbit-determination
errors. Pardini and Anselmo (2009) found that ballistic parameters 8 derived directly
from TLE B* values were inconsistent with the observed orbital decay of FY-1C frag-
ments over the 15 months after the ASAT test. To obtain more realistic drag parame-
ters, they performed a decay analysis in which the ballistic parameter was adjusted un-
til numerical orbit propagation reproduced the measured semi-major axis evolution of

a set of representative fragments. The ratio between these fitted values and the origi-

nal B*-derived parameters was used as a scaling factor. The resulting corrections were
substantial, the mean of the rescaled 8 values being higher than the that of the unscaled
values by a factor of about 40 (see Figure 8 of their paper).

Pardini and Anselmo (2009) then used their re-scaled ballistic parameters to pre-
dict the evolution of the FY-1C cloud forward to 2015. Figure 12 of that paper shows
a very interesting and valuable result: although the number of debris pieces in the cloud
decreased between 2007 and 2015, the distribution remained the same in shape. That
means the average of the ballistic parameter () remained approximately constant. In
the later paper, these authors further extended their predictions to 2110 (Pardini & Anselmo,
2011).

An advantage of using a debris cloud to study orbit decline is that, unlike satel-
lites that retain some delta-V propulsion, there are no maneuvers to consider - something
that is much more common in recent years as active, controlled de-orbiting becomes ac-
cepted standard practice (Ailor & Patera, 2007; Rhatigan & Lan, 2020) and semi-automated
or remotely controlled collision avoidance is deployed (Parker & Linares, 2024). The other
advantage is that there are very large numbers of objects in a debris cloud. The disad-
vantage is that the pieces are tumbling and so present a continuously changing cross sec-
tional area a and there is a wide spectrum of particle sizes and, more importantly, of bal-
listic parameters 3. However, the result by Pardini and Anselmo (2009) implies that the
average value of § remains roughly constant for the surviving debris in the cloud.
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1.2 Thermospheric Heating and Orbit Decay

Thermospheric heating causes the atmosphere to expand, increasing the density
at a fixed altitude and hence the drag on objects orbiting in LEO. The two main sources
of heating in the upper thermosphere are absorption of solar EUV radiation and elec-
trodynamic Joule heating (Forbes et al., 2025). Other mechanisms, including the dis-
sipation of upward-propagating tides and waves, also contribute to heating, particularly
in the lower thermosphere. The full formula for Joule heating is

HJoule:j'(E+VnX§) (2)

where J is the current density, E is the ionospheric electric field in the Earth-fixed
(inertial) frame, V,, is the thermospheric neutral wind velocity and B is the geomagnetic
field. The quantity (E + ang) is therefore the electric field in the rest frame of the neu-
tral gas. The heat dissipation is by Pedersen currents (for which J-E > 0) and not by
the Hall currents (for which J-E = 0). For a horizontally uniform ionosphere only Hall
currents generate geomagnetic disturbance on the ground and, in general, Hall currents
make the larger contribution to geomagnetic activity. In the partially ionized thermo-
sphere, a major contribution to H j,yje arises from momentum transfer between drift-
ing ions and neutral atoms and molecules through ion-neutral collisions, giving rise to
ion-neutral frictional heating: L
where p; is the ion mass density, v;, the ion-neutral collision frequency for momentum
exchange and ‘_/; and Vn the ion and neutral velocities. Because the neutral atmosphere
responds much more slowly to changes in the electric field than the ion population, tem-
poral fluctuations in E increase the ion-neutral drift velocity, viz the difference between
V; and Vn This means that the heating can occur in two ways: there can be a large steady
electric field, to which V., can never fully respond, giving large H;, which is associated
with large . J (readily detected by ground-based magnetometers) or there can be fluctu-
ations in E to which V,, responds more slowly than V;. In the latter case, the heating
can be subtle and not readily detected in the magnetometer data. Note there is also en-
ergy input from particle precipitation, but this is generally smaller than H joyu. (Lu et
al., 1998; W. Xu, 2011; D. J. Knipp et al., 2004; J. Guo et al., 2012).

The heating of the thermosphere by large and/or rapid fluctuation in E during ge-
omagnetic storms is a much-studied phenomenon (Smith et al., 2023; Balan et al., 2011;
T. Fuller-Rowell et al., 2013). H. Liu and Liihr (2005) make the point that there are many
processes active simultaneously, giving variability to the thermospheric response. The
heating and enhanced density of the thermosphere following a storm is short-lived, typ-
ically lasting a day. The reasons are that the energy input is largely at high latitude and
effects are dissipated as they disperse around the globe. Also upwelling of nitric oxide
causes enhanced radiative cooling (Bag & Ogawa, 2024; D. Knipp et al., 2017) and ver-
tical winds can also have a cooling effect (Li et al., 2023; Yamazaki et al., 2024). These
storm-time heating events have an effect on orbit degradation that is also short-lived (Oliveira
& Zesta, 2019), but Chen et al. (2014) find that storms driven by Coronal Mass Ejec-
tions (CMEs) have, in general, lower net effect than (recurrent) storms driven by Coro-
tation Interaction Regions (CIRs) because CIR storms tend to last longer, giving the a
greater integrated energy input into the thermosphere. This is consistent with the work
of Turner et al. (2009) who found CIR-driven storms last a longer and deposit a slightly
larger fraction of the energy extracted from the solar wind into the ionosphere-thermosphere
system than do CME-driven ones. These conclusions are also supported by Pokhotelov
et al. (2009) and N. Wang et al. (2021).

Tourgaidis et al. (2025) note that energy input into the thermosphere is often un-
derestimated. Some of this is likely because fluctuations in the input electric field are
smoothed out in lower-resolution data: non-linearity and the effect of the sluggish re-
sponse of the neutral wind mean the smoothed input causes an under-estimation in the
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power deposited. This has interesting consequences: for example, a northward turning

of the IMF when the solar wind density is relatively low can lead to the generation of

a “space hurricane” in ionospheric convection through lobe reconnection (Zhang et al.,
2021). In these events, northward IMF leads to a drop in the rate of energy transfer across
the magnetopause (power) but (Xiu et al., 2024) show that the power deposited in the
polar thermosphere goes up because the neutral wind cannot respond to the changed ion
convection. The importance to heating events of the sluggish neutral wind response to
electric field changes was demonstrated by Lockwood et al. (1988). R. Liu et al. (2010)
used the magnetopause reconnection rate to estimate power deposited but this neglects
the additional heating caused by temporal variations introduced by the substorm cycle
and the response time effects after the IMF orientation changes. The heating effect of
smaller ionospheric electric field fluctuations was recently studied by (Matsuo et al., 2021)
and a number of other studies are showing considerable heating by geomagnetic currents
in quiet and non-storm times (Day et al., 2024; Cai et al., 2022).

We note that (X. Wang et al., 2020) find the Dst index is a better indicator of en-
ergy deposition in the thermosphere than auroral or mid-latitude geomagnetic indices.
We here use the Dex index (Karinen & Mursula, 2005) which is a “Dst-like” index but
derived from more stations and using a more robust construction algorithm.

To quantify the EUV heating we use the Hgyy index derived by Lockwood et al.
(2026). This is the integral of the observed EUV irradiance spectrum, convolved with
a theoretical thermospheric heating cross section spectrum. Further details are given in
the cited paper.

1.3 The Russell-McPherron (R-M) Effect

The R-M effect (Russell & McPherron, 1973) is the effect of the dawn-dusk com-
ponent of the Interplanetary Magnetic Field (IMF) in the GSEQ (Geocentric Solar EQua-
torial) frame on the coupling of mass, momentum and energy from the solar wind flow
into the magnetosphere. It is caused by the varying tilt of the Earth’s magnetic axis in
a solar frame which alters the southward component of the IMF in the GSM (Geocen-
tric Solar Magnetospheric) coordinate system and hence the transfer of mass, energy and
momentum from the solar wind into the magnetosphere. Estimates of the fraction of so-
lar wind energy transferred to the magnetosphere that is subsequently deposited in the
thermosphere vary between approximately 10% and 40%, depending on geomagnetic ac-
tivity level and the adopted estimation of solar wind—magnetosphere energy coupling.
The majority of this deposition occurs through heating by ionospheric currents, with au-
roral particle precipitation providing a smaller contribution (Lu et al., 1998; W. Xu, 2011;
D. J. Knipp et al., 2004; J. Guo et al., 2012). Although the fraction deposited in ther-
mosphere is not constant, we know that the R-M effect has a controlling effect on cur-
rents in the ionosphere from the associated geomagnetic activity detected by magnetome-
ters (Lockwood, Owens, Barnard, Haines, et al., 2020).

The R-M effect occurs because magnetic reconnection in the dayside magnetopause
means that southward-pointing IMF in the GSM (Geocentric Solar Magnetospheric) frame
has a controlling influence on energy input into the magnetosphere, but the near-Earth
IMF, on average, is oriented in the X-Y plane of the GSEQ frame. The GSM and GSEQ
frames share the same X axis but the Z axis of the GSM frame precesses around that
of the GSEQ frame on an annual basis due the Earth’s annual orbit and the fixed ori-
entation of Earth’s rotational axis relative to the fixed stars and, to a lesser extent, be-
cause the Earth’s magnetic axis (that determines the Z axis direction in GSM) precesses
around Earth’s rotational axis on a daily basis. This effect of the tilt in Earth’s mag-
netic axis means that the dominant IMF By component in the GSEQ frame can add or
subtract a significant component to the southward IMF in the GSM frame ([Bz|gsam < 0).
This happens most effectively around the equinoxes when the tilt in the Z-Y plane is great-
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est and so the R-M mechanism generates a semi-annual variation with equinoctial peaks.
The R-M mechanism is not the only one proposed to explain the semi-annual variation
in geomagnetic activity, but it does make an unique prediction which can be used to iden-

tify it: namely that enhancement of the September equinox peak is caused by IMF [By|gseg > 0

and that of the March peak is caused by [By]aseg < 0. This unique signature was used

to identify and quantify the R-M effect in geomagnetic currents by Zhao and Zong (2012)
and Lockwood, Owens, Barnard, Haines, et al. (2020) and in global mean thermospheric

densities by Lockwood et al. (2026).

As pointed out by Lockwood et al. (2026), the R-M effect influences the average
pattern of power extraction because it is systematic; however, it is only rarely the dom-
inant effect driving large space weather events. Lockwood et al. (2016) and Lockwood,

McWilliams, et al. (2020) show that the dominant origin of southward IMF in GSM ([Bz]asam < 0)

during major terrestrial space-weather events is transient events of southward IMF in
the solar frame ([Bz|gsrq < 0) and that in major events, the R-M effect contributes only
a very small fraction to the total negative [Bz]asn, compared to the effect of negative
[Bzlaseqg- Of course, a favorable/unfavorable [Bz]asgg polarity at a given equinox can
enhance/reduce the negative [Bz]gsa because of the R-M effect, taking it above/below
a threshold and so the number of storms exceeding a certain threshold magnitude will
show a semi-annual variation (Lockwood, Owens, Barnard, Haines, et al., 2020). How-
ever, on its own, the R-M effect cannot cause a large storm and the R-M effect predom-
inantly changes average activity levels rather than causing large events. This makes the
detection of the R-M effect on thermospheric densities a significant indicator of average
thermospheric heating mechanisms, not just of the large storm-time geomagnetic heat-
ing.

Hence detection of the R-M effect in thermospheric densities by Lockwood et al.
(2026) implies a quiet-time geomagnetic contribution in addition to the well known storm-
time one. We note that this finding is consistent with the results of D. Guo et al. (2015)
who sorted the thermospheric data by the sector structure rather than the daily values
of the IMF [By|gsrqg component. We also note that Cai et al. (2022) have detected ef-
fects of the IMF By component on the middle atmosphere and lower thermosphere.

2 Update on the FY-1C debris cloud

The orbital parameters of the tracked debris from the FY-1C ASAT test have been
derived from the TLEs obtained from the Space Track website (https://www.space-track
.org). The reentry dates are taken to be when debris fell below about 120 km and are
given by the DISCOS database.

Figure 2A shows the Gabbard plot for 19 September 2010 (¢, = 3.69yr). This date
is chosen as, by then, identification of trackable debris pieces was almost complete. In
addition, some evolution of the Gabbard plot has taken place by this time and a total
of 108 tracked debris pieces had re-entered by then (15 and 95, respectively, before and
after 11 July 2007). On this date, the T' > Ts subset comprised 1015 objects and the T < T
subset comprised 1044 objects. As 89 of the 108 known re-entered objects initially had
T < Ts (and so 19 initially had T' > Tg) we should add these numbers to the total for
that subset, yielding that in the ASAT test 47.74% of the debris of trackable size were
accelerated, and raised in altitude (the T' > Tg subset) and 52.26% were decelerated an
lowered in altitude (T < Ts): however, we should note uncertainties here as there will
have been a number of early reentries of undetected objects, nevertheless the initial split
seems to have been close to 50% in both categories.

The processing by atmospheric drag of the T' < Tg subset by t. = 3.69yr can be
seen in Figure 2A where more objects have lost height at both apogee and perigee. What
is noticeable is that this loss in altitude extends mainly up to T' = 98min which was the



375 same in Figure 1A, but more objects now have periods below this period. However there

376 are also a small number that have lost height at 98 min < T' < Ts and the gap between
377 apogee and perigee is closing, so there is tendency for orbits to move to lower elliptic-
378 ity, e, which is discussed further below.

379 Parts B and C of Figure 2 show the evolution of the debris cloud over the subse-

380 quent 14.25 years by comparing with the situation on 31 December 2024 (t. = 17.97yr).
381 Part B shows the Gabbard plot on this date. In can be seen, that the T' > Ts subset is

382 similar in form but the decline in both apogee and perigee means that the gap between
383 the subsets has closed down completely in the T' < Ts subset: hence ellipticity e has con-
384 tinued to decline and become zero for many objects (where the red and blue areas touch).

385 However there are still objects with e > 0 as both red and blue areas at T" < Ts have width
386 in altitude. There were a further 910 known reentries in the interval 3.69 < t, < 17.97 yr,
387 making 1018 in total by t, = 17.97 yr. The black dots in Part C give the position on the
388 Gabbard plot for 19 September 2010 of objects that re-entered before 31 December 2024
389 (the orange dots underneath are the full Gabbard plot for 19 September 2010). It can

390 be seen that they cluster on the inner edges of the T' < T, subset showing that the more
301 circular orbits tend to re-enter first. Part D shows that 75.1% of all reentries before 1

392 January 2011 came from the T' < Ts subset on 11 July 2007 and only 24.9% came from
303 the T > Tg subset. The most common orbital period (on 11 July 2007) that had resulted
304 in reentry was T' = 101 min. The reentries from the T' > T subset were mainly from

305 initial periods T' <= 106 min and just 5.1% coming from T > 106min and 25 5.1% com-
396 ing from T > 112min.

307 Figure 3 shows the numbers of FY-1C debris objects still in orbit on 31 December
398 2024 that have undergone a given height loss over the 14.25 years between the dates of
399 the Gabbard plots in Figures 2A and 2B. Parts A, B and C show the histograms for

400 loss in mean height, apogee height and perigee height, respectively. In all three plots the
s01 green histogram is for the 7' < Ts and subset, the mauve for the T > Ts subset and the
a02 blue for the whole cloud. The figure shows that falls have been smaller for perigee than
403 apogee, indicating a trend towards more circular orbits. This is consistent with analy-

404 ses of the effects of thermospheric drag, which show that both the mean altitude and the
405 orbital eccentricity decrease with time (G. Xu et al., 2011). Atmospheric drag is great-
406 est during passage through perigee, where both the orbital speed and the thermospheric

a07 density are highest. Consequently, orbital energy is removed most efficiently near perigee
408 where the both the object velocity and the thermospheric density are greatest. The spe-
400 cific energy of an orbit € is the sum of the kinetic and potential energies per unit mass.
410 For an elliptical orbit
411 € = —% (4)
a2 where a is the semi-major axis of the ellipse and p is the product Gx Mg where G is the
43 gravitational constant and Mg the Earth’s mass. Note € is negative, the maximum value
a14 being zero at an infinite distance from the Earth. The atmospheric drag reduces e (makes
a15 it more negative) and so reduces a (da < 0). The radial distances of perigee and apogee
416 are
a7 rp=a(l —e)=h,+ Rg (5)
418
419 Ta :a(1+e) = he + REg (6)
420 where Rg is a mean Earth radius. Differentiating with respect to time we have in
421 unit time
2 drp, = (1 —e)da — ade (7)
423
a2 or, = (14 e)da + ade (8)
s If we take equation 7 in the small change limit so d7,—0 we have

oa
426 (56%(1 + 6)* (9)

a
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Figure 2. A. Gabbard plot describing the FY-1C debris cloud on 19 September 2010

(te = 3.69 yr). B The corresponding Gabbard plot of debris still in orbit on 31 December

2024 (te = 17.97 yr). C is in the same format as Part B of Figure 1B but the black points

are reentries that occurred in the interval between the two dates shown in Parts A and B

(3.69 yr < t. < 17.97 yr), whereas the orange points are the Gabbard plot for t. = 3.69 yr of
the objects that are still in orbit at t. = 17.97 yr. Part D shows a histogram of the orbital peri-
ods on 11 July 2007 of the 1005 debris pieces that had subsequently re-entered by 31 December
2024 (remember 13 had re-entered before 11 July 2007 so the total by 31 December 2024 was
1018): the mauve part is for T' > Ts, and so is debris from the raised-apogee part of the cloud,

whereas the green part for 7' < T's and is from the lowered-perigee part of the cloud.
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Figure 3. The decay in orbit altitudes over fourteen and a quarter years (height losses Ah,
Ahg and Ah,) between 19 September 2010 (time 1) and 31 December 2024 (time 2). Histograms
of height lost are shown for: A average orbit height h; B apogee altitude, h, and C perigee al-
titude hp. In each panel the total number is shown by the blue histogram, and the green and
mauve areas shown the number from the T' < Ts and T' > T subsets, respectively. Height loss

bins are 15 km wide.

Hence ade is negative (because in Equation 9 da/a < 0 and (1 + €) > 0) and the
second terms in Equations 7 and 8, are smaller in magnitude than the first (because |da/al
is small). Hence

0re < da < drp <0 (10)

Hence h, and h, both decrease but h, decreases by more than h, and so e decreases.
Thus fragments approaching reentry are generally in more circular orbits than they were
immediately after the ASAT event.

The shapes of the perigee-height-loss distributions in Figure 3are similar for the
T < Ts and T > Tg subsets, and consequently for the cloud as a whole. This is not true
of the apogee-height-loss distributions, which are bimodal, with a relative minimum be-
tween two distinct peaks. As for the perigee-height losses, the primary peak lies close
to zero. However, the secondary peak occurs at approximately 72 km for the T > Tg
subset (objects raised by the ASAT test) and at approximately 132 km for the T' < Tg
subset (objects lowered by the ASAT test).

Figure 4 shows the orbital decay of the 1018 pieces of FY-1C debris that re-entered
before 2025 for which we have reasonably complete tracking data. The mean altitude
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Figure 4. The trajectories of the 1018 FY-1C debris pieces that have re-entered between the
ASAT test and 1 January 2025 and for which we have a complete tracking record. Parts A B,
and C are for reentry dates in 2007-2012, 2013-2018 and 2019-2025, respectively. The mean or-
bital altitude of each piece is plotted using colors that evolve through each interval from dark
blue through to yellow. Note that trajectories for later reentries are drawn first and so tend to be
over-written by ones for earlier reentries. Part D shows the reentry rate rq for the whole interval

in a colored histogram, using the same colors as for the trajectories.

(over a full orbit), h is plotted as a function of time for each piece. To prevent the traces
from later reentries completely over-writing earlier ones, we have divided the interval into
three 6-year intervals and plotted the full trajectories for debris re-entering in that in-
terval. Within each of the three intervals we have color-coded the trajectories by reen-
try date (from dark blue to yellow with increasing date) and plotted earlier reentries last
so that they are not over-written, and so hidden from view, by later ones. Note the in-
creased rate of descent in panel C at h above 500 km between 2011 and 2016 and the
increased rate of reentries seen simultaneously at lower A in panels A and B and quan-
tified in panel D. This interval is around the sunspot maximum of solar cycle 24. From
the trajectories we compute daily values of the average rate of decent v = ( — dh/dt) in
overlapping altitude bins of width 200 km centered of [400:100:900] km. These average
values in descent speed will, in general, vary for two reasons: (1) thermospheric density
variations that will be correlated at the different heights and (2) changes in the average
B of the cloud which will be altitude-dependent. The work of Pardini and Anselmo (2009)
shows that effect (2) is small, at least relatively early in the life of the cloud.

The trajectories of the same objects as shown in Figure 4 in height-time coordi-
nates are plotted on Gabbard plots (height-period coordinates) in Figure 5 and show in-
teresting behavior. A total of 157 objects with initial 7' > T of the accelerated debris
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Figure 5. The trajectories of the 1018 FY-1C debris pieces shown in Figure 4 on Gabbard
plots. Because these trajectories overlap more in this A-T frame than in Figure 4, Parts A,B,
and C of Figure 4 are here split into three 2-year subparts (labelled a,b, and c in each case).

The color scheme used is as in Figure 4 and again the first entries are plotted last to minimise

overplotting.
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Table 1. The numbers of fully tracked debris cloud objects on 19 September 2007

(te = 3.69 yr) and 31 December 2024 (te = 17.97 yr), for which the Gabbard plots are shown

in Parts A and B of Figure 2 and for which the numbers (in various categories) were Ny and Na,
respectively. The TLEs for 19 September 2007 are missing f1 objects which first appear in later
TLEs and these have been added in the revised estimates for 19 September 2007 in the N1 + f1
column. Continuity shows that 392 objects were transferred by orbit decay from the T' > Ts
subset to the T' < T's subset, showing how the descent of the population that was accelerated in
the ASAT test partially offsets the loss of the T' < T's subset of the cloud due to reentries.

number at  found revised number at change reentries  transfer
te = 3.69 yr later number .= 17.97 yr

Ny fi N1+ fi1 N, ANijp = N T r— AN
+f1— N
T<Tg 887 157 1044 683 361 753 +392
T>1Tg 989 26 1015 466 549 157 -392
Total 1876 183 2059 1149 910 910 0

that rose in apogee the fall to Earth by t. = 17.97 yr - those falling from very hight T
can be clearly seen. They all subsequently fell down the crossed lines of the Gabbard plot
as T and h, fall but h, stays almost constant. Some show a tendency to briefly move
away from the apogee and perigee lines but then recover back to them. These are likely
to be objects that have some inaccurate tracking data points. Another interesting fea-
ture is that this decay of the very high T" objects to reentry ceases almost completely in
Parts Bc, Ca and Cb (and there are only 3 such objects in Part Bb; and those are the
intervals when sunspot numbers are low. Figure 2D shows that in total there have been
just 25 of these rapidly descending objects that fell from 7" > 112 min to re-entry, which
is the extreme tail of the pink distribution in Figure 3B. Figure 3 also shows that, in ad-
dition to these rapid descending objects of the T' > T population (presumably objects
with a high (), there is a population that drops in apogee much more slowly. This acts
as a supply of debris near T' = Tg which then joins the T' < T (decelerated) population
in starting its descent towards the reentry altitude. Hence the population accelerated

to T' > T, by the test acts as a reservoir feeding particles into the reentry spiral from the
top and very few of the accelerated objects have declined enough in period and apogee
to join the decelerated objects in the reentry spiral.

The reservoir action of the accelerated half of the cloud (with 7' > Ts) is quanti-
fied in Table 1. The table shows that the majority of reentries over the interval 19 Septem-
ber 2007 to 31 December 2024 was from the decelerated part of the cloud (T' < Tg), the
number or reentries, r being 753 and 157 for T' < Ts and T' > T, respectively. However,
the decay of the T' < Ts subset was not as great as that for the T > T subset because
392 objects decayed in period T and altitude h such that they moved out of the T' > Ty
subset and into the T' < Ts one.

Part A of Figure 6 compares the rate at which FY-1C debris has re-entered with
the reentry rate of debris from the collision of the Iridium 33 and Kosmos 2251 satel-
lites which took place on 10 February 2009 at an altitude of 789km. This generated a
total of 1603 trackable debris pieces from Kosmos 2251 and 598 from Iridium 33, giv-
ing a total of 2201. In both cases, the reentry rates are counted daily in sliding 15-day
intervals. Interestingly, despite the different fragmentation altitudes and dates, the reen-
try from this collision correlates well with that from the FY-1C ASAT test. The corre-
lation coefficient for these two reentry rates is r = 0.657 for which the p-value (the prob-
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Part A shows daily average reentry rate of debris, rq, in sliding 15-day intervals.

The blue line is for debris from the Fengyun 1C (FY-1C) ASAT test on 11 January 2007 and the

orange line is for debris from the collision between the Iridium33 and Kosmos2251 satellites on 10

February 2009. The vertical dashed lines mark the dates of those two events. Part B repeats the

rq data for FY-1C in a colored-histogram format for comparison with other panels. Parts C, D,

and E show daily values of, respectively, the sunspot number R, the thermospheric EUV heating

index derived from data from the Solar Dynamics Observatory Hgyyv and the negative of the

Dcx geomagnetic index.

,16,



498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

ability of obtaining a correlation of this magnitude by chance, assuming no true corre-
lation exists) is essentially zero. (Indeed the very long time series of data used here means
that all correlations described in this section have p-values that are indistinguishable from
zero.) This implies that there is a sufficient reservoir of objects in both debris clouds that
the solar activity variation causes a very similar reentry rate from the two.

The solar cycle effect on the thermospheric densities is apparent in the FY-1C reen-
try rates rq shown Figure 6B.. The correlation of FY-1C debris reentry rate rq with sunspot
number, R, is rg = 0.717. In fact, a slightly higher correlation is obtained for the EUV
thermospheric heating index Hgyy. This is derived from observed spectra from the Ex-
treme Ultraviolet Variability Experiment (EVE) instrument on NASA’s Solar Dynam-
ics Observatory (SDO) satellite which is in an inclined geosynchronous orbit around the
Earth and which covers the wavelength range from 1 nm to 120 nm. The spectral in-
tensities are multiplied by model heating efficiencies as also deployed in the TTE-GCM
thermosphere-ionosphere coupled model. These are linearly interpolated to the EVE wave-
lengths. The‘EUV heating index, Hgyy is the integral over the EVE wavelength band
of the EUV irradiance multiplied by the heating efficiency at each wavelength. Further
details are given in Lockwood et al. (2026). The correlation coefficient between r4 and
Hgyv is rg = 0.730, which is only very slightly higher than rr. That the correlations
for R and Hgyy are so similar is not surprising as the correlation between these two so-
lar parameters is rry = 0.944. However the difference between ry and rg is statistically
significant. Using the Meng-Z test, which allows for rry (Meng et al., 1992), the p-value
for the null hypothesis that rr and ry are the same is only prr = 9x107%. However,
we note that there are several simultaneous spikes in r4 and R that are not found in Hgyv
some of which (but not all) also coincide with spikes in —Dcx. These transient events
are not, therefore, caused by EUV irradiance.

Lastly there is an correlation between —Dcx and rg4, with a weaker correlation co-
efficient of r_p., = 0.292. This is a considerably lower correlation but still statistically
significant with a p value that is still indistinguishable from zero.

Figure 7 shows the variations of the numbers of tracked FY-1C debris objects that
re-entered before April 2025 in various (overlapping) height ranges. The grey area in Part
A shows the number of reentries prior to the date. Note that numbers in all height ranges
decline after decimal year 2021.5 because the plot is only for objects that re-entered be-
fore 2025.35 (1 April 2025). Before 2021.5 the three height ranges above 600 km (the black,
mauve and orange lines) show continuous declines that are most rapid during the enhanced
solar activity of solar cycle 24. What is interesting is that the objects lost from above
600 km are well balanced the loss rate from the 500-700 km band (in blue) to lower al-
titudes. This means that the numbers at this height remain remarkably constant: even
a small but rapid loss from this height at the start of increased solar activity in cycle 24
(around 2011.8) is replenished. This appears to be the near constant reservoir of objects
ready to decay into reentry invoked in relation to Figure 6A and that explains why the
solar cycle variation is so clearly seen in reentry rate (as opposed to that rate reflecting
the accumulated solar activity over the objects’ lifetime in orbit. At altitudes between
400-600 (cyan line) we see a similar constancy with a very slight rise in numbers over
time.

Numbers at 300-500 (in purple) are low and constant on average but with fluctu-
ations. Those are more easily seen in Part B where it is re-plotted on an expanded scale
(again in purple).

Also plotted in Figure 7B as a gray filled area is the number of reentries. It can
be seen after an initial rise caused by objects first descending to populate the 300-500
height range, the variations match the reentry rate, but not precisely as there is a vari-
able lag. Around 2012 and 2015 there are near simultaneous peaks in the two traces show-
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Figure 7. A. Time series of the number of the FY-1C debris particles that all re-entered
before April 2025, N in overlapping altitude ranges 200 km wide. Note the step increases in
numbers before 2011 revealing the efforts to discover, catalog and track debris pieces. The gray
histogram gives the total number of them that had re-entered as a function of time. B the num-
ber in the lowest altitude bin (300 < 2 < 500) in purple and the variation in the reentry rate is
shown by the gray histogram.
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Figure 8. Time series of average rate of daily height loss ( — dh/dt) for 5 of the 6 height
ranges shown in 7. (The lowest altitude bin is omitted as there are insufficient numbers and be-
cause the descent of particles is very much more rapid at lower h, and individual reentry events

have much large influence on the mean values at these lower h.

ing objects orbit rapidly decaying from above 500 km to reentry. On the other hand, around
2014 and 2015 there is a clear lag in reentries showing a slower orbit decay.

Figure 8 shows the average daily rates of descent in the same height ranges as Fig-
ure 7. The purple line is omitted as it is noisy because sample numbers are generally be-
low 30 (as seen in Figure 7). The variations clearly correlate highly with sunspot num-
ber R and the EUV heating index Hgyy shown in Figure 6. The correlation coefficients
ranr between ( — dh/dt) and R are 0.764, 0.843, 0.797, 0.805 and 0.726 for (h) of 500,
600, 700, 800, and 900km, respectively. For Hgyyv they are rqpgy of 0.880, 0.911, 0.868,
0.879, and 0.846. However scatter plots (see Section 6) shows a clear dependence on H%, v/
which yields very slightly higher correlations 74,2 of 0.889, 0.915, 0.874, 0.897 and 0.854.
The Meng-Z test shows the correlations are significantly higher for H%uv than for Hgpyv
(and those for R) in every case, even though they are numerically only slightly greater
with p-values against the null hypothesis that r4, 2 and rgn g are the same that are in-
distinguishable from zero except for the h bin centered on 600km, for which p = 1.641x107%.

We also investigated if we could detect an additional contribution of geomagnetic
activity using the Dcx index. We experimented with two functional forms:
(—=dh/dt) pit1 = a1.Hipy + by.Dex (11)

and

—19—



562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

Table 2. Fits to the ( — dh/dt) values for the data from 2007-2024 (6384 daily samples) that
give peak correlation coefficients. The top 2 lines are the fit using Hzyv, the next 4 for fit 1
given by Equation 11 and the last 5 for fit 2 using Equation 12. All coefficients are for H,, in
W m™2, dh/dt in km dy~ ', and Dcx in nT. The Meng-Z p-values are against the null hypothesis
that the correlations r1 and 72 (for fits 1 and 2, respectively) are the same as that for HZuv,

TdhH2-

Fit & parameter for (h) of: 500 km 600 km 700 km 800 km 900 km

H%UV, correlation rgpgo 0.8890 0.9130 0.8740 0.8970 0.8540
HZv, p-value 0 0 0 0 0
Fit 1, correlation r 0.8890 0.9130 0.8740  0.8970  0.8560
Fit 1, coefficient, ay 187.3116 142.7837 106.2078 63.6653 29.8254
Fit 1, coefficient, by -0.0012 -0.0011 -0.0010  -0.0006  -0.0004
Fit 1, Meng-Z p-value 0.4742 0.4846 0.4478  0.4858  0.3659
Fit 2, correlation ry 0.8889 0.9170 0.8857  0.9078  0.8614
Fit 2, coefficient, as 187.3116 142.7837 106.2078 63.6653 29.8254
Fit 2, coefficient, by -0.0016 0.0029 0.0040  0.0023 -0.0016
Fit 2, coefficient, co 0.2225 -1.7565 -2.2482  -1.3082  -0.4487
Fit 2, Meng-Z p-value 0.4775 0.1154 0.0068  0.0028  0.0939
(=dh/dt) pirs = as.Hzyy, + be.Dex + co. Hpyyy . Dex (12)

For the full dataset, both these equations gave slightly higher correlations than the
rqnmo values at all heights. However, the differences using Equation 11 were not signif-
icant according to the Meng-Z test at the 20 level. On the other hand, using Equation
12 for all height bins except the lowest one, the correlations were significantly higher.
The correlations, p-values and coefficients are given in Table 2.

Figure 8 and the correlations demonstrate that the temporal variation of ( — dh/dt)
is very similar at all h but not quite identical. Descent speeds are greater at lower h as
expected for orbital decay and so the solar cycle fluctuation amplitudes in descent speed
are smaller at greater h. If we take the mean over the height range 400 to 1000 km and
correlate it with the time series for each of the 200 km wide bins we find correlations of
0.950, 0.990, 0.946, 0.948 and 0.917 for the height bins centered on h of 500, 600, 700,
800 and 900 km, respectively. (The p values against the null hypothesis of there and all
correlations quoted in this section are indistinguishable from zero). Taking means over
a year, these correlations become 0.964, 0.983, 0.949, 0.952 and 0.945. Hence long-term
trends and short term variations at different heights are both well correlated across the
altitude range. For the bin centered on 400 km, the correlations are still highly signif-
icant but slightly lower (0.775 for daily data and 0.700 for annual means).

The significance of these high correlations at different heights (both short term and
long term) is that they limit how much effect changing debris drag coefficient, (3) is hav-
ing. If a large change in (8) were occurring the effect would propagate downward through
the altitude bands. This will eventually occur as the higher 8 objects decline in num-
ber and the correlations between the height ranges would decline. Thus the near con-
stant (8) found by Pardini and Anselmo (2009) for 2007-2015 appears to have remained
approximately valid over the interval studied here. We attribute this to the replenish-
ment effect of the T > T subset of the cloud which has fed a full spectrum of 3 value
objects into the T' > Ts subset and the re-entry spiral.
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3 The spectra of variations in the thermospheric densities and in orbit
decay

It is instructive to look at the spectra of temporal variations of descent speeds and
related parameters. This is done in Figures 9 and 10. In both Figures Part A shows au-
tocorrelation functions (a.c.f.s) and Part B shows Fourier spectra. The X-axis in both
figures is logarithmic and the gray vertical lines mark periodicities at 7 days; a Carring-
ton Rotation period (1 C'R), and its harmonics 2 CR and 3 CR; 0.5 yr (semiannual);

1 yr (annual) and 2 yr (biennial).

Figure 9 is for causal factors in altitude decrease such as Fgyy, Dex and the ther-
mospheric densities at 250, 400 and 550 km from the NRL empirical model (Emmert et
al., 2021) (p250, P00, and pssep, respectively). The Eppyy and Dex data used cover 2007-
2025 (the same as the descent speed data { — dh/dt) shown in 10. The thermospheric
densities show periodicities at all the gray lines (except, obviously, 1 week) and the a.c.f.s
actually show a great many higher harmonics of the solar rotation period.

The Hgyy index (mauve lines) shows the solar rotation period and harmonics. As
would be expected it does not show the semi-annual or biennial periodicities but it does
show a knee (rather than a peak) in the a.c.f. at the annual periodicity which is seen as
a clear peak in the Fourier spectrum. This variation is expected from the annual vari-
ation in Sun-Earth distance rgg which gives a rgé variation in EUV irradiance at Earth.
The CR periodicity (and its harmomnics) is generated in Hgyy by longitudinal struc-
ture in the EUV sources on the Sun.

The Dcx index (black lines) shows all the variations seen in thermospheric densi-
ties, including the semi-annual variation, the solar rotation period and its harmonics. In
this case the CR periodicity and its harmonics is generated by longitudinal structure in
the sources of enhanced space weather on the Sun.

Figure 10 is the same as Figure 9, for the variations in the descent speed ( — dh/dt)
shown in Figure 8. The same periodicities can be seen as in Figure 9 but the solar ro-
tation harmonics are stronger and cause some beating with the semi-annual variation.
The most consistently strong peaks are the solar rotation and the semi-annual variation.
Note that although the former is strong in the EUV heating index Hgyy, the semi-annual
variation is almost absent in that index. However it is a strong feature of the Dcx ge-
omagnetic index. It is also seen strongly in the NRL empirical model thermospheric den-
sities (which, of course are derived from satellite orbit decay data) and by identifying
a partial contribution of the Russell-McPherron effect, Lockwood et al. (2026) have shown
that there is a causal mechanism between part of the semi-annual variation in geomag-
netic activity and a roughly half of the semi-annual variation in thermospheric densities.

4 A study of the year 2024

The year 2024 is an interesting one to study because of the range of activity lev-
els that were present in the year. At its start, space weather conditions were relatively
quiescent despite the rising sunspot number of solar cycle 25. That changed dramati-
cally with the major space weather storm of 10-11 May 2024, which was followed by three
more significant storms before the end of the year.

Figure 11 summaries the space weather conditions during 2024 and compares them
to the statistical distributions for the same time of calendar year, F'. In each panel the
gray-shades areas are bounded by the £no contour variations, as a function of the Frac-
tion of the calendar year, F'; with n varying from 1 to 4 with increasingly lighter shades
of gray. In each panel the distributions as a function of F' are compiled using all avail-
able samples of that parameter. Hence 68.27% of all samples are in the darkest gray area,
95.45% in the next darkest, 99.73% in the next and 99.99% in the lightest gray area.
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Figure 9. The spectra of variations of parameters relevant to the thermosphere. Part A
shows the autocorrelation function (a.c.f.) and part B the Fourier spectrum (normalized by di-
viding by the mean value of the parameter). In both cases, the lines are for: (black) the Dcx
geomagnetic index, mauve the EUV heating flux Hgyy (the integrated EUV spectrum convolved
with the thermospheric heating efficiency spectrum); the cyan, orange and blue lines are thermo-
spheric densities from the NRL empirical model (Emmert et al., 2021) at heights h of 250 km,
400 km and 550 km, p2s0, p2so and psso, respectively. The vertical gray lines show the periods

of 7days, 27 days (close to the Carrington solar rotation period, 1CR) and its harmonics at 2CR

and 3C'R, and the semi-annual, annual and biennial periods.
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Figure 10. Plot corresponding to Figure 9 for the variations in the daily average rate of de-
scent of F'Y-1C debris shown in Figure 8. The colors are for the means over the same altitude

ranges as used in Figure 8.
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Figure 11. Auroral and geomagnetic activity in 2024. The black dots in panel A show daily
values of the quasi-dipole geomagnetic latitudes, Ans, of observations of aurora in the northern
hemisphere. The light-to-dark grey areas are delimited by, respectively, the £40, +30, £20, and
+10 points, where o is the standard deviation, of the distribution of Ays for that fraction of a
calendar year, F', from over 0.22 million recorded auroral observations between 1650 and 2025
Lockwood et al. (2025): the mauve line shows the variation in the means of the distributions.
Panel B shows the mid-latitude aay geomagnetic index Lockwood, Chambodut, et al. (2018);
Lockwood, Finch, et al. (2018) the grey bands again showing the +40, +30, +20, and +1o
points of distributions from the 458754 three-hourly observations available for 1868-2025. The
corresponding plot for the low-latitude Dcx geomagnetic index Karinen and Mursula (2005) is
shown in panel C. The Dcx index is available for 1932-2024 and there are 814238 hourly samples.
In parts B and C the peaks of events in which the 3o level is exceeded are marked with a black
dot.
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638 The black dots in panel A show daily values of the quasi-dipole geomagnetic lat-

639 itudes, Ay, of observations of aurora in the northern hemisphere. The +no contours are

640 determined from over 220k recorded auroral observations between 1650 and 2025 Lockwood
641 et al. (2025) and the mauve line shows the variation in the mean of the distributions.

642 Note that the contours poleward of the mean are more to the south around mid-summer

643 because of the effect of daylight on the visibility of aurora. There are four events in the

64 second half of 2024 in which aurora was seen at A below the distribution —4o0 values,

645 the first being the major geomagnetic storm on 10-11 May 2024.

646 Panel B of Figure 11 shows the plot for the three-hourly values of the mid-latitude
647 aay geomagnetic index (Lockwood, Chambodut, et al., 2018; Lockwood, Finch, et al.,
648 2018) the gray bands again showing the +no points of distributions which are from the
649 458754 three-hourly observations of aay available for 1868-2025. The aay data for 2024

650 are shown as a colored histogram. For the 10-11 May event ay exceed its +40 value as

651 did the storm on New-Years eve. The other two 40 auroral events exceeded the +3c level.
652 Panel C of Figure 11 shows the corresponding plot for hourly values of the low-

653 latitude Dcx geomagnetic index The Dcx index is available for 1932-2024 and there are
654 814,238 hourly samples from which he distributions as a function of F' are constructed.

655 Again large disturbances (large negative values) are seen during the 4 major events, with

656 Dcx falling to or below the —40 point in 3 of them and the —3¢ point in the other.
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Figure 11 legend. The variation of various parameters relevant to orbit decay during
2024. Panel A shows detail of Figure 8, giving the average rates of descent of sets of FY-
1C debris in the 5 overlapping 200 km-wide altitude ranges. Panel B shows the ther-
mospheric density, p, at 465km altitude, derived from the SWARM-A satellite data, as
described by (Doornbos, 2012) and (Siemes et al., 2016), data processed and made avail-
able by T.U. Delft in the Netherlands. Panels C and D show integrated whole-solar-disc
X-ray fluxes from the Extreme Ultraviolet and X-ray Irradiance Sensors (EXIS) suite

on the NOAA GOES-R series satellites Woods et al. (2024); Machol et al. (2026): Panel
C shows the daily means from the XRS-A sensor that covers the wavelength range 0.05-0.4nm
and Panel D the results from XRS-B (0.1-0.8nm) which extends to lower energies and
is widely used in flare classification. E The EUV thermospheric heating index, Hgyv,
as derived by (Lockwood et al., 2026) from spectra observed by the Extreme Ultravio-
let Variability Experiment (EVE) instrument on NASA’s Solar Dynamics Observatory
(SDO) satellite, convolved with the estimated spectrum of thermospheric heating effi-
ciency. F Daily means of the Dcx geomagnetic index (Karinen & Mursula, 2005). In all
panels the faint and thin vertical lines allow the reader to see associated features in the
various panels: the gray lines are minima in solar rotation oscillation in Hgyy caused
by longitudinal structure in solar activity regions; the pale orange lines are the times of
X- and M-class solar flares as listed in the NOAA GOES X-ray flare catalog, provided
by NOAA’s National Centers for Environmental Information (NCEI); the pale mauve
lines are geomagnetic storms defined by hourly Dex < —100nT.
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678 Figure 12 shows the variation of parameters related to orbit decay during 2024. Panel
679 A is detail of Figure 8 showing the 2024 segment. Note that for the higher altitudes plots

680 cease towards the end of the year because Figure 8 is for objects that re-entered before
681 April 2025 and so numbers of objects at higher altitudes falls below the 20, which is the
682 limit set to ensure a value of { — dh/dt) is reliable. The lower panels give variations of
683 relevant influences on ( — dh/dt). Panel B shows the shows the thermospheric density,

684 p, at 465km, derived from the SWARM-A satellite orbital data as described by (Doornbos,
685 2012) and (Siemes et al., 2016). Panels C and D show bursts of X-rays from solar flares
686 which have been proposed as contributors to orbit decay (Sutton et al., 2006; Le et al.,

687 2012; Oliveira et al., 2020). Panel E shows the EUV heating index Hgyy and Panel F

688 the Dcx geomagnetic index. The faint and thin vertical lines connect associated features
689 in h various panels: the gray lines are minima in solar rotation oscillation in Hgyy caused
690 by longitudinal structure in solar activity regions; the pale orange lines are the times of

601 X- and M- class solar flares as listed in the NOAA GOES X-ray flare catalog, provided
692 by NOAA’s National Centers for Environmental Information (NCEI) and the pale mauve

693 lines are geomagnetic storms defined by Dcx < —100nT'.

694 Some features are immediately apparent in Figure 12. For example, although there
695 were a number of flares associated with the 10-11 May storm, the large spike in p and
69 (— dh/dt) at all h is associated with the large spike in —Dcx which was shown above

607 to be a 4o event. Figure 12 also shows a strong solar rotation effect in p and ( — dh/dt)

698 at all h associated with EUV heating that is quantified by Hgyy .

699 A rather different picture emerges from the study of the year 2024 than was de-

700 scribed earlier from the whole data period 2007-2024 (inclusive). The role of the EUV

701 heating is still quite clear and introduces a 27-day oscillation into the p and ( — dh/dt)
702 data. However, Figure 12E shows that Hgyy peaks around decimal year 2024.6 but sub-
703 sequently declined until the end of 2024. However, Panel B shows that the thermospheric
704 density at 465 km, p, continued to rise until 2024.85 and Panel A shows that ( — dh/dt)
705 also peaked at this time at all altitudes (but then plateaued or rose slightly rather than
706 falling again, as p did). We note that different behavior in ( — dh/dt) and p could reflect
707 temporal changes in the average ballistic parameter, (3) descending to a given height,

708 but the general similarity of the behavior in different height bins argues against this pos-
709 sibility.

710 We have repeated the correlation study that was carried out for the whole inter-
1 val for 2024 alone and, as expected from the above, the results are importantly differ-
712 ent. Table 3 is the same as Table 2, but is only for the data from 2024.

713 Comparison of Table 3 with Table 2 shows that H%,, correlates consistently less

714 well for 2024 than it did for the whole dataset. The correlation coefficient rgp, g2 is still

715 highly significant, although p-values against the null hypothesis are greater (partly be-

716 cause Tqnpr2 is lower but also because sample numbers are much lower) but still very small.
7 Both Fit 1 and Fit 2 provide correlation coefficients that are higher than rg;, g2 and the

718 Meng-Z tests shows that the differences are statistically highly significant in both cases.

719 Fit 2 is still superior to fit 1 but the differences are small. That means to first or-

720 der approximation we can view the fits to be a simple weighted addition of terms in H]%:UV

™ and Dcx. However, there is small multiplicative term that is not included in Fit 1.

e 5 Semiannual Variations in orbit decay

723 The spectra shown in Figures 9 and 10 show strong annual and semiannual vari-

724 ations. The annual variation is present in Hgyy but the semi-annual is not, but it is strongly
5 present in geomagnetic activity because of the Russell-McPherron effect (Lockwood, Owens,

726 Barnard, Haines, et al., 2020).
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Table 3. The same as Table 2 for data from 2024 (366 daily samples).

Fit & parameter for (h) of: 500 km 600 km 700 km 800 km 900 km

HZ%,,, correlation 7app2 0.6830 0.6911 0.7044 0.6826 0.5763
H%.,.,, p-value 5x107%° 3x107% 2x107%2 6x107% 1x1072°
Fit 1, correlation 7 0.7464 0.7628 0.7778 0.7545 0.7435
Fit 1, coefficient, a; 181.2135  227.0625  228.1359  119.9880  54.5096
Fit 1, coefficient, by -0.0026  -0.0034  -0.0035  -0.0018  -0.0013
Fit 1, Meng-Z p-value 0.0883 0.0334 0.0243 0.0384 0.0003
Fit 2, correlation o 0.7611 0.7690 0.7834 0.7558 0.7462
Fit 2, coefficient, as 229.7159  266.4687  265.0545  129.5381  61.5901
Fit 2, coefficient, by -0.0182  -0.0161  -0.0153  -0.0049  -0.0036
Fit 2, coefficient, cs 4.4402 3.6075 3.3798 0.8743 0.6482
Fit 2, Meng-Z p-value 0.0254 0.0215 0.0160 0.0353 0.0002

The annual variation ultimately arises from the r~2 variation in the solar EUV ra-
diance, due to the annual variation in the Sun-Earth distance r. This variation has an
amplitude of just 3.45% of the mean value but its effect on thermospheric mass density
increases with altitude because of the accumulating effect of the changes in neutral tem-
perature and scale height in the vertical direction (Ma et al., 2015). Even by h = 400 km,
the amplitude of the annual variation is about 40% of its mean value (Lei et al., 2012).

A number of external sources and internal mechanisms have been proposed to ex-
plain the well-known semiannual variation in global mean thermospheric densities seen
in Figures 9 and 10 and this has been the subject of much debate. The picture has changed
quite substantially in the last few years. For many years the accepted explanation was
the thermospheric “spoon” mechanism proposed by T. J. Fuller-Rowell (1998), in which
solstitial, interhemispheric circulation mixes the major species and alters the O/N ra-
tio and mean molecular mass, producing lower densities at the equinoxes relative to the
solstices. However, more recent modelling work has increasingly pointed to an impor-
tant dynamical contribution from below: using TIME-GCM (he National Center for At-
mospheric Research Thermosphere-Tonosphere-Mesosphere-Electrodynamics General Cir-
culation Model), Jones et al. (2018) found that the semiannual oscillation in thermospheric
atomic oxygen can also originate in the upper mesosphere through seasonally varying
advection, tides and diffusion. Qian et al. (2009) needed to add seasonally-varying eddy
diffusion, representing contributions from the lower atmospheric forcing, at the lower bound-
ary (at about 97 km) of the model to bring the simulated mass density into good agree-
ment with satellite drag data. Geomagnetic forcing has been generally thought to be a
small contributor to the thermospheric semi-annual variation (Detman, 1996) despite it
having a very strong semi-annual variation because of the R-M effect (Lockwood, Owens,
Barnard, Haines, et al., 2020). Emmert and Picone (2010) presented a climatological anal-
ysis of daily globally averaged density data, at heights between 200 and 600 km for the
interval 1967-2007. They found that the amplitudes of annual and semiannual variations
of thermospheric density only slightly increased with increased solar activity: the argues
against a major geomagnetic influence which would have a strong solar-cycle dependence.
On the other hand, Bowman et al. (2008) showed that the thermospheric semiannual vari-
ation varied in amplitude from year to year, with peak variability at around 800 km al-
titude and that the solar activity dependence of the amplitude variability to be weak around
400 km, but the amplitude increased with solar activity at greater altitudes. The recent
study by Lockwood et al. (2026) presents evidence that the geomagnetic driver of the
thermospheric semi-annual effect may be a larger factor than previously thought. How-
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Figure 13. The removal of the annual variation. The left-hand set of 3 panels (A, B and C)
are for before the removal of the annual variation a(h) and the right-hand panels (D, E and F)
are for after its subtraction. To simplify the labeling of axes we here introduce the notation that
the average speed of descent in a time-altitude bin is v = ( — dh/dt), Part A shows values of v,
normalized by the mean value at that height, v/(v), as a function of time of calendar year, F,
and altitude, h. Means of v are evaluated in bins AF = 0.01 yr wide and Ah = 20 km wide for
all data between 2007 and 2024 (inclusive). The blue line in Part B shows the averages of these
normalized values over all h below 1000 km as a function of F'. At each height h we compute
variation of a = o+ 3/r? due to the annual variation in the Sun-Earth distance, r, where the
coefficients a and S are derived to fit the summer and winter solstice values. The red line shows
the average of a over all h between 500 km and 1000 km. In Parts D, E and F, a(h) has been
subtracted from the v values to remove the annual variation and reveal the semi-annual variation.
Part F shows the March (in green) and September (in mauve) peaks of the semi-annual variation
of (v — a) as a function of altitude h. The times of those peaks predicted by the R-M mechanism

are shown by the vertical dashed lines in Part B.

ever this paper studied data from a single altitude and the balance of the various mech-
anisms is likely to be strongly height-dependent. Studying the descent of the FY-1C de-
bris in the present paper gives us the opportunity to look at the variations with altitude,

The study by Lockwood et al. (2026) used the polarity of the Y-component (dawn
to dusk) of the Interplanetary Magnetic Field (IMF) in the Geocentric Solar Equatorial
(GSEQ) frame to identify a contribution of the Russell-McPherron (R-M) effect on so-
lar wind-to-magnetosphere energy coupling. Their results showed that about half the semi-
annual variation in thermospheric densities could be attributed to the R-M mechanism
which deposits energy through low-level geomagnetic currents rather than storms. In this
section, we study the FY-1C debris decent data as that should show a similar dependence.
As shown by Lockwood et al. (2026), we first have to remove the annual variation to see
the true amplitudes and timing of the equinox peaks of the semiannual variation. This
is demonstrated by Figure 13.

Figure 13A shows v/(v),, where v = ( — dh/dt) and (v), is its mean value at that
height, as a function of time of year, F' (horizontal axis) and altitude h (vertical axis).
The blue line in Part B is the mean over all heights between 400 km and 1000 km as
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Figure 14. Variations with annual means subtracted, as shown in parts D, E and F of Figure
11, for the two polarities of IMF [By]aseqg. Data for days with dominant IMF [By]cseq > 0 are
shown on the left (parts A, B and C) and days with dominant IMF [By|aseq < 0 are shown on
the right (parts D, E and F).

a function of F" and part C shows the altitude profile of the mean values, (v),. The red
line in B is the annual variation fitted to the mean values. This is the variation with F’
given by the variation of 72, where r is the Earth-Sun distance, fitted to the values at
the times of maximum and minimum ». This procedure is repeated for each altitude bin
separately giving annual variations a(F, h). The values of v with the annual variation
subtracted, (v — a), are shown in C, again normalized to the mean values for that height.
Panel E shows the means taken over all heights. The vertical green and mauve dashed
lines are at the predicted F' of the peaks for the R-M effect. Panel F shows the height
profiles of the normalized (v —a) (i.e., (v —a)/(v — a),) at the F' of the R-M peaks,
with green again for the March peak and mauve for the September peak. These peak
value profiles are quite similar in this plot. Comparison of Parts B and E shows that re-
moving the annual variation a has brought the equinox peaks closer to the F' predicted
by the R-M mechanism.

Figure 14 applies the critical test for the R-M effect by dividing the data by the
dominant polarity of the IMF [By]gsrq component. The left (Panels A, B, C) and right
hand (Panels D, E, F) parts of the figure are the same as Panels D, E, F of Figure 13
(i.e., for the descent speed with the annual variation subtracted) but are for dominant
IMF [By|gseq of each day that is, respectively, positive and negative.

To define the dominant IMF [By|gsrq polarity of a day we require the mean IMF
([Bylaseo)1g ay for the dominant polarity to exceed that of the minority polarity by 3nT.
This is a less stringent criterion than was used by (Lockwood et al., 2026) but is nec-
essary here as we have a shorter dataset and need to keep the sample numbers in the two
subsets high. This definition is sufficient to reveal a clear R-M effect at high altitudes,
with the September peak favored by [By]aseg > 0 and the March [Bylgsgg < 0. Pan-
els C and F show at the lower heights the two equinox peaks are roughly equal in mag-
nitude and so evidence for the R-M effect is not found. However, note it may still be present
to a lower degree because of periods of the minority [By|gsgq will enhance the unfa-
vored equinox. Nevertheless it appears that the semiannual variation at the lower alti-
tudes is dominated by mechanisms such as the spoon effect and the effects of waves and
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Figure 15. Line plots showing the R-M effect in three parameters: A the average descent
speed of FY-1C debris pieces —dh/dt for 400 < h < 1000 km, (after subtraction of the annual
variation, a). B The same plot for the solar wind power input to the magnetosphere, P,, esti-
mated from near-Earth interplanetary data using the coupling function devised by Vasyliunas et
al. (1982) and tested and used by Finch and Lockwood (2007) and Lockwood (2019, 2022). C
The same plot for the geomagnetic Dex index. In all three plots, the red/blue lines are for days
of predominantly positive/negative IMF [By|asEeq, respectively. The same data interval is used
in all three plots and the same classification of the dominant polarity of the IMF Y-component.

The variations in Part A are those shown in parts B and E of Figure 14.

tides from below whereas the semi-annual variation in the upper thermosphere is dom-
inated by the R-M effect.

Figure 15A compares the variations, averaged over all heights, shown in Parts B
and E of Figure 14. Red is for days of dominant [By]asrg > 0 and blue for days of dom-
inant [By|aseg < 0. Figures 15B and Figure 15C show the same plots for parameters
relevant to geomagnetic activity for which the R-M is a full explanation of the semian-
nual variation (Lockwood, Owens, Barnard, Haines, et al., 2020; Lockwood, McWilliams,
et al., 2020; Lockwood, Owens, Barnard, Watt, et al., 2020; Lockwood et al., 2021), sorted
using the same threshold to define the dominant IMF polarity. Part B shows the cor-
responding variations in the power input to the magnetosphere, P, estimated from in-
terplanetary parameters. This formulation was derived by Vasyliunas et al. (1982) and
is based on correct theory (unlike the much-used e parameter) and was shown by Finch
and Lockwood (2007) to perform as well or better than other proposed coupling func-
tions on timescales between 1 day and 1 year.

Part C is the same plot for the Dcx geomagnetic index. Parts B and C of Figure
15 show that the effect of periods of minority polarity [By|gseg cannot be seen in ei-
ther P, or Dcx (there is no peak at the equinox that is not favored by the R-M effect).
Hence we can discount a major effect of minority IMF [By|gsgq polarity in the debris
descent speeds.
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Figure 16. Analysis of the causes of variations in the mean descent speed of FY-1C debris,

v = —dh/dt. A A scatter plot of v as a function of the EUV heating index, Hgyy. The mauve
line is a fit to the lower edge of the scatter, given by vsi: = c(Hguv — d)2 where ¢ = 235 and

d = 0.03 (for v in km s ' and Hgyy in W m72). B the variations with the fraction of year F'
of the residuals §[—dh/dt] = v — v fit for all data at: (black) h < 900 km; (mauve) h < 800 km;
(orange) h < 700 km and (blue) h < 600 km. The fit residual variations with F' for days of pre-

dominantly positive and negative IMF [By|aseq are shown in Parts C and D, respectively.

6 Separation of solar EUV and geomagnetic activity effects on orbit de-
cay

Analysis of the active year 2024 in Section 4 and the presence of the R-M effect seen
in Section 5 both indicate that both the currents that drive geomagnetic activity and
EUYV radiation contribute to the decay of the orbits of FY-1C debris. However, it should
be noted that Dcz is an hourly index and so may would not capture more rapid vari-
ations in the currents. These may be significant for ion-neutral frictional heating because,
as discussed in Section 1.2, rapid variations (on sub-hour timescales) can cause signif-
icant heating because the neutral velocity cannot respond to changes in the ion veloc-
ity and the heating varies as the square of the difference of the two velocities (Equation
3). This means that geomagnetic indices such as Dcx may not capture all of the geo-
magnetic heating effect. In this section we make an initial attempt to separate the ef-
fects of R-M induced currents from the EUV heating effect.

Because the variations are so well correlated at heights between 400 and 900 km,
we here average all observations of descent speed in this height range, giving one aver-
age value of v = —dh/dt per day. Part A of Figure 16 shows a scatter plot as a function
of Hgyy: the squared form seen in the correlation results is apparent but the scatter
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gets greater at larger Hgyy. The mauve line is simple least squares square-law fit vy

to the lower envelope of the scatter and shows at the highest Hgyy this underestimates
even the lower envelope of observed descent speeds. The other panels in Figure 16 in-
vestigate the possibility that the scatter and deviation from the mauve line is a geomag-
netic effect, as suggested by the correlation study given in Table 3 for an active geomag-
netic year (2024). However in this case, we use the R-M effect to try to identify a ge-
omagnetic source. We term the residual, after subtraction of vy, A[—dh/dt]. Figure 16A
is for all heights below 900km. The same pattern was seen if we lowered the upper height
limit used but the value of the coefficient a in v, needed adjustment: the ¢ required
was 360, 300, 250 and 235 for h < 600 km, h < 700 km, h < 800 km and h < 900 km.

The colored lines in Figure 16B show the variation with fraction of a calendar year
F of A[—dh/dt] for the various upper limits of h of [600 : 100 : 900]. All show a clear semi-
annual variation. However what is surprising is shown in Parts C and D. These show
the A[—dh/dt] variations for dominant IMF [By|gsgq that is, respectively, positive and
negative. The dominant peak is at the equinox favored by the R-M effect and although
there is a weak peak at the unfavored equinox (September) for [By]asgg < 0 there is
no unfavored peak at all (in March) for [By]gseg > 0. It is not clear why the behav-
ior is slightly different for the two IMF polarities. Note that the solstice minima in Fig-
ure 16B are close to zero although no annual variation has been subtracted: hence the
annual variation and any background level is inherent in v¢;;.

This implies that the annual variation and much of the non-geomagnetic semi-annual
variation has been removed by subtracting vs;. It is not true to say that because there
is no semi-annual variation in Hgyy there is not one in vy because the amplitude of
the non-geomagnetic semi-annual variation caused by internal mechanisms (such as tides,
waves or the spoon circulation effect) will be enhanced by the enhanced densities caused
by increased Hgyy. The implication is that the geomagnetic R-M effect is a major con-
tributor to the scatter with Hgyy (of which Figure 16A is the example for h < 900 km).

7 Discussion

From the perspective of the sustainability of our use of near-Earth space (Lockwood,
2025) the debris formed by the FY-1C ASAT test is a major problem and will remain
so for decades to come. However, there is scientific information about the thermosphere
and how space weather removes space debris inherent in the tracked orbits and that has
been explored in this paper.

Eventually, the nature of the FY-1C debris cloud will change as the drag effect pref-
erentially removes the higher-8 components. However up until the time of writing, even
14 years after the ASAT test, we have seen no evidence of this effect and the rate at which
objects have re-entered and burned up from the cloud has been set by the space weather
conditions. From the Gabbard plots, we see the reason for this is that objects that were
accelerated by the impact and raised in apogee form a reservoir with a full spectrum of
[ values and the slow decay in altitude of these objects has been an effectively constant
source of objects of all 5 at the altitude of the original FY-1C craft, hg. Only when this
reservoir starts to be depleted will the effects of a change in the spectrum of 3 of the ob-
jects falling to lower values be seen. This means in the interval studied, the variations
in average descent speed of the FY-1C debris were dominated by the variations in ther-
mospheric density and not strongly modulated by the decay of the source.

Like thermospheric densities (Lockwood et al., 2026), the descent speeds show a
clear Russell-McPherron (R-M) effect showing there is a contribution to orbit decay from
moderate/quiet-time geomagnetic activity in addition to the effect of geomagnetic storms.
There are clear drops in altitude associated with geomagnetic storms and although the
R-M effect modulates the occurrence of storms to some degree, this is not a major cause
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Table 4. Analyses of the fraction of altitude lost in geomagnetic storms during 2007-2024,
inclusive. ¥ is the total height lost by all objects tracked in this paper, summed over all days (so
the fraction of the Dst distribution considered is f = 1). d is the integrated height lost on days
when the Dcx index was below its lower decile (i.e., geomagnetic activity is in its upper decile,
so f = 0.10, and s is the integrated altitude lots on days when Dcx is below the lower 20 point
of its distribution (f = 0.21). As well as giving the integrated altitudes lost, d and s, in km, the
table gives them as a percentage of the total loss, 100.d/X and 100.s/3. Values are given for bins
of altitude 200 km wide, centered on altitudes of 400, 500, 600, 700, 800, and 900 km.

(h) (km) 400 500 600 700 800 900

chm

1 ¥ (km) 2503.6 1399.5 741.6 436.3 284.6 206.5
0.1 d (km) 308.0 189.8 120.9 81.6 51.9 30.5
0.1 100d/% 12.30 13.56 16.30 18.70 18.23 14.75

0.021 s (km) 70.4 46.3 31.8 229 14.0 7.7
0.021 100s/% 2.81 331 429 525 493 3.75

of orbit decay of the FY-1C debris. The enhanced thermospheric temperatures typically
last only 1-2 days after a storm (see Section 1.2) and Figure 12 shows that even the great
storm of 10-11 May 2020 only lowered debris by, on average, by about 0.07 km at alti-
tudes around 900 km rising to about 0.15 km at around 500 km. There was no marked

rise in the numbers of debris objects that re-entered after this event but objects at al-
titudes below 300 km did experience drops of order 10 km and did generally re-enter within
a couple of weeks, a period that will have been shortened by the storm. This is despite

this storm being the 3"¢ greatest known in terms of auroral extent and the 7" greatest

by the minimum Dst index generated since the start of that geomagnetic index in 1956
(Hajra et al., 2025).

Table 4 shows that days in the top 10% of geomagnetic activity level, as quanti-
fied by Dcz, contribute about 12% of the total altitude loss at h around 400 km, rising
to a peak of about 19% at h~700 km. In addition, those in the top 2.1% contribute about
2.8% at h=400 km, rising to a peak of 5.25% at h~700 km. Thus storms do contribute
to altitude decay, but not to a dominant extent.

The R-M effect does modulate the occurrence of great storms but its main effect
is largely a modulation in mean values rather than extreme events (Lockwood et al., 2016,
2026). Hence the discovery of an R-M effect on debris altitude decay rates shows a ge-
omagnetic effect of mean values rather than due to large storms.

The results presented here give us a better understanding of how space weather in-
fluences orbit decay. As well as being useful in the prediction of the longevity of the de-
bris from fragmentation events, this work has other potential applications. There are some
very large space junk objects in LEO that will require active de-orbiting if we are to avoid
the potential consequences of uncontrolled re-entry. Examples include the defunct EN-
VISAT craft and the International Space Centre at its end of life. ENVISAT is the largest
piece of space junk in LEO at the present time. It was launched on 1 March 2002 and
its mission ended when control of the craft was lost on 8 April 2012. At launch, its mass
was 8211 kg and its estimated end-of-life mass is 7828 kg. It orbits at an altitude near
790km at an inclination of 98.55° with a period of 100.6 min. It has in-orbit dimensions
of about 26 m by 10 m by 5 m and a cross-sectional area used in modelling of 63 m?.
Observations from the TIRA radar (the Tracking and Imaging Radar operated by the
Fraunhofer Institute for High-Frequency Physics and Radar Techniques near Bonn, Ger-
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Figure 17. Schematic of the extended debris trail that will form when the defunct ENVISAT

satellite re-enters.

many) over 2011-2017 showed that ENVISAT is in a tumbling motion: it has non-principal-
axis rotation with the rotation axis describing a nutation cone of about 80° and the spin
has slowed reaching a rotation period of 3.77 min by March 2017.

Figure 17 is a schematic of ENVISAT’s impending re-entry, showing how it will form
an extended debris trail as it breaks up in stages. A reasonable order-of-magnitude es-
timate for a potential debris-deposition length over which objects could potentially reach
the ground is 10* km which is about a quarter of an orbit length at the reentry altitude
(h~120km). ENVISAT’s inclination of 98.55° means reentry can occur at all latitudes
between +81.5°.

Because it is sun-synchronous, the orbital plane has a fixed relationship to the Sun,
but the Earth rotates underneath that plane. ENVISAT’s orbital period is currently 100.1 min,
and will have fallen to 86.9 min when it reaches the near reentry altitude of h = 120km,
giving about 16.6 orbits per day. Because it is in a Sun-synchronous orbit, successive ground
tracks will be shifted westward in longitude by about 21.7°. The longitude of a partic-
ular reentry opportunity therefore depends strongly on the precise time of re-entry.

After losing control, ENVISAT wasted all the remaining propulsion delta-V that
was planned to use for a controlled reentry which would allow the debris trail to be placed
in a known and remote part of the globe. This makes it a good candidate for a de-orbiting
clean-up mission. Such a craft would capture ENVISAT (not easy for a tumbling object
but still possible) and with applications of considerable delta-V to slow it before releas-
ing it at a time that places the debris train in the required part of the globe. This will
require good knowledge of the state of the thermosphere and forecasts that predict no
major space weather event that could alter that state the thermosphere, principally EUV
and geomagnetic variations.

The other area where the present study has implications is in understanding metal
ablation and its effects on the stratosphere. This is an area where much work is urgently
needed and as metal particle size distribution and the rate of reentry may well have con-
siderable effect in the catalytic destruction of ozone.
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Open Research Section

The data used in this paper are all publicly available. The TLEs used to charac-
terize orbits are available from Space Track at https://www.space-track.org. The reen-
try database used is from the European Space Agency’s DISCOS (Database and Infor-
mation System Characterising Objects in Space), available from DISCOweb https://
discosweb.esoc.esa.int/. General background data on spacecraft was obtained from
Jonanthan McDowell’s Space Home Page https://www.planet4589.org/space/. The
SWARM thermospheric densities are published by the Technical University Delft, The
Netherlands at http://thermosphere.tudelft.nl/. The NRL thermospheric density
dataset is published by the Naval Research Laboratory, Washington, DC, USA at https://
map.nrl.navy.mil/map/pub/nrl/orbit_derived density/v2.0.1967-2019/orbit-density
-ds03-density-values.txt. The interplanetary magnetic field data are available from
the Omniweb web pages maintained by NASA’s Space Physics Data Facility at Goddard
Space Flight Center, Maryland, USA at https://omniweb.gsfc.nasa.gov/. The So-
lar Dynamics Observatory EUV Irradiance is made available by EVE Science Process-
ing and Operations Center (SPOC) of the Laboratory for Atmospheric and Space Physics
(LASP), University of Colorado Boulder, at https://lasp.colorado.edu/eve/. The
definitive Dcz index (at the time of writing, up to the end of 2016) is available from Oulu
University, Finland at http://dcx.oulu.fi/?1link=queryDefinite and provisional Dcz
from http://dcx.oulu.fi/?link=queryProvisional. The geomagnetic am index is
available from the International Service of Geomagnetic Indices (ISGI) in Strasbourg at
https://isgi.unistra.fr/data _download.php. The sunspot number data used were
generated by WDC-SILSO/SIDAC, Royal Observatory of Belgium, Brussels and are avail-
able from https://www.sidc.be/SILS0/datafiles. Al was employed in some aspects
this work. It was mainly used to augment the literature search (Consensus https://consensus
.app and Connected papers https://www.connectedpapers.com/), but any papers re-
vealed that way were then read carefully to check that they did indeed contain the cited
information. In addition, AI (Copilot, ChatGPT) was used to generate some Matlab mod-
ules for the extraction of some of the data from the internet sources listed in the open
data section. These codes were always checked by regenerating various plots of the same
data that are already in the literature. Al was not used in any other aspects of the work
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