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ABSTRACT

Observations of the airrert solar cycle sow the likely
continuation of along-term decline in solar acivity that
began during the 1980s This decline cald lead to
condtions smilar to the Maunder minimum within 40
yeass [1], which would have consequenes for the space
debris environment. Solar activity is a key driver of
atmospheric mass dendty and, subsequently, drag on
orbiting spacecaft and debris. Whilst several studies
haveinvedigated potertial effect on the global climate,
no asessnent has been made d the impact of a
Mauwnder-like minimum on the space debris popuation
in Low Earth Orbit (LEO). Consequently, we present a
nev sudy of the future debris environment under
Mawnder minimum conditions and provide an
asesment of the possble casequences to the LEO
space cklris popuaton ard space @eratons.

The University of Southampton’s Debris Andysis and
Monitoring Architedure to the Geosynchronows
Environment (DAMAGE) has beenused to aralyse te
consequencesof a Maunder minimum of approximately
50 yeas duation and to quattify the impact on the
effediveness of debris mitigation measures. Results
from thes gudies sugged an increag in cdlision
acivity and a carespording, rapid growth of the debris
popuation duing a Maunder minimum period, in site
of ongoing mitigation efforts. In the best case, the
DAMAGE results suggest that the popuation of debris
> 10 an coud dowble in number by the end of Maunder
minimum condtions However, the rapid growth in the
popuation is followed by a strong remvery peiod on
ext from a Maunder minimum. The recovery is
characerised by a decreag in the delris popuaton,
which canbe © a level smilar to that seenbefore the
onset of the Maunder minimum, if mitigation efforts are
sudained. As such, prolonged solar minimum conditions
may have relatively benign implications for the long-
term evolution of the debris environment. However, the
risks to spacecaft from colli sions with debris during a
Maunder-like minimum would be considerably higher
than present, ard exacebated by ary deficiercy in
debris mitigation efforts, with correspording impacts on
space @eratons.
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1 INTRODUCTION

The familiar solar sunspot cycle is a manifestation of a
dynamo in the Sun’s interior, with the solar magnetic
field effecively flipping every 11 yeas. Low sunspot
numbers — solar minimum — occur whenthe dobal field
is relatively dipolar-like, while solar maximum
correspords to amuch more complex and variale field
configuration.

Since the earliest systematic sunspot observations in the
seventeanth century, it has became clear that the
sunspot cycle is itself variable, both in period and
amplitude (Fig. 1). The most cekbrated change in the
cycle is the Maunder minimum, from arourd 1645 o
1700, when very few sunspots were observed. The
wesker Dalton minimum, from arourd 1790 b 1830,
comprised a st of cycles with sunspot maxima
significantly lower than thase aroundthem.

More recerily, aporoximately coinciding with the start
of the Sace Age, the Sun ertered aperiod of erharced
acivity known asa Gand Solar Maximum. Since te
mid-1980s, however, acivity lewvels have reduced The
minimum before the start of the currert Cycle 24 was
longe than expeced ard as the saun approactles its
maximum, the oycle is much wealer than those
immedately precedng it, suggeding a cotinued
decline (see[1] for a recen review). Indeed there is
some evdence fom helioseismology measirements
(e.g. [2]) that preaursors of the next cycle within the
solar interior are aso wedker than a this point in the
cycle, suggeding that Cycle 25 might be weeker again.

Solar cycle changes in its magnetic field have dfeds
elsewhere, for example in moduating the cemic ray
flux a the Earth as a result of dterations in the
interplanetary magnetic field. This makes it posside to
use semndary measurements, such & cosmogenic
isotope prodiction, to extend estimates of solar activity
levels beyond the earliest systematic sunspot
obervations. Such reomndructions show that solar
acivity levels are indeedvariable over a rarnge d scales,
that the Sun can enter an extended period of low
adivity, such as the Maunder minimum, after a Grand
Solar Maximum ard that this occus after around 1 in
10 of such maxima[3].



It is therefore unlikely but not impossilde that the Suniis
in the proces of ertering alow acivity state, smilar to
the Maunder or Dalton minima. If such a charge,
unprecectrted snce he kegnning of the Sace Age
were to occur, it would have significant effeds on the
space emironment of the Earth ard nearEarth space,
for example in enhanced cosmic ray flux. It would aso
reduce the F10.7 EUV flux inddent on the Earth’'s
atmosphere, and through lowered heatng rates reduce
drag on dyjeds in Low Earth Orbit. Such areduction in
drag could increase the orbital debris popuation and
herce increag the 1isk to operational assets.
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Figure 1. 400 years of Sunspot observations (Image
created by Robert A. Rohde, Global Warming Art,
http://www.globalwarmingart.com/wiki/File:Sunspot N
umbers_png).

2 THE DAMAGE MODEL

The Debris Andysis and Monitoring Architecure to the
Geosynchronaus Environment (DAMAGE) is a three
dimensona computational model of the full LEO to
GEO débris environment. It includes source modds for
obeds down to 10 an bu is capable of evolving
popuations of objeds down to 1 nm.

DAMAGE is suppotted by afast, semi-analytical orbital
propagator, a brekup nodd, sewvera collision
prediction agorithms including a method beaed onthe
CUBE approach adoped in NASA’s LEO-to-GEO
Environment Debris model (LEGEND) [4], ard a
satellite failure model, which acmournts for mission
failures resulting from the noncatstrophic impads of
small particles Projecions into the future ae typicaly
peformed using a Monte Carlo (MC) approach to
acount for stochastic elements within the model and to
establish reliable gatistics.

2.1 DAMAGE Orbital Propagator

The DAMAGE orbital propagator includes orbital
perturbations due to Earth gravity hamonics (J2, J3, and
J2,2), luni-solar gravitational perturbations, solar
radation presure aml atmospheric drag The dag
model asumes a rotating, oblate atmosphere with high-
atitude winds. Atmospheric dersity and dersity scale
height vaues are taken from the 1972 COSPAR
Intemational Reference Atmosphere (CIRA), which
indudes semi-annud and diurnd variations

Atmospheric decay remains the aly effecive snk
mechanism for space alris up to altitudes of abou 600
km. The dag accekration, ap, on a saellite with
crosssecional arrad and mass M is alinea function of
the locd massdensity, p,
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where Cj, is the dag coefficient and v, is the velocity of
the stelite relaive  the atosphere. A decreag in
mass density will, thus prodwce a rresponding
decreag in the dag accetraton on a satelite, leadng
to anincrea® in the abital lifeime.

Solar irradarce is a key driver of mass densty change
in the thermosphere. Changes in lar irradiance over
the 11 year solar cycle caise carepondng mass
density changes of up to an order of magnitude [5].
Thee charges in dersity cawse large varations in
atmospheric drag, from (1), and the rate at which
orbiting objeds re-erter the amosphere.

In DAMAGE, the total mass density and densty scale
height are gored aslook-up tablesfor discrete atitudes
ard exospheric temperatures Log linea interpolation is
usd to extrad density and scde height estimates from
the look-up tabes at the perigeesof all object within
the LEO region for Fip(f) values throughait the
projedion peiod. The exospheric temperature, 7,.(¢), at
timezris

T(1) = 1125379+ [3.24F,,, (¢)]) + 59.89+ AT, (¢), @)

where Fig4(¢) is the solar flux a a wavelength of 10.7
cmand AT,(¢) is a carecion facor for the semi-annud
variability. The constant (59.89) is a @rredion due for
geomagndic adivity, which is based on a 20-year
awerage repesrted by K, = 2.13. Projeced solar
acivity is de<ribed in DAMAGE typically usng a
pseudo-sinusoidd modd, but has been modified for this
work to acoourt for a prolonged peiod of low solar
adivity.

2.2 DAMAGE Collision Probability
Estimation

DAMAGE normally uses an approach basd on
NASA’s CUBE dgorithm [6] for predicting colli sion
risk. The advantage of this approadh is tha it involves a
simple calculation and scales lineaty with the rumber
of objeds. Whilst the implementation developed by
NASA asumesa ronzeo ollision probability only for
objeds residing within the same “cube”, the DAMAGE
algorithm ensures that all close approactes within a
user-specified distance from a target are idertified ard
amalysed This is achieved esentially, by cakulating
the position of the target and the debris in a g®-certric
Cartesian coordinae system and then by “binning” the
values in the x-, y- and z-diredions. The am is then to



idertify all caseswhere atarget spacecaft ard a delris
particle reside in the same cube bin [6]. By expanding
the sarch to include cagswhere a arget spacecaft ard
debris reside in neéghbaiuring cubes — in Cartesian
space, there ae eght neighbouing cubes — and then
applying a distance constraint, the DAMAGE approach
idertifiesall cags where a airget spacecaft and a cehris
patticle cailld redde in a aibe d a specified sze ard
any orientation (see Fig. 2). For this work, the bin
(cube) size was et to 10 km resulting, throuch use of
the Pythagoras theorem, in the identification of
conjunctions with a maximum separation with reged to
the target spacecaft of 17 km.
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Figure 2. Two-dimensional representation of the Kernel
approach in DAMAGE. By including cubes that are
near-neighbours in its search and applying a distance
constraint (the maximum distance is ~I17 km), the
method identifies all debris particles that could reside
with the target spacecraft in a cube of side 10 km and in
any orientation.

This approachtakesno accaunt of the movement of the
target spaceceft or the cebris within a time-step. That
is, ony the indantaneous positions of the objeds are
used in the cube-binning process this results in a
“snapshat” of the collision risk and not a true estimate
of therisk over time. The origind CUBE method (used
for long-term projecions) generates better edimates of
the collision risk thouch a“sampling in time” approacd,
whereby the cdlision risk is accunulated over marny
snapshotsand over along projedion peiod.

The collision probability of a target spacecaft with a
debris objed in the same cube volume eement JU over
the time-step dt is,

Vglo dt ©)
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where vy is the relative velocity of the debris particle
relaive  the target spacecsft, and o is the combined
crosssedional area d both objecs. Here, ois

c=S,+5,+2/S,S, (4)

for a @rget ara, Sy, and a delris area, Sp, asuuming
both objeds to be spherical. The calculation of collision
probability asaumes that the target object canredde at
any point within the cube volume with uniform
probability.

3 METHOD

A 200vyear future projecion of the LEO space elris
popdation> 10 cm from 1 May 2009 was usd by
DAMAGE asthe berchmark (normal) scerario for this
investigation. The initial popuation was taken from the
MASTER 2009popuation of space debris and included
all objeds> 10 cm intersecting the LEO region. It was
asumed that future launch traffic cauld be
approximated by repeating the 200:2009laund cycle.

The kenchmark scerario incorporated key elements of
the IADC spacedebris mitigation guidelines, including
pog-mission disposal (PMD) to limit the lifetime of
spacecaft ard launch vehicle orbital gagesin the LEO
regon. Thee djects were moved to 25 year decy
orbits or LEO gtorage orbits (above LEO) depending on
the delta-v. As the storage orbits were atove LEO,
objects placed here were no longer procesed in the
simulation. PMD measureswere implemerted from the
start of the future projedion and were gpplied to 90%of
all eligible objeds. In addition to the PMD measures, it
was asuumed that no explosive breakups occurred in the
projedion period.

The benchmark scenario was modified to accaint for
different future solar activity, the addition of Active
Delris Removal (ADR) ard to accaunt for the dfects of
a scdar change in the thermospheric mas dersity
(Tab. 1). The chargesmacde to the berchmark scerario
are described in detail in the following sedions. The
aralysesof eachscenario (except where indicaed) were
based onthe results of 100 Morte Carlo (MC) runs

Table 1. Description of DAMAGE scenarios.

Sceraiio Description

Normd Norma pseudo-sinusoidal solar activity
modd, PMD and no explosons

Maunder-like As noma but with condant, low solar
adivity from 2020 hrough 2065, followed
by we&k cycle

Dalton-like As normal but with repeatd weak cycles
from 2020through 2065

Mauwnder-like As Maunde-like but with the remova of

with ADR three djects per year, starting in 2@0,

acoording to remova criterion (5)

Maunder-like As Maunde-like but with  future
with density atmospheric  mass dersity  decline,
trend accadingto (6). 40 MC runs




3.1 Future Solar Activity

A p=udo-sinusoidd modd was used to represent future
solar activity in the berchmark scerario. This model
was modified to include a period of low solar activity
persisting for gpproximately 65 yeas. For the Maunder-
like casg, the lowest solar flux from Cycle 23 wasused
for this period. The first cycle ater the Maunder-like
period was assumed to bearepesat of the weak Cycle 24.
In addition, a Dadton-like cag® was generated by
repeatng Cycle 24 over the 2020-2065 peiod. The
resulting solar activity cases are shown in Hg. 3
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Figure 3. Future solar activity (F10.7 cm solar flux)

cases.

3.2 Active Debris Removal

Objecs were targeted for removal based on their
probéeble contribution to future collision activities. Thus,
the probability of an objed benginvolved in a wllision,
and the likely number of fragments added to the
ernvironment if a cdlison does occu, were used to
define the ciiterion[15]

R(t)=mY P (1) ®)
to rark objecs for removal. Here m; is the mass of
object i, which is a key facor in the NASA gardard
breskup modd for deermining the numbe of
collision-induced fragments [16]. The estimation of the
cumulative probability P, (z) over all objectsj # i for
use in this removal criterion was made aitside the
normal environment projedion in DAMAGE and was
achieved usng an integration of (3) over a rlaively
short time interval (days), atthe gar of eatt ADR year.

In addition, the following digibility requirements for
removal were used

1. The object must be intact (i.e, a payload,
launch vehicle upper stage or misgon-relaed
debris).

2. The objed must have an orbital eccentricity
<0.5.

3. The dyjjectmust have a mrigee alitude <1400
km.

The dject must not already be abject to PMD
measires

3.3 Future Mass Density Changes

In addition to the efects of solar irradarce, tenperature
changes in the mesosphere and lower themmosphere
(60—100 km altitude) are also cawsed by the excitation
of atmospheric CO, by callisions with atomic oxygen,
which result in infrared emission a 15 pm ard a ret
coding [7]. The anticipated doulding of the
concertration of CO, by the end of the 21% century may
lead to a cooling of 10 K in the thermoshere,
incessing © 50 K in the mesosphere [8], and a
corepondng decea® in mass densty a higher
altitudes.

Empirical studiesof themmospheric massdensity change
using satellite drag data have been performed by [9],
[10], [11] and[12]. In gereral, these dudiesderive total
mass densities, or changes in total mass densities, from
a dbset of the Two-Line Element (TLE) catalogue
gererated by the US. Space Surveillance Network.
Findings from these studies suggest an overal
themmospheric density trerd in the range2% to —5%
per decack. The secdar nature cailld leadto a reduction
in thermospheric dengty to half of the present vaue
within 100 yeas at a given haght if CO, concertratons
increag & expecied [10]. The density reduction will
lead to increasing lifetimes for satelites and space
debris. Smulations of the gace ahlris ervironment
haveshown that these eff eds augment the collision rate,
increag the number of objecs > 10 cm [13], and
decreage the efecivenes of delris mitigaton ard
remediation efforts [14].

Following the approach adoped by [13] and [14],
DAMAGE accourts for thermospheric cooling using an
empiricaly derived secdar dersity change. Here, the
empirical modd was developed from 30 satellites in
LEO [12]; the modified density,

.= p,,[(o.gaoz& 0.00013:)" (0.0010%,,,(¢)+ 0.88578}] (6)

at heght 2 and for 10.7 an solar flux, is estimated from
the initial densty, p, obtined uwing loglinear
interpolation of the CIRA-72 densty values stared in
the DAMAGE look-up table, and attime 7T measrredin
decacksfrom the epoch 1 January 1970.

4 RESULTS

The efecive rumber of objecs in LEO over the
projedion peiod for the benchmark (normal) miti gation
and theMauncer-like scerarios are shown in Fig. 4 The
1-sigma standard deviations for eachscerario are ako
shown. For purposes of clarity, these 1-sigma valuesare



omitted from the remaining figures.

Fig. 4 shows anealy linea growth in debris popuation
during the Maunder-like minimum period, even with
good onpliance with recmgnised debris mitigation
measrres In fact the pppuation grows ata rate of ~250
objeds pe yea duing this peiod, compared with a
dight decrease in the popdation under normal solar
acivity over the ssme time period. By 2075, DAMAGE
predicts 292050bjecs> 10 cm in LEO, anincrease o
70.7% from the 2009popuation. However, once rormal
solar acivity resumes the LEO popuation decrea®s
relatively quickly to ~22500by 2120 ad subsequently
remains relaively congant to the end of the projedion
period; an increase of 315% compared with the 2009
popuation and only 125% higher than the popuation
predicted for 2209 under normal solar activity.
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Figure 4. Effective number of objects> 10 cm in LEO,
and 1-sigma standard deviations, for the normal and
Maunder-like scenarios.

Fig. 4 aso suggests that the LEO population is stable or,
even, asymptotically stable as the popuations in both
the normal amd Maunderlike scenarios sean to
converge to an equilibrium. This is more redalily
apparert in Fig. 5, which shows the dfecive number of
objects> 10 cm in LEO for all of the scenarios.
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Figure 5. Effective number of objects> 10 cm in LEO,
for each DAMAGE scenario.

For the Normal, Maunderlike and Daton-like
saeralios, the LEO popuation convergesto a mean of
20530 (+ 1612)objeds, in site of large excursionsin
popuation sze during the simulated prolonged lar
minimum peiod beéween 2020 ad 206.

The cumulative number of catastrophic collisions (Fig.
6) for eachscerario provides further evidence of the
stability of LEO popdation in the Normal, Maunder-
like and Dalton-like scenarios. acrossthe full projedion
period, the cabgrophic cdlision rate in the Normal
scerario is constart at 0.17 y* (R = 0.9984) this
compares with 0.183 yr* (R? = 0.9992) for the period
2100 throuch 2209 n the Maunder-like <enario and
0.154yr* (R? = 0.9999)in the Dalton-like serario. The
total number of catastrophic collisions differs between
the Normal ard Maunder-like scenarios by orly 1471,
at the end of the projedion period.
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Figure 6. Cumulative number of catastrophic collisions
in LEO for each DAMAGE scenario.

The collision rate is primarily determined by the
number of intad objeds in the LEO popuation and Hg.
7 shows tha the dfference between the number of
intact objeds in the Maunder-like senario is 200 more
than fourd in the Normal scerario shortly after year
2100, compared with a dffererce d 1550 in the yea
2075.At the end of the projedion period, the difference
in the number of intad objeds is lessthan 110 obgds.
The surplus objeds would have otherwise re-entered
under normal solar adivity condtions, but thar orbits
continued to decay during the prolonged minimum and,
herce, the object re-enter more quickly on return to
normal condtions.

Whilst the LEO popuation continues to grow in the
Mauwnder-like scenario with ADR throughaut the period
2020to 2065, the remediation limits the growth to arate
of abou 150 obgds per yea (Fig. 5). By the end of the
projecton period, the LEO popuation has increagd by
2% only, compared with the initial popuation, in spite
of the rapd increag during the prolonged solar
minimum.
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Figure 7. Effective number of intact objects> 10 cm in
LEO, for each DAMAGE scenario.

In contrast, the LEO population in the Maunder-like
scerafio, with the atmospheric mass densty trend,
denonstrates the characeristics of an ungable system.
Under thes “worst-cag” conditions, the LEO
population shows only short-term dedine during the
solar maxima following the prolonged minimum, and no
longtem decrea® in the rumber of object (Fig. 5.
Here the LEO popuation grows by 187%by the end of
the projedion period, with the growth driven by an ever-
increasing catastrophic collision rate (Fig. 6). 69% of
thee caadrophic cdlisions occu at atitudes at or
bdow 800 km(Fig. 8). Similar altitude distributions are
observed for the Maunder-like scenario (65%) and the
Dalton-like scenario (63%), but the distribution differs
for the Normal scenaro, in which 57% of the
caastrophic collisions occur a or bdow 800 km

—Normal —Maunder-like
----Dalton-like = = Maunder-like with ADR
Maunder-like with density trend

Number of catastrophic collisions
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Figure 8. Number of catastrophic collisions as a
function of altitude for each DAMAGE scenario.

Thus, it can be agued that the adlitional caladrophc
collisions that would aise as a realt of a polonged
solar minimum (Fig. 6 whether Maunder-like or
Ddlton-like) are likely to occu at lower altitudes than
expected under normal solar conditions. As a result of
the return to a regiar solar cycle, the fragmens
gererated by these caagrophic cdlisions are subjectto
increa®d drag by virtue of their lower orbits and 0 re-

erter at an elevated rate. This hypothesis is supporited
by the time-history of colli sion fragments in Fig. 9.
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Figure 9. Effective number of collision fragments> 10
cm in LEO, for each DAMAGE scenario.

The addtion of a seaular densty trend, however,
disrupts the dagforce am reaultant re-entry proces, as
the mass dersity at the lower altitudes has undergore a
decline. Consequently, the reduced rate d re-entry of
intact objeds (Fig. 7) and collision fragments (Fig. 9)
leads to an overall increae in the LEO popuation, as
well asto an increase in the catastrophic collision risk.

5 CONCLUSIONS

The DAMAGE results suggest that the popuation of
debris> 10 an could dotble in nurber if the Sun erters
a prolonged peiod of low activity, smilar to the
Maunder minimum or Dalton minimum. During these
condtions, the benefits of space debris mitigation and
remedaton measres ar sgnificantly reduced
However, the rapid growth in the popuation is followed
by astrongremvery peiod onexit from a Maunder-like
or Daton-like minimum. The recovery is driven by the
re-entry of intact objeds and collision fragments at an
erhancedrate, to a level similar to thaet seen before the
onset of the prolonged minimum, if mitigation efforts
are wstained This reporse is characeristic of a sable
system.

If a prolonged minimum occurs in conjundion with a
decline in global atmospheric mass dersity, the celris
popuation may not recover to pre-minimum levels. In
fad, this stuation shows the traits of an unstable system
with a clear runaway delris popuation in spite of the
continued implementation of miti gation measures.

Aside from this worst-case, prolonged olar minimum
condtions may haverelatively benign implicaions for
the longterm evolution of the debris environment. This
progrods can be reinforced through the adopion of
remedation measures such as Active Delris Removal.
However, the risks to spacecaft from collisions with
delris during a Mauwder-like minimum would be
considerally higher than presert, and exacebated by



ary deficiercy in debris mitigation efforts, with
correspondng impacts on gpace @eratons.
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