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Abstract. Integrated lifetime radiation damage may causel Introduction

spacecraft to become more susceptible to operational anoma-

lies by changing material characteristics of electronic com-Anomalous satellite behavior can disrupt spacecraft opera-
ponents. This study demonstrates and quantifies the imtion, negatively affecting all who rely on space borne assets
pact of these effects by examining the National Oceanic and- from operators and service providers to consumers. While
Atmospheric Administration (NOAA) National Geophysical there are many causes of these problems, such as software
Data Center (NGDC) satellite anomaly database. Energetiglitches or hardware failure, many can be induced by the ef-
particle data from the Geostationary Operational Environ-fects of the space environmeriégker, 200Q Feynman and
mental Satellites (GOES) is used to construct the total life-Gabrie| 2000 Koons et al. 1999 Pirjola et al, 2005. Satel-
time particle exposure a satellite has received at the epochte engineers and operators work diligently to prevent the
of an anomaly. These values are compared to the satellite’gccurrence of spacecraft anomalies, but space weather intro-
chronological age and the average exposure per year (cafuces an uncontrollable, hard to predict variable into the sys-
culated over two solar cycles.) The results show that manyiem.

anomalies occur on satellites that have received a total life- There is a growing body of work that correlates the oc-
time high-energy partio|e exposure thatis disproportionate teeurrence of these anomalies with space weather conditions.
their age. In particular, 10.8% of all events occurred on satelKrause et al(2000 found significant correlations between
lites that received over two times more 20 to 40 MeV proton the geomagnetic activity indices Kp and Dst and observed
lifetime particle exposure than predicted using an average arsurface charging values from the Defense Satellite and Com-
nual mean. This number inflates to 35.2% for 40 to 80 MeV munication System Il spacecraftennell et al(2001) found
protons and 33.7% for2 MeV electrons. Overall, 73.5% of similar correlations between these indices and the SCATHA
all anomalies occurred on a spacecraft that had experience®pacecraft Charging AT High Altitudes) satellite, noting
greater than two times the expected particle exposure for onghat surface charging events correlated to substorm activ-
of the eight particle populations used in this study. Simplis-ity while internal charging events corresponded to geomag-
tically, this means that the long term radiation backgroundnetic storm eventsWilkinson et al.(199]) showed that sin-
exposure matters, and that if the background radiation is elgle event upset (SEU) anomalies recorded by the TDRS-
evated during the satellite’s lifetime, the satellite is likely to 1 (Tracking and Data Relay Satellite) were associated with
experience more anomalies than satellites that have not bedAcreases in galactic cosmic ray and high energy proton

exposed to the elevated environment. fluxes. Bothlucci et a|(2005 and Pilipenko et aI(ZOOQ
used the National Oceanic and Atmospheric Administra-

tion’s (NOAA) National Geophysical Data Center's (NGDC)
spacecraft anomaly database to show that on days when there
was an increase in anomalies, there was a corresponding in-
crease in in-situ particle flux measurements and/or geomag-
netic indices. While all of these studies illustrate the con-
nection between space weather conditions at the time of the
anomaly and the spacecraft disruption itself, they all neglect
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Table 1. Analysis of perceived age distributions. The left col-

Kp Index Distributions

FST T o] umn lists the eight GOES EPS particle/energy channels used in this
0.08 i ] study. The second column lists the medians of each distribution.
The third column shows the percent of anomalies of all analyzed
where the perceived age was greater than the actual age at the time
._..g 0.06 ] of the anomaly. Finally, the right-most column reports if the sam-
. ple represents a parent population where greater than 50% of all
z 1 anomalies have perceived ages greater than the actual ages (99%
2 0.04 . confidence level).
g ]
- 0.02 - Particle channel Median %Age w4 >.5?
1 >2 MeV electrons 2.511 55.7% YES
- 0.8 to 4 MeV protons 1.106 08.6% No
0.00 . 4 to 9 MeV protons 1.084 41.3% No
0 1 2 3 4 5 6 7 8 9 10 9to 15 MeV protons 1.225 43.9% No
Kp Index 15 to 40 MeV protons 1.785 53.0% YES
40 to 80 MeV protons 2.003 58.4% YES
80 to 165 MeV protons 0.459 03.2% No
Fig. 1. Distribution of Kp index values corresponding to NGDC 110 to 500 MeV protons ~ 0.829 07.3% No

database anomaly epochs (solid line) and the distribution of all Kp
values over the temporal span of the database (1963 to 1994). Al-
though there is a clear shift between the two distributions, only
15% of all anomalies in the database occured during disturbed o Procedure
stormier (greater than 5Kp) conditions.

Geostationary Operational Environmental Satellites (GOES)

energetic particle flux data was collected from 1974 to 1994.

Energy deposited onto the spacecraft from high energyThis data consists of an integral measurement2tMeV
particles and electromagnetic radiation has the ability toelectrons and a seven channel differential measurement of
break down and rearrange atomic bonds of spacecraft masrotons, all recorded by the Energetic Particle Sensor (EPS)
terials, from paints and coatings to electronic insulators, di-instrument aboard the Space Environment Monitor (SEM)
electrics and circuitry components. These total dose effectsubsystem. A list of the proton energy channels is displayed
are described bycarpulla and Yarbrougf2003 and ref- in the first column of Tabld. This data was time-integrated
erences therein). Over time, coatings become less reflecto yield total particle exposure per day. For days where there
tive and electronics change their characteristics and this mayas more than one GOES satellite present, the multiple mea-
cause the satellite to become more likely to experience an opsurements were averaged together to create values that better
erational anomaly. Investigating solar and magnetospherigeflect conditions at all geosynchronous locations. These av-
activity during or near the epoch of the anomaly will not eraged daily particle exposure values were used to investigate
uncover correlations between space weather and anomaligsatellite anomalies that were reported to the NOAA NGDC
driven by long term radiation damage. spacecraft anomaly database (describatfilkinson, 1989.

Total dose damage and its effects present a special prob- The anomaly database was refined to fit the confines of
lem for satellite operators and the space research communityhis study. First, any anomaly for which the launch date
Without the proper instrumentation on board, it is difficult of the satellite could not be found was discarded. Launch
to know how much particle radiation exposure a particulardates were unattainable for satellites whose real name was
satellite has experienced (described as a satellite’s “radiatiopot used in the database. Anomaly events that occurred on
life” by Gubby and Evan$2002.) Additionally, total ex-  satellites that were launched before July 1974 were also dis-
posure effects are often confused with normal satellite agingarded, because a lifetime exposure could not be calculated
due to insufficient diagnostic®ger, 2002. These complica-  using the GOES data. Finally, only anomalies from satel-
tions have made understanding the full importance of theseites in geosynchronous orbits were used in order to match
effects especially challenging. This study explores the re-+the orbit type of the GOES measurements. This reduced the
lationship between long-term radiation exposure and spaceanomaly database to 1609 events from 4996 total.
craft operational anomalies by investigating the total life time  The NGDC database can be perceived as being limited in
high energy particle exposure experienced by a spacecraft &cope because anomalies reported to the database managers
the time an anomaly occurred. were, at least initially, thought to be caused by the space en-

vironment. However, events were reported on a voluntary ba-
sis, often before a formal investigation and without a follow
up to improve database accuracy. Additionally, 51% of all
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anomalies reported to this database are catagorized as havin Distributions (Real and Perceived) of Ages at Time of Anomaly
an unknown diagnosis (21% are diagnosed as surface charg ‘ ‘ ‘ ‘ ‘
ing events, 16% single event upsets, and 9% internal charg- e} { [ Fommmm - [

ing, 3% other). Figurd shows the distribution of the Kp in- prl T - -1 -

dexes recorded at the time of each spacecraft anomaly. Of al.{éb
the events reported, only 15% occurred when the Kp index 3
was 5 or greater (disturbed magnetospheric conditions or S est { [ F----------- FI—

=)

stormier.) Apart from the selection criteria described above, <

. . . - 5 Papl R
no bias towards anomaly type or diagnosis was shown in thiss -
study. e
For each anomaly, the lifetime energetic particle exposure 2 .| HT F---otomeme e
&

was calculated by summing all daily values from the begin-
ning of the satellite’s life to the date the anomaly occurred. R e
This value was normalized by dividing by the average parti- Agefr{ [ F-------4- -——---
cle exposure per year (calculated over two solar cycles). The
“exposure-years” experienced by a satellite at the time of the
anomaly was compared to the chronological age of the satel-
lite. This process was repeated for all eight particle channels
listed in Tablel. Fig. 2. Box and whisker representation of the distribution of satel-
By converting the units of particle exposure to units of lite actual ages (bottom box) and perceived ages calculated from
time (“exposure-years”), a number is created that reveal$ach energy channel. P1 marks the lowest proton channel listed in
how many years worth of typical particle exposure a sateI—TableL P7 the highest, and E1 marks the electron channel.
lite has experienced. This number, the satellite’s “perceived
age,” can be much different than a satellite’s actual age. In

addition, the perceived age based on ring current eIectronFIte chronological age at the epoch of an operational anomal
will be different than the perceived age based on galactic 9 9 P b y

. . pore closely. Just over 30% of anomalies occur when the
cosmic ray protons because of the different processes thasatellite is one year old or less. The distribution drops
govern the separate particle populations. y ) P

. . 0 . .
A useful analogy for understanding this unit is miles on off quickly, with barely 5% occurring on satellites that are

a car. The transmission may fail when the car is only ﬁvegreater than ten years old.

. . L In the second frame of Fi@, the distribution of satellite
years old chronologically, but the car perceives that it is ten .

. ; . erceived age based on total 4 to 9 MeV proton exposure
years old because it has been driven for as many miles a

a typical ten year old car (in other words, ten “mile-years”). at the epoch of an operational anomaly is displayed. Most

. . anomalies occurred on satellites that had only experienced
While miles on a car represents wear and tear from use of th ) . .
. o . ess than two typical years worth of particle exposure for this
car, the perceived age of a satellite in this study represents . SN .
. . energy channel. The median of this distribution, 1.084 (listed
wear-and-tear from the effects of particle exposure. It is an,

approximation of the radiation life referred to Bubby and n the second column of Tabl, is less than t.hat of the me-
Evans(2002. dian of actual ages, 1.932. Because of this and the distri-

bution’s similarities to the distribution of the chronological
ages, this data suggests that 4 to 9 MeV protons have little
3 Results effect on a satellite’s susceptibility to anomalies throughout
the satellite’s life.
Figure2 visually summarizes the entire data set. The distri- For higher energy proton exposure (40 to 80 MeV), the
bution of chronological ages is shown at the bottom, with thedistribution changes dramatically (Fig, third frame from
perceived ages from the lowest to highest proton channel anthe top). More satellites have a higher perceived age when
finally the electron channel at top. The median of each distri-an anomaly occurs. Comparing this to the actual age distri-
bution is shown as the redline bisecting the box and is listecbution shows that a portion of the anomalies happened on
in Table1; the box boundaries mark the upper and lower satellites that received a lifetime particle exposure that is dis-
quartiles. The whiskers extend from the upper/lower quar-proportionate to that satellite’s age. These satellites are wear-
tile to the value of the quartile plus 1.5 times the interquar-ing down faster than they are aging. This pattern is greatly
tile range; green dots mark outliers. In terms of median andexacerbated when perceived ages are calculated using the
spread, the perceived ages calculated fronstBdleV elec-  >2 MeV electron channel (Fi@, bottom frame). While only
tron and 40-80 MeV proton channels stand out compared t@ handful of anomalies occurred on satellites that veebe
the chronological age distribution. years old, many anomalies occurred on satellites whose per-
ceived age is=5 exposure years.

0 5 10 15 20
Age (years)

The top frame of Fig3 explores the distribution of satel-
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Age and Lifetime Exposure During Anomalies

Table 2. Analysis of perceived to actual age ratios. The left col-
umn lists the eight GOES EPS particle/energy channels used in this
30 - study. The center column lists the average ratio of perceived age to
oE chronological age for all 1609 anomaly events. The rightmost col-
umn lists the percent of the events whose age ratio exceeded two.

40F E

o 5 ; . o 1 s Particle Channel Median %2
Age of Satellite at Epoch (Years)
4 -9 MeV Protons >2 MeV electrons 1.339 33.7%
0.8 to 4 MeV protons 0.564 <0.5%
E 4 to 9 MeV protons 0.825 1.1%
. 9to 15 MeV protons 0.908 1.0%
. 15 to 40 MeV protons 1.170 10.8%
E 40 to 80 MeV protons 1.215 35.2%
80 to 165 MeV protons 0.244 <0.5%
° ? Lifetime P:rtlcle Exposeure (AverageBAnnual E)qlgsure—\(ear;)2 " 110 to 500 MeV prOtons 0.432 0.6%
40 - 80 MeV Protons Combined channels 2.583 73.5%

lies analyzed in this work are drawn from a population
where most £ 50%) of the events occur on spacecraft where
the perceived age calculated from the different channels is
of . - . . - -~ ” greater than the chronological age is tested. Given the non-
Lifetime Particle Exposure (Average Annual Exposure-Years) normal, non-symmetric shape of the distributions in ques-
Elecrons tion, the binomial sign test (described in detail Bleskin
2007, and many others) is an appropriate tool. This test di-
vides each event into two categories: perceived age is greater
than the chronological age (a postive result) or not (a nega-
tive result). The probability that the sample could have been
drawn from a larger population where there is an equally
? Lietime Perticle Exposeure (AveragSAnnual Ex;lgsure-Year;)z " Iikely chance of a pOStitiVGJ‘l(+) or negative t—) result is
calculated. If the calculated probability is greater than 1%,
the null hypothesis,
Fig. 3. Distribution of satellite age when an operational anomaly oc-
cured (top frame), perceived age calculated from 4-9 MeV protonsHo : 7+ = 0.5 1)
(2nd frame from top), perceived age calculated from 40-80 MeV . . .
protons (3rd frame from top), and perceived age calculated fromC@nnot be rejected and itis concluded that there is an equally
>2 MeV electrons (bottom frame). likely chance of a perceived age being greater or less than the
chronological age at the time of anomaly occurence. How-
ever, if the calculated probability is less than 1% and there
These patterns can be further demonstrated by examininy/€r¢ more positive rgsuI'Fs than negat?ve, the null hypothesis
the proportion of events whose perceived age at the time ofS rejected and the directional alternative hypothesis,
the anomaly was greater than the chronological age. Th
second column of Tablé shows the proportion of the to-
tal number of anomalies for which the perceived age calcuys supported at a 99% confidence level.
lated for that particular channel and event is greater than the The rightmost column of Tabl# lists whether or not the
chronological age of the satellite for the same event (in othefirectional alternative hypothesis is supported with at the
words, the satellite perceived that it was older than its ac-9994 confidence level. Consistent with the qualitative obser-
tual age based on lifetime particle exposure.) Again, the 15-vations above, the 15-40 MeV proton, 40-80 MeV proton,
40 MeV proton, 40-80MeV proton, and electron channelsand integrated electron channels stand out. When these chan-
stand out because for each of these channels, more than 50fe|s are used to calculate the perceived age, the majority of
of the events occured when the perceived age outweighed th@e events of the parent population are likely to have greater
chronological age. perceived than chronological ages. Data from the other chan-
Statistical inferences can be made about all satellitenels do not support the alternative hypothesis, so no correla-
anomalies by treating the NGDC database as a sample dfon can be drawn between long term damage driven by these
the larger population. Here, the hypothesis that the anomaparticles and anomaly occurrence.

Number of Anomalies (% of 1609)

PHA iy >05 (2)
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. For each Sgtel!itg anomaly, the perceived age for gach pfr‘“:TabIe 3. Analysis of the distribution of the maxium perceived-to-
ticle channel is divided by the actual age of the satellite. Thisg.,4 age ratios (of the eight calculated for each anomaly) broken

numbgr indicatesf how much more or less particle exposure gown by all anomalies (top row), anomalies occuring on satellites
satellite has received compared to its actual age, or how mucbhne year of age and older (center row), and anomalies occuring

faster (or slower) a satellite is wearing down due to high en-on satellites five years of age and older (bottom row). Number of
ergy particle exposure than it is chronologically aging. This events, medians, and the percent of the distribution that falls to the
value allows for a quantifiable investigation of the data. right of 2 is shown. The two right-most columns report if the sam-
Table2 shows a summary of this analysis. The center col-Ple represents a parent population whose medians are greater than 2
umn shows the median perceived to chronological age rati@" 2-5 (99% confidence level).
for each particle channel used in this study. This ratio is less
than one for lower energy proton channels, but larger than Group n_ Median %-2 ©>2? ©>25?
one for the electron, 15 to 40 MeV proton and 40 to 80 MeV  Allanomalies 1609 2.583 73.5% YES YES
proton channels. The rightmost column lists the fraction of Age>1Year 1098 2.630 78.0% YES YES
events that occurred on satellites that received more than two Age>5 Years 214 2.069  50.5%  No No
times the expected total exposure given their chronological
age (age ratio of two or greater.) The? MeV electron, 15
to 40 MeV and 40 to 80 MeV proton channels stand out again Table 3 summarizes the results of this test ©fest= 2
with values of 33.7%, 10.8% and 35.2%, respectively. and Owest=2.5. For all anomalies in the given samplé,
Further analysis is performed by considering only theis supported at the 99% confidence level for both values of
maximum perceived age of the eight channels for eachg. This strongly suggests that in the total population of all
anomaly. The resulting distribution is presented in the topsatellite anomaly events, over 50% have a perceived/actual
frame of Fig.4. 73.5% of all anomalies occurred on satel- age ratio larger than 2.5 for at least one of the GOES parti-
lites that are wearing down more than twice as fast as theyle channels. When the sample is reduced to satellites with
are chronologically aging due to one of the eight particle chronological ages- 1, H, is still supported at this confi-
populations measured. This distribution may be skewed byence level. Finally, when the sample is reduced to satellites
anomalies that occurred on very young satellites. It is un-with chronological ages- 5, the null hypothesis cannot be
likely that these early anomalies are the result of integratedejected.
particle damage. The second frame of Figncludes only
events from satellites that were one year old or older when
the anomaly occurred. The number of satellites that are wead Discussion and conclusions
ing down twice as fast as they are aging increases to 78%. For
anomalies that occurred on older (five years or greater, botOf the anomalies investigated, the majority occur on satel-
tom frame of Fig4) satellites, this number drops to 50.5%. lites that have received a lifetime particle exposure that is dis-
The number of events and median values for these three digproportionate to that satellite’s chronological age. There is a
tributions is listed in columns two and three, respectively, in strong likelihood that the sample of anomaly events provided
Table3. by the NGDC database represents the overall population of
The binomial test is again employed, this time to testoperational irregularities. These results show that the histor-
whether the median of the parent population of maximumical conditions leading to most anomalies are congruous for
perceived/actual age ratios from which the sample shown irmaking satellites more anomaly prone. The prevalence of
Fig. 4 is drawn from is greater than a given value. To do this, the integrated electron channel and the 15 to 80 MeV proton
the events are divided up into two categories: values that aréhannels in all of the results indicates that the effects of deep
greater than the test media®s) and values that are less dielectric charging and SEUs are probable suspects for caus-
than the test value. Values that are exactly equé¢giare  ing long term damage. Other particle and energy channels
discarded. The null hypothesis that the population mediarappear uncorrelated to anomaly occurrence.

(©p) is equal t0Brest This pattern becomes less prevalent in older (five years or
greater) satellites, as seen in igGubby and Evan&2002
Hp: Op = Otest (3)  found that sensitivity to space weather on the Anik E2 satel-

lite decreased with time in orbit, and they speculated that one
cause of this may be integrated radiation effects. The results
Ho: ©p > Orest (4) shown in the bottom frame of Fig suppprt thig hypothe-
sis, but there are too few events that fall into this age bracket
Hp is rejected when the calculated probability is less than(n=214) to draw a solid conclusion.
1%; H, is supported wheilly is rejected and there are more  Interpretation of the GOES electron results in the bot-
anomalies with perceived/actual age ratios greaterthag  tom panel of Fig.3 is not straightforward because the EPS
than not. electron detector responds significantlyt82 MeV protons.

is tested against the directional alternative hypothesis

www.ann-geophys.net/28/1361/2010/ Ann. Geophys., 28, 138322010
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Number of Anomalies: 1609

Number of Anomalies (%)
o
S

: 5.0%
o L 1.8% 1.6%——=

-1 0 1 2 3 4 5 6
Ratio of Perceived to Actual Age (All Anomalies)

Number o?f Anomalies: 1098

Number of Anomalies (%)
o
S

20

10 : Z 10 o

o L1 .37 0% —— DR

-1 0 1 2 3 4 5 6

Rotio of Perceived to Actual Age (Satellites 1 Year and Older)

Number of Anomalies: 214
50 :

44.4%

kfe

40 39.3%
30
20

9.3%

10 § 6.1%
0

-1 0 1 2 3 4 5 6
Ratio of Perceived to Actual Age (Satellites 5 Years and Older)

Number of Anomalies (%)

Fig. 4. Distributions of the greatest ratio of perceived age to chronological age. The top frame includes all anomaly events, while the middle
frame includes only events where the satellite was one year old or older at the time the event occured, and the bottom frame includes only

satelites that were 5 years old and older.

Hence, during periods of increased proton flux, this data be-
comes polluted. For this reason, the electron results represent
the total impact of electrons and protons combined. Isolating
the impact of the electrons alone may require another data
set.

There are several other limitations that, if properly ad-
dressed, could enhance the completeness of this study:

1. Environmental data localized to the spacecraft that ex-
perienced the anomaly could be increased. By reducing
the flux measurements to a single average value, any
spatial variation is lost. The nominal situation would be
to have a particle detector on every spacecraft, but this
is not feasible.

2. The limitations of the scope of the NGDC anomaly

ring problems on a single satellite may or may have not
been consistently reported, depending on the operator.
Obtaining additional events is extremely difficult, how-
ever, due to the commercial impacts releasing such data
would have on operator&¢ons et al.1999.

3. Other variables, such as micrometeroid and ultraviolet

radiation exposure, can play a significant role in satellite
performance. These factors were not taken into account
in this study, and may be difficult to properly account
for. It should be noted that these effects may resonate
with the high-energy effects examined here. For exam-
ple, solar electromagnetic radiation varies with the so-
lar cycle with solar protons, potentially exaggerating the
effects of the latter.

database, as described earlier, is also an issue. It reAnother issue of this study is potential skewing of the results
mains unknown if this database is an accurate reprecaused by the natural seasonality of space weather. Energetic

sentation of all anomalous satellite behavior.

Ann. Geophys., 28, 1361367, 2010
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