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Surface-charging sensors are used on spacecraft to measure the potential between a sample material on the
surface and the spacecraft frame. The frame is taken to be electrical ground. A study has been performed to
determine how far away a surface-charging sensor can be in local time in geosynchronous orbit and still provide
reasonable situational awareness about hazardous surface-charging conditions to a nearby spacecraft. The study
was conducted using surface-charging sensor data from four INTELSAT and two New Skies Satellites communi-
cations satellites and electron temperature data from one electrostatic analyzer provided by Los Alamos National
Laboratory for a spacecraft in geosynchronous orbit. The distances between pairs of nearby spacecraft covered
a range from 5.5 to 34 deg in longitude or 0.4 to 2.3 h in local time. We have cross-correlated data from pairs of
spacecraft for two large surface-charging events in April and July 2000 and also plotted scatter diagrams of the
data for pairs of vehicles for the entire year 2000. For the two large events we find a relatively high, normalized,
cross-correlation coefficient indicating a significant degree of temporal correlation with time lags varying from 0 to
22 min. When looking at scatter diagrams from many more events over a one-year period, we find no apparent
organization in the data. There appears to be no obvious relationship between the potentials measured simultane-
ously on adjacent vehicles during charging events. We also found no amplitude correlation between the electron
temperature measured on one vehicle and the surface potential measured on another located only a few degrees
away in longitude. However, individual charging events are usually (but not always) encountered within the same
time period on nearby spacecraft. We conclude that surface potential measurements for the purposes of anomaly
diagnosis or situational awareness of potentially hazardous environmental conditions cannot be made on nearby
vehicles but must be made on each spacecraft in geosynchronous orbit.

I.

STUDY has been conducted to determine the spatial and tem-

poral correlation of spacecraft surface charging in geosyn-
chronous orbit. When anomalies occur on spacecraft in the plasma
sheet during times of moderate to high geomagnetic activity, they
are often blamed on electrostatic discharges cause by surface charg-
ing. Surface-charging sensors are used on spacecraft to measure the
potential difference between a sample material on the surface and
the spacecraft frame. The frame is taken to be electrical ground.
This potential difference is called the surface potential or sample
potential. Particle sensors can measure the potential difference be-
tween the spacecraft frame and the surrounding plasma. This poten-
tial difference is called the frame potential. Both types of sensors
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have been used to diagnose surface-charging hazards. The sensors
used for this diagnosis are frequently on spacecraft located sev-
eral hours away in local time. This diagnosis is rarely made using
data from sensors on the spacecraft experiencing the anomaly be-
cause few spacecraft carry such sensors onboard. We have used
sensors on spacecraft located relatively close together to determine
the dependence of surface charging on the separation between the
spacecraft. For this purpose we have used surface potential data
from charging plate analyzers (CPA) on four INTELSAT spacecraft,
identified as 801, 802, 804, and 805, and two New Skies Satellites
(NSS) spacecraft, identified as 803 and 806, and electron data from
a Los Alamos National Laboratory’s magnetospheric plasma an-
alyzer (MPA) on a geosynchronous spacecraft. The separation be-
tween pairs of spacecraft used in this study covered a range from 6 to
34 deg in longitude or 0.4 to 2.3 h in local time in geosynchronous
orbit.

We have previously shown that CPA sensors with surface nor-
mals pointing in the direction away from Earth reliably indicate
when a surface-charging environment is present at the spacecraft’s
location when the sensor is shadowed by the body of the space-
craft, that is, when the vehicle is located between 18:00 and 06:00
local time (LT).! We also showed that there is an apparent corre-
lation between the temporal charging profile measured by the CPA
and the electron temperature profile measured by the MPA on a
nearby spacecraft for a few selected charging events in 1998 and
1999.

Here we report the results of a much more comprehensive study
that examined more closely the dependence of surface charging on
the separation of the sensors.
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II. Instrumentation

The CPAs on the INTELSAT and NSS spacecraft consist of
2 x 2in.(5.1 x 5.1 cm) aluminum plates with Chemglaze dielectric
paint on their external surface. They are bonded to the outer surface
of the spacecraft with a nonconducting adhesive. The control elec-
tronics are located inside the body of the spacecraft. Each sensor
measures the potential difference between the surface of the paint
and the spacecraft frame. The circuit is described by Bogorad et al.2
There are two CPA sensors on each vehicle. The sensor referred
to as the —z (minus z) sensor always faces away from the Earth.
The y sensor faces north on the 805 and 806 vehicles and south on
the other four. We have limited our analysis to the —z sensors be-
cause the y sensors are continuously illuminated by sunlight during
part of each year and also because they exhibited some anomalous
behavior, possibly related to structures on the spacecraft.

The —z sensors provide reliable results when they are in dark-
ness from approximately 18:00 to 06:00 LT. One-minute resolution
data were used for the study. We have not considered differences
between eclipse and sunlight charging because there is no signifi-
cant difference in either the average and or the worst-case charging
levels measured by the CPA when the spacecraft are in sunlight
or when they are in eclipse. Surface charging around midnight is
not identifiably different from pre- and postmidnight charging. The
average surface-charging potential occurs at about 0245 LT. The av-
erage falls relatively smoothly to small values at the dawn and dusk
terminators. The most negative values encountered when examined
in hourly bins are quite uniform from 2100 to 0700 LT.

The MPA instruments measure the three-dimensional plasma
electron and ion distributions. The MPA is a spherical-sector elec-
trostatic analyzer. Six separate but contiguous detectors cover the
total field of view. In one spin period the MPA views ~92% of the
unit sphere. While the spacecraft spins through 15 deg in azimuth,
the MPA plate voltage is swept through 40 logarithmically spaced
energy channels ranging from ~40 keV/e downto ~1eV/e.In 86 s
the instrument cycles through one three-dimensional electron distri-
bution and two three-dimensional ion distributions. The instrument
is further described by Bame et al.’> During data reduction, the raw
three-dimensional count matrices from the detectors are first con-
verted to electron and ion distribution functions. Moments of these
functions are then calculated for high- and low-energy electrons and
ions. In this paper we compare surface charging measured by the
CPA with the electron temperature perpendicular to the geomag-
netic field calculated for the high-energy electron range which is
~30eV to 40 keV.

During some surface-charging events, the potential of the space-
craft frame with respect to the plasma can be determined from the
ion measurements. When the vehicle is negatively charged and there
are very low-energy ions present in the ambient plasma, these low-
energy ions are accelerated across the plasma sheath surrounding
the vehicle. A line then appears in the ion energy spectrum at the
energy corresponding to the potential drop across sheath. We have
found that the frame potential derived from the ion measurements is
not a very reliable indicator for surface charging. The measurement
yields a reasonable potential only when there are cold ions present
in the plasma. However, most spacecraft surface charging occurs in
the plasma sheet where the ion temperature is high and no cold ions
are present.

The CPA and MPA represent two different measuring techniques
for determining periods when spacecraft surface charging is occur-
ring. The CPA measures the potential difference between a surface
sample and the spacecraft frame. The MPA measures the poten-
tial difference between the spacecraft frame and the surrounding
the plasma. Even on the same spacecraft these two types of mea-
surements do not give the same results during periods of surface
charging.

Figure 1 shows data from three instruments on the SCATHA
spacecraft during a charging event on 23 April 1981 (Ref. 4). The
top panel shows the spacecraft frame potential with respect to the
plasma. These data were obtained from the acceleration of low-
energy ions across the plasma sheath as measured by the Sheath
Electric Fields instrument.’ This measurement is similar to the MPA
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Fig. 1 Spacecraft charging event observed by the SCATHA spacecraft
during a substorm near local midnight on 23 April 1981: top, spacecraft
frame potential with respect to the ambient plasma measured by an
electrostatic analyzer; middle, Kapton sample surface potential with
respect to the vehicle frame; bottom, pulse shape for the first discharge
identified in the middle panel. The sign of the potentials in the top and
middle panels is negative.

technique. The middle panel shows the potential of the surface of a
dielectric Kapton sample with respect to the spacecraft frame. These
data were obtained by one of the satellite surface potential monitors
on SCATHA.® This measurement is similar to those made by the
CPA although the technique is quite different. Three electrostatic
discharges detected by the pulse analyzer® occurred during this event
at the times indicated by the arrows at the bottom of the middle
panel. While this charging event was in progress, an eclipse of the
sun occurred at the spacecraft. A bar at the top of the figure shows
the times of the vehicle passage through the penumbra and umbra.

The charging event started while the vehicle was in sunlight. The
Kapton potential abruptly increased above 0.1 kV (negative), and
the frame potential just began to register a potential (also nega-
tive) signaling the beginning of the event. The electrostatic analyzer
indicated that the vehicle encountered hot plasma-sheet plasma at
that time. As the sunlight diminished, the spacecraft frame began
to charge, and the surface potential of the Kapton sample began
to drop with respect to the frame. One discharge occurred in the
first penumbral crossing before the frame potential had charged sig-
nificantly. The event continued with very little correlation between
the potential of the frame and the surface potential of the Kapton
sample. There is also no clear correlation between the time of the
discharges and the time of potential maxima for either measurement
or the time of the maximum rate of change of either potential. In
general the discharges tended to occur when the surface potential
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of the Kapton sample was relatively high and the frame potential
was relatively low. This observation suggests that neither surface-
nor frame-potential measurements can be used as precise indicators
of the times when discharges might occur. Rather, they can only
identify time periods when charging events are in progress and pro-
vide an estimate of the severity of the events. Differential charging
is a necessary condition for achieving the breakdown electric field
required for surface discharges. But the charging of the frame might
not occur especially if a significant portion of the frame is exposed
to sunlight. The overall process is obviously complex. Here we re-
port on a study of a very large number of events using both types of
detectors on nearby spacecraft.

III. Accuracy and Intercalibration of the CPA Sensors

The CPA sensors on the INTELSAT and NSS spacecraft were de-
signed, constructed, and installed on essentially identical spacecraft
and expected to be identical in performance. However, it was noted
that the cumulative frequencies of occurrence of the CPA potentials
for the six vehicles differed substantially even during quiet times.'
For example, during 119 quiet days when the Planetary Magnetic
Index, Kp, was less than 2, the CPAs on vehicles 803—806 measured
potentials more negative than —300 V fewer than 1% of the time.
This never happened on 801, but happened 5% of the time on 802.
The cumulative frequency of occurrence of the charging voltage for
the CPAs on all of the vehicles for the period from 18:00 to 06:00 LT
(the night hemisphere) for all of 2000 is shown in Fig. 2. This shows
that, for all but the very largest potentials, the sensor on 801 mea-
sures systematically the lowest negative voltage and the one on 802
measures the highest negative voltage when negative potentials are
present. The different statistical responses suggest that the accuracy
of the measurements is much less than the precision inherent in the
electronics. This can be caused by differences in the paint thickness,
differences in the materials surrounding the sensors, or differences
in the calibrations. The exact cause is unknown. We believe that
the statistical responses over a period as long as one year should be
about the same with possible differences only at the extremes. Be-
cause of this inaccuracy in the measurements, we have performed
an in-flight intercalibration of the sensors by normalizing the cu-
mulative frequency distributions of the CPA voltages from the six
sensors. The cumulative frequency distributions for the night-side
data for the year 2000 are shown in Fig. 2. From Fig. 2 we see that
charging is detected about 20% of the time on each vehicle. We do
not know what causes the positive potentials below the 0.1% occur-
rence level. Many of these occur for a brief period of time when the
vehicle crosses the dawn terminator into sunlight.

We chose the sensor on 806 to be the standard sensor and normal-
ized the data from the sensors on the other vehicles to that one. We
performed this intercalibration by plotting the sample values from
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Fig. 2 Cumulative frequency of occurrence for the CPA sample po-

tentials measured on six spacecraft during 2000 for the hours between
18:00 and 06:00 LT.
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Fig. 3 Cumulative frequency of occurrence for the CPA sample po-

tentials measured on six spacecraft during 1999 and calibrated using
the calibration coefficients obtained from the 2000 data.

the vehicle to be calibrated against the sample values from 806 at the
following eight levels of cumulative frequency of occurrence: 80,
85,90, 95,99,99.9,99.99, and 99.999. These values cover the range
of the potentials when charging was occurring. These curves were
then fit with nth-order polynomials. Reasonable fits were obtained
for fifth-order polynomials for 801, 802, and 803 and third-order
polynomials for 804 and 805. The extrapolation of the fit was not
reasonable beyond a frequency of 99.999 for the sensor on 802.

Although third- and fifth-order polynomials were used to give
accurate fits, the dominant terms by far were the first and second, that
is, the dc offset and the gain. These both had quite large variations
among the sensors. The relative dc offset from 806 ranged from
—28.9 to +104 V, and the relative gain varied from 0.35 to 5.8.

As a verification of this intercalibration procedure, we tested the
cumulative frequency distributions for the year 1999 using the poly-
nomial coefficients from the calibrations obtained from the 2000
data. The results are shown in Fig. 3. Each of the curves in Fig. 3
contains over 500,000 points. There is good agreement among the
curves for all but the extreme values indicating that there are no sig-
nificant calibration changes from 1999 to 2000. The extreme values
most likely differ because the vehicles were not all exposed to the
same extreme environments.

The following is an example of the accuracy of the data before and
after intercalibration. Before calibration (Fig. 2) at 95 percentile, the
average potential was —210=£ 129 V. After calibration (Fig. 3) at
95 percentile, the average potential was —164 =36 V. The lower
average value after normalization is consistent with a reduction in
the levels for the 806 vehicle and indicates that the charging levels
were generally lower in 1999 than in 2000.

IV. Correlations of Signals on Nearby Vehicles

In 2000 the spacecraft were located around geosynchronous orbit
as shown in Fig. 4 (Ref. 1). We have correlated the signals from
the four closely spaced vehicles 801, 803, 805, and 806. Table 1
shows the approximate spacing in local time between pairs of these
vehicles.

We first examine the correlation of the data for two of the largest
charging events in the sense that they produced extremely large po-
tentials on at least one of the four vehicles. The two largest charging
events measured by 803 during the entire data set, covering the time
period from 9 October 1997 through 31 October 2002, occurred on
7 April and 15 July 2000. The largest event occurred on 15 July with
a peak negative potential of —1126 V at 20:29 UT (19:03 LT). The
second largest occurred on 7 April with a peak negative potential of
—1118 V at 00:53 UT (23:29 LT). The two events are expected to
have different temporal profiles at the vehicles because the 15 July
event occurred at dusk and the 7 April event occurred near midnight.
One of these two events appeared in the top 20 events list for the
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Table 1 Separation in local time and geocentric
angle between vehicle pairs in geosynchronous orbit

Separation in local Separation
Vehicle pair time, min in angle, deg
804-L97A 22 5.5
801-806 36 9.0
801-803 40 10.0
805-806 60 15.0
803-806 76 19.0
801-805 96 24.0
803-805 136 34.0

1994-084 L97A

8
8

80

1989-046 8

30 1990-095

Fig. 4 Satellite locations at 00:00 UT in November 1998: MW,
INTELSAT and New Skies Satellites with CPAs and @, satellites with
LANL MPAs.
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Fig. 5 Sample potential as a function of time from the CPA sensors on
15 July 2000. The legends give the locations of the satellites in local time
at 20:30 UT.

same time period for all of the other nearby vehicles. The 15 July
event was #7 for 801 and #6 for 806. The 7 April event was #7 for
805. In general, large events are seen by all of the nearby vehicles,
but there is no direct relationship between their rankings in intensity.

Figure 5 shows the time-history profile of the CPA surface po-
tentials for the four vehicles during the 15 July charging event. The
largest negative potential was measured on 803. The peak potentials
on 801 and 806 were roughly a factor of two lower. The event was
quite small on 805. However, the —z sensor on 805 was still exposed
to sunlight when the peak negative potential was measured on 803.
The y sensor was also exposed to sunlight because it reported a
positive potential throughout this entire charging period.

We have performed cross-correlation and linear regression anal-
yses of the data for each pair of vehicles for this event. The nor-
malized cross-correlogram of the potentials for the pair {801, 806}
is shown in Fig. 6a. The normalization for each pair was computed
by dividing the cross-correlation function by the square root of the
autocorrelation functions of each potential at zero time displace-
ment. Negative time displacement signifies that the signal at the
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Fig. 6a Normalized cross-correlogram for the sample potentials from
the CPA sensors on 801 and 806. Negative time displacement signifies
that 801 leads 806.
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Fig. 6b Normalized cross-correlogram for the sample potentials from
the CPA sensors on 801 and 803. Negative time displacement signifies
that 801 leads 803.

first vehicle in the braces occurs before the signal at the second. In
Fig. 6a the sample potential from 801 leads the sample potential
from 806 by 3 min. The normalized cross-correlogram for the pair
{801, 803} is shown in Fig. 6b. This pair has the highest correlation
coefficient, 0.94, at a time lag (negative time displacement) of 1 min.
The cross-correlation coefficients and the time displacements of the
maxima for all of the pairs are given in Table 2. The table also gives
the full width at half-maximum of the cross-correlogram. This is a
measure of the correlated time duration of the events. In this case
it was about 19 min at {801, 803} and {803, 806} but only 8 min at
{801, 806}. This suggests that the injected plasma did not flow over
the constellation of satellites in an orderly way from either east to
west or west to east.

The second method we have used to obtain a measure of the de-
gree of correlation between the data from pairs of vehicles is the
coefficient of correlation determined from the variation of the sam-
ple potentials around a regression line. Figure 7a is a scatter diagram
of the sample potentials from 806 plotted against the sample poten-
tials from 801 for the time period from 20:00 to 21:00 UT on 15 July,
2000. The sample potentials from 806 have been advanced by 3 min
with respect to those from 801 to account for the temporal cross-
correlation results shown in Fig. 6a. The solid line is the regression
line. The dotted line is the regression line expected if the sample po-
tentials measured at the two vehicles were identical. The regression
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Table 2 Cross-correlation results for the 15 July 2000
surface-charging event

Time
Maximum displacement  Full width at Linear
Vehicle cross-correlation of maximum,”? half-maximum, regression
pair coefficient min min coefficient
801-806 0.88 -3 8 0.82
801-803 0.94 —1 19 0.90
803-806 0.85 —10 19 0.76

“Negative time displacements indicate that the signal from the first vehicle of the pair
leads that of the second.
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Fig. 7a Scatter diagram of the sample potential from the CPA sensor
on 806 against the sample potential from the sensor on 801 during the
charging event on 15 July 2000. The regression coefficient for the fit is
R =0.82, and the standard deviation is 91 V.
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charging event on 15 July 2000. The regression coefficient for the fit is
0.91, and the standard deviation is 130 V.

line being above the line of equality shows that the sample potentials
on 806 are generally greater (in the signed sense) than the sample
potentials on 801. The coefficient of correlation r is given in the last
column of Table 2. A similar scatter plot for the sample potentials
from 803 plotted against the sample potentials from 801 is shown
in Fig. 7b. The sample potentials from 803 have been advanced by
1 min with respect to those from 801 to account for the temporal
cross-correlation results shown in Fig. 6b. Here the regression line
is below the line of equality signifying that the sample potentials

Table 3 Cross-correlation results for the 7 April 2000
surface-charging event

Maximum cross- Time displacement

Vehicle pair correlation coefficient of maximum,?* min
801-805 0.81 -2
803-806 0.72 0
805-806 0.90 +1
801-803 0.74 +14
801-806 0.77 +16
803-805 0.70 +22

“Negative time displacements indicate that the signal from the first vehicle of
the pair leads that of the second.
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Fig. 8 Sample potential as a function of time from the CPA sensors on
7 April 2000. The legends give the locations of the satellites in local time
at 01:00 UT.

on 803 are generally lower than those on 801. Taken together with
the coefficients of determination in Table 2, the results in Figs. 6
and 7 show that there is, at best, a mediocre correlation in time and
amplitude between pairs of vehicles. The amount by which the re-
gression lines in Fig. 7 depart from the lines of equality shows that
there is a poor correlation between the absolute amplitude of the
surface potentials measured on pairs of vehicles. This is true even
when the time difference of the event as seen by the two vehicles is
accounted for as it is in Fig. 7.

The sample potentials for the four nearby vehicles for the charging
event on 7 April 2000 are shown in Fig. 8. For this event the most
negative potential for 803 is —1118 V, and it occurred at 23:29 LT.
The normalized cross-correlogram of the potentials for all of the
vehicle pairs is shown in Fig. 9. The correlation coefficients for each
of the pairs and the time lags of the dominant peak for each pair are
given in Table 3. Both the time profiles and the cross-correlograms
show a much more complex structure for the April event than they
did for the July event. The relatively large values at the maximum
for the normalized correlation coefficients for each of the pairs mean
that the events have considerable temporal correlation for each of
the pairs.

Scatter diagrams for this event for pairs of vehicles, such as the
example shown in Fig. 10, show little linear correlation between the
amplitudes of the potentials measured at the two vehicles. At any
given time there appears to be little if any relationship between the
potentials measured at any pair of vehicles.

We have also looked at the correlation between vehicle pairs over
a much longer period. A scatter diagram for the potentials seen on
the pair {801, 803} for the year 2000 is shown in Fig. 11. Only points
for which the potential measured on at least one of the vehicles was
more negative than —300 V are plotted. The lack of any apparent
organization in the plot clearly shows that there is no relationship
between the surface potentials measured simultaneously on closely
spaced vehicles.
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Fig. 9 Normalized cross-correlograms for the sample potentials mea-
sured by the CPA sensors for all of the vehicle pairs for the charging
event on 7 April 2000.
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V. Comparisons of CPA with MPA Measurements

Vehicle 804 was located quite close to LANL-97A in 2000 as
shown in Fig. 4 and Table 1. We have compared the CPA sample
potentials on 804 with the perpendicular temperature of the elec-
trons and with the spacecraft frame potential measured by the MPA
on LANL-97A. Garrett et al.% reported an earlier attempt to com-
pare energetic electron-flux measurements on 1976-059A, a geosyn-
chronous spacecraft that flew particle sensors provided by the Los
Alamos Scientific Laboratory, and the frame potential measured on
ATS 6. Those spacecraft flew within 500 km of each other, and
the measurements were reported for a 10-day period when their
separation was less than 7 deg in longitude. They found that they
had sufficient information to “make an adequate estimate” of the
maximum frame potential to which ATS 6 charged.

Because the sampling rates for the data are different on 804 and
LANL-97A (once every 60 s for the CPA and once every 86 s for the
MPA), we have rounded the times to the nearest minute and plotted
only those data points for which data are available for both mea-
surements at the same minute. We also only consider times when
the CPA sample potential is more negative than —100 V. The scat-
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Fig. 11 Scatter diagram of the sample potential from the CPA sensor
on 803 against the sample potential from the sensor on 801 during the
hours from 18:00 to 06:00 LT for all of the year 2000. Only points for
which the potential was more negative than —300 V on at least one of
the sensors are plotted.
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Fig. 12 Scatter diagram of the sample potential from the CPA sensor
on 804 against the electron temperature determined from MPA mea-
surements perpendicular to the local magnetic field during the hours
from 18:00 to 06:00 LT for all of the year 2000. Only points for which
the potential was more negative than —100 V are plotted.

ter diagram of the MPA perpendicular electron temperature as the
independent variable and the CPA sample potential as the depen-
dent variable is shown in Fig. 12. There is no evident relationship
between the two variables.

We have also correlated the sample potentials on 804 with the
spacecraft frame potentials measured by the MPA on LANL-97A.
The results are similar to the scatter shown in Fig. 12.

We conclude that the surface-charging parameters measured es-
sentially simultaneously by different techniques on the two nearby
vehicles have little correlation with one another.

VI. Situational Awareness

Because few spacecraft today are instrumented to monitor surface
potentials or frame potentials, there is a desire to use instruments on
nearby spacecraft to warn or diagnose when hazardous conditions
are present. We have used the CPA data in two studies to test the
efficacy of such a scheme.
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Table 4 Results of the first situational awareness study

Client Correct False Failures to
Sensor Client ALT, h events Warnings warnings,” % alarms,® % detect,” %
801 806 0.60 5559 4313 26 74 80
806 801 0.60 4313 5559 20 80 74
801 803 0.67 3056 4313 12 88 83
803 801 0.67 4313 3056 17 83 88
801 805 1.60 4804 4313 17 83 85
805 801 1.60 4313 4804 16 84 83
805 806 1.00 5559 4804 30 70 74
806 805 1.00 4804 5559 26 74 70
803 806 1.27 5559 3056 42 58 77
806 803 1.27 3056 5559 23 77 38
803 805 2.27 4804 3056 18 82 88
805 803 2.27 3056 4804 12 88 82

2The correct warnings and the false alarms are given as percentages of the number of warnings.
bThe failures to detect are given as percentages of the number of client events.

A situational-awareness color scale was developed for charging
events. The data consist of the 1-min samples of the CPA sample
potentials from the nearby vehicles 801, 803, 805, and 806. They
cover the time period from 8 October 1997 to 31 October 2001. Only
surface potentials more negative than —100 V were considered. On
this scale potentials more negative than the 97th-percentile level are
considered the most hazardous because they are the most severe
events. They are colored red. The frequency levels for this scale
are based on frequencies for the National Oceanic and Atmospheric
Administration scale for geomagnetic storms. The 97th percentile
is used because that corresponds to the frequency of strong, severe,
and extreme geomagnetic storms as determined by the Planetary
Magnetic Index, that is when Kp=7, 8, and 9 (Ref. 7). As an exam-
ple, on 801 the red level extends from —383 V to the lowest observed
level of —1022 V. For the first study for each pair of vehicles, we
considered one vehicle to be the sensor vehicle supplying the data
and the other to be the client vehicle using the data. Thus the client
vehicle receives the hazard warning from the sensor vehicle. Table 4
shows the results for all combinations of pairs among the four ve-
hicles. In Table 4 the column labeled Warnings gives the number of
samples measured above the 97th percentile by the sensor vehicle.

Itis clear from the small percentage of correct warnings compared
to the large percentages of false warnings and failures to detect that
the use of sensors on nearby spacecraft, even those as close as 30
to 40 min in local time, is unacceptable for any application such
as anomaly diagnosis where it is necessary to know whether large
surface-charging levels are present at the client vehicle essentially
at the same time that a measurement is made at the sensor vehicle.
The previous analysis showed that within the sample measurement
timescale of 1 min there is essentially no correlation between the
sensor values at nearby vehicles.

In the second study we looked at somewhat longer time periods
by examining the 20 largest charging events seen by the sensor on
801 and determining when the sensors on 806 and 803 responded
to the same events. We defined an isolated severe charging event
to be a charging event with at least three contiguous minutes with
the sample voltage above the 97th-percentile charging level. The
requirement for three contiguous minutes excludes the occasional
noise signal above the red level and also the occasional signal above
the red level when a preponderance of signals is below the red level.
An isolated event ends when the sample voltage falls below the
97th-percentile level. For 801, isolated severe events had durations
ranging from 3 to 161 min. We define a long severe charging event
to be a set of isolated severe charging events with a gap of less than
1 h between isolated events.

The results for the 20 long charging events containing the most
negative sample voltages are given in Table 5. They are listed in
the order of the local time of the start of each event from dusk
(1800 h LT) to dawn (0600 h LT). The list is limited to those events
that occurred between 15 March 1998 and 31 October 2001 when
simultaneous data were available from all three vehicles. The total
number of isolated events on each of the vehicles during that time
period was 287 on 801, 412 on 803, and 331 on 806.

In Table 5 the event no. in the first column is the severity of
the event from number 1, the event with the most negative sample
voltage on 801 to number 20, the event with the least negative sample
voltage of the 20 most severe events. The 20 long charging events
on 801 actually include many more isolated charging events. In fact
they contain all of the 35 largest isolated events that occurred during
the March 1998 through October 2001 time period. The remaining
columns are in sets of four. They show the number of minutes when
the sensor on the vehicle identified at the top of the column reported
ared level during each of the four 10-min periods beginning 20 min
before the start of an event on 801 and ending 20 min afterward. If
T is the time of the start of an event on 801, the four 10-min periods
are T—11t0 T—20, T—1to T—10, T to T49, and T+ 10 to
T+ 19. An N in the column signifies that no charging event with a
sample voltage lower than —100 V occurred during the time period.

The following observations can be made about the charging events
on closely spaced vehicles from the data in Table 5:

1) The most severe events above the red level have only a few
isolated precursors in the red. Except for a few isolated minutes, the
sensor on 801 (whose data are shown in the middle set of columns)
measured a red level only 12 min out of a possible 400 min during
the 20-min period before the start of a severe red event.

2) No charging at all can be present on nearby spacecraft during
a red event at a nearby vehicle. For example, no charging at all
occurred on 803, and only charging below the red level occurred on
806 during the 20 min after the strongest event started on 801 (event
no. 1).

3) Some charging with levels below the charging threshold volt-
age of —100 V usually occurred on the client vehicles throughout
the 20 min after the onset of a red event on 801. The exceptions are
event nos. 1 and 9 on 803 when no charging occurred at all.

4) Some charging with levels below the charging threshold volt-
age of —100 V usually occurred on the client vehicles throughout
the 20 min before the onset of a red event on 801. The exceptions
are event nos. 6,9, 12, and 14 on 806 and 1, 9, and 10 on 803 when
no charging occurred at all.

5) Occasionally severe events are already in progress on the client
vehicles before a warning could be given by 801. Examples are event
nos. 2 and 7 on both 803 and 806. In these two cases the vehicle in
the middle was the last to respond to the event.

6) The extreme events tend to occur near local midnight. Four of
the five most severe events (event nos. 1, 2, 4, and 5) started between
2330 and 0141 LT.

7) Other than that mentioned in item 6, there is no strong tendency
for the most severe charging onsets to correlate with local time.

8) As shown by the sums at the bottom of the columns in Table 5,
the number of occurrences of red levels is remarkably the same
for 803 and 806 for the different time periods before and after the
onset on 801 and differs markedly from the sums for 801. The only
obvious difference is that the events were chosen because they were
the onsets for the most severe events on 801.

For situational awareness and hazard warnings it is useful to de-
termine how accurate warnings using the sensor on 801 would be
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Table 5 Number of minutes each CPA sensor vehicle is charged to the red (97th percentile) level during the two 10-min
periods before and after a red event starts at vehicle 801

806 (west) 801 (center) 803 (east)
Event no.? LTb -20 —10 +10 +20 -20 —10 +10 +20 -20 —10 +10 +20
6 1819 N¢ N 3 2 0 0 7 2 0 0 9 2
7 1822 7 10 10 2 0 2 8 0 9 7 9 0
3 2124 2 1 7 10 0 0 8 0 0 7 2 0
14 2153 N N 1 2 0 0 6 10 0 7 6 8
16 2156 0 0 0 0 0 1 10 4 0 0 2 0
10 2219 0 0 3 7 0 1 6 8 N N 0 5
12 2222 N N 0 1 0 0 10 4 0 0 3 0
18 2259 0 1 6 5 0 0 10 6 0 0 0 0
2 2330 10 8 10 10 0 2 10 10 5 5 10 10
4 0059 0 0 0 0 0 0 7 7 0 0 4 9
17 0107 0 0 0 0 3 2 10 2 0 0 0 0
1 0135 6 0 0 0 1 0 8 9 N N N N
5 0141 0 3 8 0 0 0 10 10 0 1 9 9
9 0243 N N 0 0 0 0 10 10 N N N N
13 0315 0 0 8 10 0 0 10 10 0 0 2 0
20 0320 0 6 6 0 0 0 10 1 0 0 9 7
8 0340 0 0 7 5 0 0 10 10 0 0 1 8
15 0356 0 0 5 0 0 0 10 10 0 0 0 0
11 0446 0 0 0 9 0 0 10 10 0 1 6 8
19 0524 0 0 10 10 0 0 10 10 0 0 9 7
Sum R 25 29 84 73 4 8 180 133 14 28 81 73

2The event no. in column 1 is the order of the severity of the event (most negative sample voltage measured during the event) on 801.
YThe events are ordered by the local time (column 2) of the 801 spacecraft at the start of the event.
¢An N indicates that the sample level was above —100 V (not charged) during that entire 10-min period.

Table 6 Results of the second situational awareness study?

Result 806 (west) 803 (east)

Correct warning 9 45% 9 45%
False alarm 4 20% 5 25%
Failure to detect 7 35% 6 30%

“The number of events are given for each category for each client vehicle
followed by the percentage of the 20 events used in the study.

for the client vehicles, 803 and 806. We define a correct warning to
be a warning with no red levels on a client vehicle for the preceding
20 min, for example, event nos. 6 and 19 on 806. We define a false
alarm to be a warning that is not followed on a client vehicle by a
red level during the succeeding 20 min, for example, event nos. 8
and 14 on 803. We define a failure to detect to be a warning that
occurs after a red level has occurred on a client vehicle during the
preceding 20 min. The results are shown in Table 6. The results for
the leading (803) and trailing (806) vehicles are remarkably similar.
Although the number of correct warnings is two to four times higher
that those found in the first study, at less than 50% they are too low
to provide more than a very general situational awareness of the
charging environment.

VIIL.

We conclude that surface potential measurements for the purposes
of anomaly diagnosis or situational awareness of potentially haz-
ardous environmental conditions must be made on each spacecraft
in geosynchronous orbit. Because the SCATHA observations show
that neither surface potential measurements nor frame potential mea-
surements alone give an adequate picture of surface charging, we
recommend that both types of measurements be made with simple
instruments on each vehicle. We have found that the frame potential
derived from the ion measurements is not a very reliable indicator
for surface charging. However, the two techniques together provide
amore comprehensive view of the interaction of the spacecraft with
the environment, and when both are available and are measuring haz-
ardous levels the confidence level in a diagnosis of surface charging
is increased. We also recommend that pulses on each spacecraft be
monitored with a discharge detector. Only the simultaneous mea-
surements of hazardous surface potentials and corroborating frame
potentials with the occurrence of a discharge provide reliable infor-

Conclusions

mation that the natural space environment caused an anomaly that
can be attributed to surface charging.
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