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Key Points: 

 Each anomaly took place during the expansion phase of a triggered substorm, about 

45 minutes after a dipolarization 

 The interaction between a coronal mass ejection and a high-speed stream appears as 

the trigger of the substorm that occurred before each anomaly 

 The Kp index is not recommended to characterize spacecraft-charging hazards  
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Abstract 

Charging and subsequent Electro Static Discharge (ESD) is recognized as a serious 

operational threat to spacecraft. This paper concentrates on an analysis of the environmental 

conditions (geomagnetic measurables, but not the particle fluxes, that were associated with 

the geomagnetic disturbances) and the interplanetary signatures prior to the anomalies that 

affected the two geostationary satellites Telstar 401 and Galaxy 15, which were believed to 

have been caused by spacecraft charging/ESD. In terms of geomagnetic conditions, the 

planetary Kp index was very different around the two events, despite Kp commonly being 

used to characterize periods that are hazardous for spacecraft charging. On the contrary, local 

geomagnetic records, both from GOES satellites and from ground records, reveal that each 

anomaly took place during the expansion phase of a triggered substorm. Combined with a 

large and South directed IMF Bz, northward turnings of negative IMF Bz and large 

fluctuations in IMF By played major roles in the magnetospheric responses of the substorms. 

The interplanetary features of the two events were also similar: the interplanetary counterpart 

of coronal mass ejections interacted with high-speed streams, favoring the substorm triggers. 

Although there are several differences in the preconditioning and the inner conditions of the 

magnetosphere before the anomalies, in each case the respective spacecraft crossed the 

plasma sheet in the magnetotail during enhanced substorm activity, with a dipolarization 

event that took place close to the spacecraft location, indicating that each satellite was in the 

wrong place at a critical moment. 

1 Introduction 

 The local environment where spacecraft operate greatly affects satellite reliability; 

even more when this environment is modified due to solar activity. The impact of space 

weather on the satellite industry is nowadays well known by satellite industry stakeholders 

and solutions to manage and mitigating impacts are being proposed (Green et al, 2017). 

Manufacturers are well aware of anomalies due to single event upsets, burnouts and/or latch-

ups from energetic protons (>5 MeV); but there are other spacecraft anomalies that can be 

attributed to the environment, affected by space weather (see, e.g., Farthing et al., 1982; 

Wilkinson, 1994; Vampola, 1994). Moderately energetic electrons (< 100 keV) can be 

deposited on spacecraft surfaces and pose a risk of an electrostatic discharge (ESD). 

Electrons at energies greater than 100 keV can penetrate typical spacecraft structures causing 

deep dielectric charging, which poses a threat of electrostatic discharge (Iucci et al., 2005; 

Anderson, 2012). Koons et al. (1998) provided a comprehensive assessment of public space 

weather anomalies that occurred from 1970 to 1999 and concluded that most anomalies were 

attributed to ESD. Garrett & Whittlesey (2000) conclude, after the analysis of spacecraft 

charging over 20 years, that surface charging continues to be recognized as a serious 

operational threat to spacecraft.  

Choi et al. (2011) investigated the Geostationary Earth Orbit (GEO) satellite 

anomalies archived by Satellite News Digest during 1997-2009 to search for possible 

influences of space weather on the anomaly occurrences. For that purpose, the Kp index was 

considered as a proxy for geomagnetic activity and associated with the injection of multi-keV 

particles from Earth's magnetotail. While Choi et al. (2011) did not explain how space 

weather is involved in producing such anomalies they concluded that spacecraft charging 

might dominantly contribute to those spacecraft anomalies. In April 2010 the Galaxy 15 

satellite experienced a serious anomaly that disrupted its operation for several months, this 

was believed to have been caused by an ESD event related to the passage of a magnetic cloud 

(Loto´aniu et al., 2015; Ferguson et al., 2011; Clilverd et al., 2012); however the solar 

activity triggering the magnetic cloud cannot be classified as an extraordinary space weather 
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event. The Kp index was also used by O´Brien (2009) to introduce a spacecraft 

environmental anomalies expert system for geosynchronous orbit. The system introduces the 

term 'hazard quotient' defined to quantify the ratio of the instantaneous to mission-averaged 

likelihood of an anomaly due to each hazard, based on environmental measurements. The 

ESD hazard quotient peaks in the 4-6 range in the 0-6 MLT sector. This local time range is 

also pointed out by others authors as the sector where largest signals occurring in electrostatic 

charge sensors (Ozkul et al., 2001) or where the occurrence frequency of low-energy electron 

fluxes peaks (Thomsen et al., 2013). These facts might have guided us to state that, quoting to 

Allen (2010), Galaxy 15 was 'another satellite in the wrong place at a critical time'. 

The purpose of this paper is to discuss the criticality of the very specific 

environmental conditions in terms of time and location to ESD anomalies, and to assess the 

relevance of more global indices such as Kp. To reach that goal, ESD historical records like 

Galaxy 15 anomaly should be analyzed. Information about the time and place of the anomaly 

will be essential for the study. The report by Koons et al. (1998) reviews spacecraft 

anomalies with a lot of information including the anomaly class, the diagnosis, a description 

of the impact, and relevant comments and references. However, interplanetary upstream solar 

wind data are also needed for a proper analysis of the space weather role in these ESD events. 

Then, only anomalies occurred after 1995, when Wind or Advanced Composition Explorer 

(ACE) spacecraft data are available, should be considered and this fact excludes all the events 

reported in Koons et al. (1998). The list included in Table 1 of Choi et al. (2011) is the only 

source of information known by the authors meeting all three necessary records for the study: 

the place and the time of the anomaly, a description of the event, and solar wind data 

available. Only one GEO satellite anomaly appears in the list attributed to ESD: Telstar 401 

satellite. The Telstar 401 failure resulting in total loss on 11 January 1997 was previously 

traced to an ESD due to a space weather event associated with the passage of a magnetic 

cloud (Lanzerotti et al., 1998b). 

This paper compares the environmental conditions and the interplanetary signatures 

prior to the charging anomalies of the two geostationary satellites reported:  Telstar 401 and 

Galaxy 15. The objective is to find out what common (if any) space weather features made 

these events so extraordinary as to generate environmental condition conducive to ESD and 

to explain if the time and place of the spacecraft were relevant for the anomaly. To discuss 

whether the ESD was the cause of the failures of the spacecraft or it was just a mere 

coincidence in time is beyond  the scope of this paper.  

Section 2 presents an overview of the times of the anomalies and respective spacecraft 

locations and of the available geospace data sources. Section 3 compares both cases 

describing the geomagnetic conditions at the times of the anomalies, and in Section 4 we 

analyze interplanetary data and what can be associated with those magnetic conditions. 

Section 5 evaluates the relevance of the interplanetary and geomagnetic signatures nearby to 

the anomalies in the operational history of each spacecraft. Section 6 summarizes the results 

and provides an assessment of the key findings relative to future directions. 

 

2 The Local Time of the Anomalies and the Environmental Data Sources 

On 5 April 2010 at 09:48 UT (Universal Time), the geostationary satellite located at 

133o geographic West longitude, Galaxy 15, stopped responding to ground commands but did 

not stop broadcasting signals from its transponders (Allen, 2010). The anomaly occurred 

while the spacecraft was near local midnight at 01 MLT. The Galaxy 15 anomaly (GA) 

occurred during multispacecraft observations that included the Geostationary Operational 
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Environmental Satellite (GOES) 11 to 15, the Time History of Events and Macroscale 

Interactions during Substorms (THEMIS) probes and the Geotail spacecraft. At that time, 

GOES 11 (135o W) was located only 2o away in longitude from Galaxy 15. Other GOES 

spacecraft were at least 30o away in longitude. Geotail was located sunward of the Earth, 

close to noon. Left panel in Figure 1 shows these spacecraft locations for the time of the GA. 

Total loss of Telstar 401 geostationary satellite, located at 97o geographic West 

longitude, occurred at 11:15 UT on 11 January 1997. The Telstar 401 anomaly (TA) 

happened while the spacecraft was near local dawn (04:47 MLT). Spacecraft observations 

during the anomaly come from the GOES 8 and 9, the Los Alamos National Laboratory 

(LANL) 90 to 91 and 94 and the Geotail spacecraft. The right panel in Figure 1 shows these 

spacecraft locations for the time of the TA. The closest spacecraft to Telstar 401 during the 

anomaly was GOES 8, which was more than 20o away in longitude eastwards. LANL 89, also 

on orbit and close to midnight location at that time, was the spacecraft from the LANL 

constellation closest to Telstar 401 (almost 50o away in longitude westwards), but on January 

11 there is a data gap until 15 UT and therefore data from LANL 89 are not available for this 

analysis. The other LANL spacecraft were sunward of the Earth at the time of the TA. 

3 Geomagnetic Conditions at the Time of the Anomalies 

Geomagnetic conditions during a spacecraft anomaly are commonly quantified by the 

3-hourly planetary Kp index, ranging in 28 steps from 0 (quiet) to 9 (greatly disturbed). 

According to the official Kp index web page (https://www.gfz-potsdam.de/en/kp-index/) at 

the German Research Centre for Geosciences (GFZ), Kp reached 8- on the interval 09 - 12 

UT on 5 April 2010, i.e. during the GA. The planetary daily character (C9), according to the 

same source, was 7 in a scale between 0 and 9. Previous two days C9 was 3 (April 4) and 2 

(April 3), both corresponding to quiet time. The extreme values for geomagnetic activity 

during the GA are not comparable to those during the TA. On 11 January 1997, the Kp index 

only reached 4 in the interval 09 - 12 UT and the planetary daily character was 5. Previous 

two days C9 was 6 (January 10) and 1 (January 9), indicating that the magnetosphere was 

already disturbed the day before the anomaly. 

3.1 Geomagnetic Conditions from GOES Observations 

Far from the planetary information provided by Kp, satellite probes, when in proper 

position, provide measurements of the magnetic environment close to the spacecraft. That is 

the case during the GA: GOES 11 (only 2o away in longitude from Galaxy 15) was in an 

excellent location to observe magnetic conditions like those at Galaxy 15. A detailed analysis 

of magnetic field and particle conditions during GA, including not only GOES 11 

observations (extremely close to Galaxy 15) but also GOES 12 to 15 and THEMIS satellite 

probes was performed by Loto´aniu et al. (2015). Their description of the environment 

includes a massive magnetic field dipolarization that injected energetic particles from the 

magnetotail during a substorm. Clilverd et al. (2012) described the energetic electron 

precipitation conditions leading to the anomaly, pointing out that a substorm injection event 

shortly after the shock appears to have ultimately triggered the upset on Galaxy 15.  

It is well known that substorm injections and enhanced magnetospheric convection, 

and convection electric fields are among the key mechanisms that directly affect energetic 

plasma in the inner magnetosphere at geostationary orbit (Sillanpää et al., 2017). During a 

substorm the plasma sheet in the magnetotail is driven earthward and the encounter of an 
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orbiting vehicle with this plasma sheet will produce the most intense surface charging at GEO 

orbit (Lanzerotti et al, 1998a). 

Left panel in Figure 2 shows the magnetic field x and z GSM components 

observations from GOES 11 and 12 from 7 to 11 UT on 5 April 2010. The vertical line is the 

time of the GA. Two strong dipolarizations starting at 08:47 UT and 09:03 UT (Loto´aniu et 

al., 2015) appear in GOES 11 data, located close to midnight. The first dipolarization is 

almost unnoticed by GOES 12, 60o away in longitude from GOES 11 towards dawn. The GA 

occurs about 45 min after the 2nd dipolarization, labeled as 'overdipolarization' in Connors et 

al. (2011) due to persistent Bz enhancement above usual geosynchronous values, and 60 min 

after the first one. 

At the time of the TA the satellites available were all further than 20o in longitude 

from Telstar 401, but some similarities can be found between GOES 8 and 9 observations at 

that time and GOES 11 and 12 observations at the time of the GA. Right panel in Figure 2 

shows the magnetic field x and z GSM components observations from GOES 8 and 9 from 6 

to 12 UT on 11 January 1997. There is a dipolarization at GOES 9 at about 10:27 UT, while 

GOES 8 shows very little activity. Note also the magnetic field fluctuations observed at 

GOES 9 from about 7:30 UT to 12:30 UT as indicative of Ultra Low Frequency (ULF) 

waves. The dipolarization observed at GOES 9 coincides with the auroral brightening in the 

Polar image data (Figure 3). The foot of the magnetic field line through GOES 9 intercepts 

the Earth approximately in western Canada, just north of the bright aurora, while GOES 8 

field line intercepts the Earth in eastern Canada, far to the east of the bright aurora. As in the 

case of GA, the analysis of observations from the GOES satellites indicates that a 

magnetospheric substorm took place about 45 minutes before the anomaly.  

3.2 Geomagnetic Conditions from Ground-based Magnetic Field Data 

Lanzerotti et al. (1998b) analyzed data from the geosynchronous (GEO) 

communications satellite Telstar 402R during the event on 10 January 1997, the day before 

the TA. Their results show that during this event enhanced plasma populations caused the 

charge plates to attain values more than a factor of two larger than at any other time during 

the month. The time variation in the surface charging on Telstar 402R during the event was 

found to be similar to the energy dissipation in the ionosphere as measured by the magnetic 

field disturbances recorded by ground magnetometers near the footpoints of the magnetic flux 

tube that passes through the spacecraft. This relationship between the surface charging and 

the ground magnetometers provides a valuable indicator of changes in the plasma population 

in the GEO orbit at specific locations when satellites close to the location of the anomaly are 

not available. In the case of Telstar 401, there are no other measurements than those provided 

by the three LANL and the two GOES available and all of them are too far in longitude for a 

suitable study. 

The magnetic field near the northern footpoint of Telstar 401 is available from Baker 

Lake (BLC) magnetic observatory in Canada, located at 74.21o N latitude and 263.9o 

geographic longitude, and Gillam (GIM) magnetometer located at 66.9o N latitude and 265.4o 

geographic longitude. Latitudes correspond to corrected magnetic coordinates (International 

Geomagnetic Reference Field (IGRF) model 1995). Figure 4 shows the horizontal component 

intensity   of the magnetic field vector recorded at BCL (top panel) and GIM (bottom panel) 

on 10-11 January 1997. Ionospheric currents above BLC are increased on 10 January during 

about hour 04 UT, between 06:30 and 09:45 UT, and between 10:30 and 14:30 UT (the first 

three shadowed areas in Figure 4 correspond to these intervals), and with less intensity in the 
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15 - 18:30 UT interval. The first and last enhancements of ionospheric currents in BLC do 

not appear as significant at GIM suggesting a local effect. On 11 January there is also an 

increase relative to the level of the previous hours of the ionospheric currents between 10:30 

UT and 13:30 UT (last shadowed area in Figure 4). The corresponding signature appears in 

both geomagnetic observatories indicative of a non-localized effect. This plasma population 

is expected to produce surface charging on Telstar 401, whose failure occurred about 45 min 

after the beginning of enhanced ionosphere currents on 11 January. A vertical red line in 

Figure 4 corresponds to the time of the TA. 

The nearest magnetic observatories to the northern footpoint of Galaxy 15 with data 

available are Deadhorse (DED) and Sitka (SIT), both in Alaska, United States (US). The 

geomagnetic latitude of DED is 70.14o N and that of SIT 60.20o N. Geographic longitude of 

the DED (SIT) observatory is 211.21o (224.67o). Magnetic latitudes are corrected by IGRF 

2010 model. Plotted in Figure 5 is the H-component of the magnetic field recorded at DED 

(top panel) and SIT (bottom panel) on 5 April 2010. There was a sharp and brief increase in 

the ionospheric currents above DED between 09:00 UT and 09:50 UT. The H-component 

shows also large variations in SIT from 8:30 UT to 9:19 UT (shadowed area in Figure 5) with 

a later increase up to 10:55 UT. The magnetic field fluctuation at the peak of the event of 

more than 2000 nT corresponds to ionospheric currents of the order of 106 amperes 

(Lanzerotti et al., 1998b), which could be expected to trigger surface charging on Galaxy 15, 

whose failure occurred about 45 min after the beginning of enhanced ionosphere currents on 

DED.  

Ground magnetic records from mid latitude observatories are also useful to identify 

substorms. Indeed, Field-aligned Currents (FAC) are magnetospheric currents connecting 

magnetosphere and ionosphere and as transferring particles injected by dipolarization of the 

magnetospheric field, an enhancement of ionospheric currents appears into the auroral oval, 

particularly the substorm current wedge (SCW) (McPherron & Chu, 2016). A clear 

identification of the effects at mid-latitude locations originated by FACs has been pointed out 

in Cid et al. (2015) and Saiz et al. (2016) as the day-night asymmetry of the magnetic 

disturbance of short time (negative bay at the dayside but positive in the nightside). Figure 6 

shows the H-component of the magnetic field from San Pablo-Toledo (SPT), Spain (top 

panels) and Fresno (FRN), US (bottom panels) on the day of the anomaly (left: Telstar, right: 

Galaxy). Both magnetic observatories are at about 40o N geomagnetic latitude. At the 

observatory sites, geomagnetic local time is LTSPT = UT + 0h and LTFRN = UT - 8h, 

respectively. Therefore, at the time of both anomalies, SPT was close to prenoon and FRN 

was close to postmidnight. Shadowed areas in Figure 6 correspond to the time interval where 

magnetic disturbances due to ionospheric currents appear both at BLC and GIM (left panel), 

and DED and SIT (right panel), (see above and Figures 4 and 5). 

As can be appreciated in Figure 6, during these substorm intervals time (as previously 

identified by the magnetic records at the footpoint of the spacecraft) negative bays appear in 

SPT records and positive spikes appear in FRN. This day-night asymmetry observed at mid 

latitudes, indicative of substorm, reinforces above results based on the records at the 

footpoints of the magnetic flux tube that passes through the spacecraft. 

4 IP Signatures Triggering Substorms During the Events 

This section analyzes the solar wind and interplanetary magnetic field (IMF) 

conditions, to identify their roles in substorm triggering during the events on 11 January 1997 

and 5 April 2010 related to the TA and the GA. The data source for the January 1997 event is 
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the Wind spacecraft. At that time Wind is located upstream of the Earth at the L1 point. 

Magnetic field data are from the Wind/MFI instrument (Lepping et al., 1995) and the solar 

wind plasma data from Wind/SWE (Ogilvie et al., 1995). For the April 2010 event, magnetic 

field data are obtained from ACE/MAG (Smith et al., 1998) and plasma from 

ACE/SWEPAM (McComas et al., 1998). 

Figure 7 shows the solar wind and IMF conditions (B, By, Bz, V, Pdyn) during 5 

April 2010. Superimposed on a solar wind background flow of 500-600 km/s speed appears 

the interplanetary counterpart of the coronal mass ejection (CME) launched on 3 April, with a 

leading edge travelling at 725 km/s. With the arrival of this transient at 08 UT, IMF Bz 

turned strongly negative (< -10 nT) with a By component of somewhat greater than 5 nT. 

Simultaneously solar wind dynamic pressure enhanced from 2 to 10 nPa. Over the next hour, 

Bz remained southward and almost steady in average. Nevertheless, several small abrupt 

decreases on the southern Bz can be noticed before turning suddenly northward at 09 UT. 

Then Bz remained northward for about 15 min. During this interval there was an 

enhancement of solar wind dynamic pressure and a reduction of the IMF By from 08:30 UT.  

The response of the magnetosphere to those interplanetary conditions described above 

was as follows: the cross-tail current sheet intensified and the magnetic field at geostationary 

orbit became stressed and tail-like; this process of magnetic field stretching into the 

magnetosphere ceased abruptly and the configuration of field line changed from a tail-like to 

a more dipole-like orientation. Then the two dipolarizations observed by GOES take place 

and start the expansion phase of substorm. Both dipolarizations were related to the small 

abrupt decreases of the southern Bz described above.  The observed increase in 

magnetospheric Bz (and decrease in Bx) at 9:20 UT, soon after the second and more intense 

dipolarization, corresponded to the northward turning of IMF Bz (see left panel in Figure 2). 

In short, the interplanetary scenario described above provided the essential conditions 

to trigger a substorm observed in the magnetosphere as a magnetic field dipolarization, and 

injection of energy into the ionosphere (observed at DED and SIT before the GA). Indeed, 

the shadowed area in Figure 7 corresponds to the interval of increased ionospheric currents 

shadowed in Figure 5, about 30 minutes ahead considering ACE data propagation. 

Solar wind parameters and IMF during 9-11 January 1997 are shown in Figure 8. On 

10 January at 00:40 UT an IP shock disturbed the quiet solar wind reaching the Wind 

spacecraft. The driver of this shock was a magnetic cloud travelling at 450 km/s, where the 

IMF gradually rotated from strongly southward (< -10 nT) to northward while magnetic field 

strength remained nearly constant. Ahead of the flux rope, a fluctuating Bz with a strength of 

5 nT appeared in the sheath. Behind the magnetic cloud, an interaction region preceded a fast 

stream reaching Wind during the second half of 11 January. The large proton density value (> 

150 cm-3) reached at the rear of the magnetic cloud, one of the largest ever observed, provides 

a signature of the interaction between the magnetic cloud and the fast stream (Cid et al., 

2016).  

The four shadowed areas in Figure 8 correspond to the intervals with increased ionospheric 

currents above BLC and GIM shadowed in Figure 4 (90 min ahead by considering Wind data 

propagation). During all those intervals Bz was southward, enhancing the cross-tail current 

sheet. The southward turnings of IMF happened at the beginning of three out the four 

shadowed areas (on 10 January at  02 UT and  05 UT, and on 11 January at 09:30 UT after 

a long period of about 12 hours under northward Bz), being By positive during these whole 

three intervals. Regarding the other shadowed area, the southward IMF component started to 
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decrease at the beginning of the interval, on 10 January at 09 UT. However, By was 

negative in this case. During the four shadowed areas the solar wind pressure was not larger 

than 5 nPa. 

5 The Operational History of the Spacecraft and the Anomalies 

The relevance of the conditions described above requires a comparison of the 

conditions at the date of the anomaly to conditions throughout the operational history of the 

spacecraft. Figures 9 and 10 show historical solar wind conditions during the whole mission 

of Galaxy 15 and Telstar 401, respectively and the historical AL index (as indicative of 

global substorms). Relevant parameters involved in the process of triggering a substorm 

appear from top to bottom: the interplanetary electric field and the solar wind dynamic 

pressure Pdyn (as indicative of convection in the magnetosphere and compression, in order to 

identify intensifications of the cross-tail current sheet), the variation of the IMF Bz (to 

identify northward turnings), and the variation of the IMF |By| (to identify decreases in the 

amplitude of the IMF By component) (Hsu & McPherron, 2003; Peng et al., 2013). Data for 

Figure 9 and 10 are 5-minute resolution from the OMNI web database 

(https://omniweb.gsfc.nasa.gov/), and therefore, shifted to the Earth's bow shock nose. The 

variation of the IMF Bz and By corresponds to the change in those parameters from one data 

(in 5-minute resolution) to the previous one. Dashed horizontal lines indicate the maximum 

value of the parameter in the corresponding plot just prior to the respective satellite 

anomalies. Note that those maximum values might not be reached simultaneously by the 

different parameters, but all of them are outlined against background few minutes (or hours) 

before the anomaly. 

A study of the operational history of Galaxy 15 was previously performed by 

Loto´aniu et al., (2015), but that study was not focused on the IP parameters able to trigger 

substorms, but in those parameters related to large planetary geomagnetic disturbances like 

the Kp index. 

Before the anomaly of Galaxy 15, the most outstanding record of those in Figure 9, 

when compared to the whole mission, is the dawn to dusk convection electric field, Ey, which 

reached 9.40 mV/m on 5 April at 08:30 UT. The AL index reached less than -2000 nT one 

hour later of the arrival of that large Ey to the terrestrial environment, indicating that a global 

substorm was developed. At that time the spacecraft was at local midnight, i.e., immersed in 

the cross-tail current sheet. The GA occurred about 1.5 hours later. Only one previous event 

was recorded with larger Ey (14.4 mV/m): during the 14-15 December 2006 geomagnetic 

storm. Although the other parameters plotted were also large before the failure, they cannot 

be considered extraordinary. However, the fact that all of them were large at the same time 

should be also considered.  

Regarding the Telstar 401 anomaly, |By| was the outstanding parameter, although, as 

in the Galaxy failure, all the other parameters in Figure 10 were also large at some previous 

moments (in a time interval of a few hours) to the anomaly. The amplitude of By changed 

13.91 nT from 06:00 UT to 06:05 UT on 11 January, but this large change corresponds to an 

increase in the amplitude of By. Two reductions of IMF |By| of 11.7 nT occurred at 05:15 and 

06:00 UT the same day. Telstar 401 was at that time also close to local midnight, i.e., 

immersed in the cross-tail current sheet. The TA ocurred about 5 hours later. As in the case of 

Galaxy 15, on January 11 from 10:30 UT the AL index also showed substorm activity, 

although less intense. It should be noted that a gap in the solar wind plasma data in 

OMNIWeb database misses a large pressure pulse before the anomaly. This enhanced 
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pressure will be obtained because of the large enhancement in the proton density measured by 

Wind spacecraft, and shown in Figure 8, but it is missed in Figure 10. It would mean that a 

bigger threshold for Pdyn would appear in the second panel (about 38 nPa). 

Only one event, on 21 February 1994, |By| and Pdyn reached values larger than 

before the TA (about -25 nT and 46 nPa, respectively). Considering just the reductions of 

IMF By (|By|< 0), two other events appear: on 02 May 1994 and on 24 December 1995. 

6 Discussion and Conclusions 

About the two events analyzed regarding satellite anomalies related to ESD, several 

similarities and differences have been discovered, both in the geomagnetic conditions and in 

the interplanetary signatures.  

Regarding geomagnetic conditions, spacecraft-charging hazards have been 

characterized by Kp (e.g. Thomsen et al., 2013; Denton et al., 2016), but both events largely 

differ when considering Kp. The extreme values during the GA (up to Kp = 8- in a scale 

ranging from 0 to 9) were not comparable to the minor activity during the TA, when Kp 

index reached just 4. Our results agree with those from Bodeau (2015) when stating that 'Kp 

in this case was absolutely misleading'. Indeed, Kp passed 8 in eight occasions during the 

lifetime of Telstar 401. The main problem of Kp as a proxy in this case is its low temporal 

resolution (3-hours) and the planetary character of the index, which misses the short-time and 

local signature of some magnetic disturbance as FACs. 

On the contrary, local geomagnetic records, both from GOES satellites and from 

ground records, reveal that both anomalies took place during the expansion phase of a 

triggered substorm,   45 minutes after a dipolarization of the geomagnetic field. The 

magnetic effects of FACs as seen by the enhancements of ionospheric currents and the 

corresponding ground magnetic disturbances were also observed at mid/low latitude stations 

during both events. Thus, this study clarifies the origin of the positive disturbance recorded 

by a low/mid latitude geomagnetic observatory located at night side, which was previously 

explained as a 'magnetospheric reconfiguration' by Denig et al. (2010). This distinct signature 

(a day-night asymmetry of the magnetic field observed at mid-latitude stations) is revealed as 

an unmistakable indicator of substorms occurring of significant intensity instead of the classic 

indices AL and AE, particularly interesting when observations from space are limited as was 

the case of TA. Even more, the AL index, commonly used as a substorm proxy, not was 

relevant in this analysis, for example, in the selection of thresholds during the whole mission 

of the spacecraft, as some substorms can be missed by this geomagnetic index.  

Even if both events were similar in having dipolarizations less than an hour before 

each anomaly, the dipolarizations were not comparable. In the case of Galaxy 15 two strong 

dipolarizations (one of them, the closest in time to the anomaly, labeled as 

'overdipolarization' in Connors et al. (2011)) occurred whereas the dipolarization before the 

TA was not as intense in the GOES data records. 

Also, the magnetic disturbances recorded at the footpoint of Galaxy 15 were larger 

than those 45 min ahead the TA, but in the case of TA, previous substorm activity is clearly 

identified on 10 January 1997 (the day before the anomaly) when Telstar 401 was again at the 

night sector, crossing the magnetotail. The magnitude of this substorm activity, according to 

the H-component recorded at the nearest magnetic observatories to the northern footpoint of 

Telstar 401, was comparable to that happened on 05 April 2010 before the Galaxy anomaly. 
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Considering the slow recovery to quiet time of the voltage recorded on the charge plate of 

another Telstar spacecraft (see central panel of Figure 2 of Lanzerotti et al. (1998a) for the 

registered potential of Telstar 402R during the January 10 storm), the dipolarization at 10:30 

UT on 11 January 1997 in Telstar 401, located only 8º West from Telstar 402R, can be 

considered as 'the last straw that broke the camel's back'.  

The analysis of Wind and ACE spacecraft data to identify the interplanetary triggers 

of the substorms before these spacecraft anomalies also reveals some similarities. In both 

cases, the interplanetary counterpart of a coronal mass ejection interacted with a high-speed 

stream. As a result, the substorm triggers were favored. The interaction resulted in a dynamic 

pressure enhanced, and an interplanetary magnetic field enhanced and fluctuating as well.  

An assessment of the parameters related to substorms through the operational history 

of the spacecraft has shown that some of them were extreme before the anomalies. 

Specifically, the interplanetary electric field, Ey, and the geomagnetic index AL were large in 

both cases, and the variation of the amplitude of By was extraordinary in the case of Telstar 

401. Regarding other outstanding events during the operational history of the Galaxy 15, Ey 

and AL reached the high levels observed on 5 April 2010 only during the storm on 14 - 15 

December 2006. The transient that triggered this storm was likely a magnetic cloud preceded 

by a high speed stream, developing a sheath with a largely fluctuating IMF, as can be 

deduced from the large values of the parameters shown in Figure 9. However, when checking 

the location of the spacecraft at the time of the most disturbed conditions in the 

magnetosphere, while the main phase of the storm is developed, we find that Galaxy 15 was 

on the dayside. Moreover, there was no significant dipolarization observed by GOES when 

Galaxy 15 was near midnight during this storm. 

Regarding other outstanding events during the operational history of the Telstar 401, 

only one event, at 16:35 UT on 21 February 1994, |By| > 0 was larger prior to the TA. The 

large data gaps in interplanetary data during this event do not allow us to analyze the 

relevance of this event in the operational history of Telstar 401. 

Considering just the reductions of IMF |By|, two other outstanding events (|By|< -10 

nT) appear during the operational history of Telstar: 02 May 1994 and 24 December 1995. 

On 02 May 1994, the reduction on the amplitude of By took place at 16:15 UT after a 

northward turning of IMF, but Telstar was at 10 MLT, again far from the magnetotail 

currents. The event on 24 December 1995 deserves more attention. A moderate geomagnetic 

storm occurred on that day, with the Kp index reaching 5. Auroral activity was also moderate 

from 07 UT to 11 UT (AL reached a peak value in that interval of -800 nT at 10 UT). During 

this interval Telstar locations were between 0.5 and 4.5 MLT, i.e., the same as the anomaly of 

January 1997. Also, both events happened in winter (with a separation of 18 days) and during 

the minimum of the Solar Cycle 22. This scenario might suggest that similar geomagnetic 

conditions resulted in different consequences. However, deeper analysis will reveal the 

differences. Later, from 11:30 UT, the substorm activity on 24 December was enhanced, 

reaching a peak value of -1200 nT at 14:40 UT. At that time, Telstar was on the dayside. 

On 24 December 1995 |By| reached -12.33 nT at 08:45 UT, and -12.38 nT at 09:05 

UT, i.e., when Telstar was located at 2:15 MLT. Ey passed the threshold of 7 mV/m three 

times: at 07 UT, 08:30 UT and 10 UT. Therefore, when convection was reinforced, the 

spacecraft was in the morning sector. GOES 8 and 9 observed dipolarizations in magnetic 

field at 07 UT, 08:30 UT and 10 UT. The times of these dipolarizations were similar to these 

of the event on 11 January 1997, therefore, the satellite was in the same local sector when 



 

 

© 2018 American Geophysical Union. All rights reserved. 

they took place. From 06 UT to 09 UT on 24 December, dynamic pressure also reached high 

values (about 24 nPa). Therefore, we have to conclude that on 24 December 1995 there were 

enough interplanetary conditions to trigger a substorm which can explain the extreme 

conditions forcing the magnetosphere where the spacecraft was immersed one year after its 

launch. However, the spacecraft survived those adverse conditions.  

Despite the similarities described above, there are also some differences that provide 

the key to explain why the TA happened during the January 1997 event. First, the 

interplanetary transient of the 1995 event was just an interaction region (IR) and the solar 

wind conditions preceding the IR corresponded to those of quiet time: average IMF strength, 

Bz IMF and Pdyn are 6 nT, 0 nT and 5 nPa, respectively. In contrast, in the 1997 event a 

magnetic cloud was preceding the fast stream, largely disturbing the solar wind conditions at 

the IR ahead of the fast stream.  

Other differences concern the inner conditions of the magnetosphere. On one hand, 

there were large differences in the proton and electron flux values measured at GEO orbit by 

GOES 8 and 9 (not shown) during those "critical hours". The electron flux values were much 

larger in 1997 (by a factor of about 15). On the other hand, in the 1995 event the 

dipolarizations were evident in both GOES 8 and GOES 9 data records during the time 

interval of interest. However, dipolarizations  were only detected at GOES 9 during the 1997 

event. This asymmetry in the magnetic field observed by the two GOES is indicative of a 

local magnetic disturbance, with the subsequent local particle injection. In 1997, Telstar was 

located between GOES 8 and GOES 9, supporting that it was located in an unsuitable 

location, due to the asymmetric configuration of the magnetosphere at that time.  

There are several previous studies on the influence of one of the components of the 

IMF in the entrance of energy from the solar wind to the magnetosphere-ionophere system 

and on the asymmetries associated with the relevant role played by any IMF component by 

minimizing the role of the others (Ostgaard et al., 2003, 2004; Liou et al, 2006; Belenkaya et 

al., 2007; Cheng et al., 2007, 2018; Tenfjord et al., 2015; Wing et al. 2010; Chakrabarty et 

al., 2017). However, the IMF influence on the FACs in the magnetotail should be a combined 

contribution of all IMF components and not only from a single one (Cheng et al., 2013).  

In the interval of interest in 1997, i.e., from when GOES 9 observes the dipolarization 

until the time of the anomaly, 10:30 UT - 11:15 UT, Telstar 401 was located at 4 - 4.75 MLT. 

From the sign and the magnitude of the IMF components in this time interval, the asymmetry 

angle , defined as tan () = -By/Bx (Belenkaya et al., 2007), was positive indicating a 

significant shift ( 4-5 hours) of the magnetospheric field lines, which displaced the FAC 

current circuit from midnight to dawn. Additionally, the cone angle , defined as cos () = 

|Bx|/B (Cheng et al., 2013), was larger than 80º. This cone angle is well related to the FAC 

occurrence rate, especially for Northern Bz IMF conditions, keeping this rate high when the 

angle is high, as in this case. Also the clock angle ϕ, defined as tan (ϕ) = By/Bz is -55º, which 

was very close to |ϕ|  60º pointed out by Cheng et al. (2013) as lower limit for large FAC 

densities. On the other hand, the magnitude of IMF By and Bz were comparable and both 

larger than IMF Bx, therefore they were the IMF components playing a relevant role in the 

magnetic configuration of the magnetosphere at that time. All the above allows us to 

conclude that Telstar was in an unsuitable location at the time of the anomaly.  

Summarizing all the above, the two events related to ESD anomalies studied in this 

paper, GA and TA, happened as a consequence of a dipolarization of the magnetosphere 
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triggering a substorm when the spacecraft were located in the sector 0-6 MLT. Nevertheless 

both events present relevant differences that need to be considered to raise awareness of 

potential space weather hazards for spacecraft in GEO orbit. Below we highlight the most 

important differences: 

1. The day before the GA there were no particularly adverse interplanetary conditions 

for a nominally benign environment, being the IMF strength about 5 nT, which is a 

typical value for quiet time. The magnetic activity involved in the GA happened 

during the first two hours after the arrival of an interplanetary transient (a compressed 

magnetic cloud) to a quiet magnetosphere. The trigger of the second, and more 

intense, dipolarization was a northward turning of a large southern IMF Bz (-10 nT). 

Meanwhile the magnitude of IMF Bz and By components were similar, but with 

opposite sign (Bz < 0 and By > 0). Under the first hour with intense southward Bz, the 

magnetospheric convection was reinforced, Ey > 0, with the subsequent significant 

entrance of the energy from solar wind to the magnetosphere and partially released as 

a substorm.  

In contrast, the day before the TA there was a moderate storm which resulted in a 

preconditioning of the magnetosphere, which can be noticed, for example, in the 

steady but enhanced flux of relativistic electrons and protons, or in the reinforced 

electron flux in the energy range 50 - 75 keV on 11 January until 12 UT (Reeves et 

al., 1998), that is when the substorm recovery phase began. The scenario for this event 

close to the time of the TA can be described as follows: the magnetosphere was 

strongly stressed for a long time and then, when Bz turned southward, although not 

being so large in magnitude, keeping southward for about one hour, energized the 

magnetosphere and initiated substorm processes. The large asymmetry of the 

magnetosphere results in a deviation of the particle flux injection towards dawn sector 

MLTs, where Telstar was located.  

2. The activity which resulted in the TA is described by the interplanetary conditions 

resulting from the interaction between a high speed stream and the preceding 

magnetic cloud, which caused the geomagnetic storm on 10 January 1997. This 

interaction resulted in a reinforced profile for the magnetic field strength at the trailing 

part of the magnetic cloud (Farrugia et al., 1998) which caused an extraordinarily 

large pressure pulse. Afterwards, an intense but northward IMF persisted for about 12 

hours which limited the energy input to the magnetosphere. Nevertheless, there is a 

large compression of the magnetosphere as both dynamic and magnetic solar wind 

pressure were relevant. This large solar wind pressure affects the spatial configuration 

of the inner magnetosphere and other IMF components aside from Bz start to play a 

major role in the magnetospheric dynamics as explained above.  

3. The relevant solar wind parameter before the anomaly of the Galaxy 15, in the context 

of its operational history, was the dawn-dusk electric field, however in the case of 

Telstar 401 the most important parameters were |By| and dynamic pressure.   

4. The substorm injections may produce ULF waves in the dipolar magnetosphere 

(Borovsky & Yakymenko, 2017). These ULF waves were observed in the event of 

January 1997 but not in the event of 2010. 

 In summary, the Telstar and Galaxy anomalies occurred under particular 

geomagnetic conditions, requiring a very specific combination of events. In both cases the 
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spacecraft crossed the magnetotail during a large substorm activity, and then another 

dipolarization took place at the spacecraft location, indicating that, as previously said by 

Allen (2010) for the Galaxy 15, Telstar was also 'another satellite in the wrong place at a 

critical time'. 

Future work should be dedicated to search for better proxies of geomagnetic conditions than 

Kp or AL as identifiers of potential charging hazards. Considering the results of this paper, 

indices related to day-night asymmetry of magnetic disturbance at mid latitudes will be a 

good starting point, but a wider list of ESD anomalies will be needed for this purpose. 
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Figure 1. Relative location of spacecraft in GSM XY plane (in RE) for the time of (a) Galaxy 

15 anomaly and (b) Telstar 401 anomaly. 
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Figure 2. The GOES magnetic field observations: Bx and Bz GSM components for 5 April 

2010, over 07-11 UT (left) and Bx and Bz GSM components for 11 January 1997, over 08-12 

UT (right). Red vertical line marks the time of each anomaly. 
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Figure 3. Image acquired with the Visible Imaging System (VIS) Earth Camera on board the 

Polar satellite on 11 January 1997 at 10:32:59 UT from the Polar VIS Image Archive at the 

University of Iowa. G8 and G9 (over plot in white) correspond to the foot points of GOES 8 

and GOES 9, respectively. 
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Figure 4. H-component of the magnetic field recorded at BLC and GIM high-latitude stations 

on 10-11 January 1997. Shadowed areas correspond to the intervals with ionospheric current 

enhancements. 
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Figure 5. H-component of the magnetic field recorded at DED and SIT high-latitude stations 

on 5 April 2010 (Doy 95). Shadowed area corresponds to the interval with ionospheric 

current enhancement. 
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Figure 6. Horizontal component of the magnetic field recorded at SPT and FRN mid-latitude 

observatories on 11 January 1997 (left) and 5 April 2010 (right). Shadowed areas correspond 

to those in Figure 4 and Figure 5. 
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Figure 7. Solar wind parameters from ACE satellite during 5 April of 2010 (Doy 95). From 

top to bottom, shown is the interplanetary magnetic field strength and IMF GSM 

components, solar wind speed, proton density and dynamic pressure. The shadowed area 

corresponds to the interval of increased ionospheric currents above DED and SIT shadowed 

in Figure 5 shifted 30 minutes ahead by considering data propagation from ACE. Horizontal 

black dotted lines in Bz and By panels mark the value 0 as reference. 
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Figure 8. Solar wind and IMF from the Wind satellite during 9-11 January 1997. From top to 

bottom, shown is the interplanetary magnetic field strength and IMF GSM components, wind 

flow speed, solar wind density and dynamic pressure. The shadowed areas correspond to the 

intervals of ionospheric currents increased above BLC and GIM shadowed in Figure 4, 90 

minutes ahead by considering solar wind propagation from Wind to the ground. Horizontal 

black dotted lines in Bz and By panels mark the value 0 as reference. 
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Figure 9. Historical solar wind conditions and AL index from 13 October 2005 (when 

Galaxy 15 was launched) to 5 April 2010 at 09:50 UT (date of the Galaxy). From top to 

bottom shown is 5 min dawn-dusk component of interplanetary electric field, dynamic 

pressure, Bz, |By|, as indicative for triggering substorms, and geomagnetic 5 min AL 

index. The horizontal red dashed lines indicate the maximum values on 5 April 2010. 
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Figure 10. Historical solar wind conditions and AL index from 16 December 1993 (when 

Telstar 401 was launched) to 11 January 1997 at 11:15 (date of the Telstar 401 anomaly). 

From top to bottom shown is 5 min dawn-dusk component of interplanetary electric field, 

dynamic pressure, Bz, |By|, as indicative for triggering substorms, and geomagnetic 5 min 

AL index. The horizontal red dashed lines indicate the maximum values from 10 January 

1997 to the anomaly. 
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