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Abstract

The slot region between the radiation belts in the magnetosphere is considered to be stable and safe for satellite missions,

but strong disturbances during space weather events can cause an enhancement of the electron radiation environment in this

area. This paper provides an analysis of the dynamics of electron flux in 1998-2007 with specific attention to slot filling events

and preceded geomagnetic activity. Flux of energetic electrons, with energies E>0.63 MeV, E>1.5 MeV, and E>3 MeV, was

obtained from detectors on board the HEO-3 satellite in highly elliptical orbit. To evaluate geomagnetic conditions, associated

with enhancement of electron flux, all the ‘slot filling events’ were studied together with geomagnetic activity provided by Dst

and Kp global indices as well as with thehourly range indices of geomagnetic variations at mid-latitude. These geomagnetic

indices were used for assessment of a threshold and frequency of occurrence of slot filling events. Regression analysis has been

used to find a relationship between the maximum filling of the slot region due to space weather event and preceding geomagnetic

activity level. Influence of the cumulative time of periods of enhanced geomagnetic activity to the variation of the electron flux

in the slot region has been analysed. Suitability of different indices of geomagnetic activity for estimation of rate of occurrence

of slot filling events and for assessment of electron flux in the slot region is discussed.
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Abstract 12 

The slot region between the radiation belts in the magnetosphere is considered to be stable and 13 

safe for satellite missions, but strong disturbances during space weather events can cause an 14 

enhancement of the electron radiation environment in this area.  This paper provides an analysis 15 

of the dynamics of electron flux in 1998-2007 with specific attention to slot filling events and 16 

preceded geomagnetic activity. Flux of energetic electrons, with energies E>0.63 MeV, E>1.5 17 

MeV, and E>3 MeV, was obtained from detectors on board the HEO-3 satellite in highly elliptical 18 

orbit. To evaluate geomagnetic conditions, associated with enhancement of electron flux, all the 19 

‘slot filling events’ were studied together with geomagnetic activity provided by Dst and Kp global 20 

indices as well as with thehourly range indices of geomagnetic variations at mid-latitude. These 21 

geomagnetic indices were used for assessment of a threshold and frequency of occurrence of slot 22 

filling events. Regression analysis has been used to find a relationship between the maximum 23 

filling of the slot region due to space weather event and preceding geomagnetic activity level. 24 

Influence of the cumulative time of periods of enhanced geomagnetic activity to the variation of 25 

the electron flux in the slot region has been analysed. Suitability of different indices of 26 

geomagnetic activity for estimation of rate of occurrence of slot filling events and for assessment 27 

of electron flux in the slot region is discussed. 28 

1. Introduction 29 

Interest in the radiation environment of the slot region which separates the two electron radiation 30 

belts is motivated by the increasing number of scientific and service satellites with orbits that take 31 

them through this region, for example, Galileo constellation. Traditionally, the radiation 32 

environment in the slot region has been considered to be stable with low level of radiation (Lyons 33 

& Thorne, 1973), which is benign conditions for satellites; but data obtained during recent decades 34 

demonstrate large variability of the electron flux, especially after strong space weather events (see, 35 

e.g. Baker et al., 2004; Kavanagh et al., 2018; Reeves et al., 2016; Turner et al., 2015; Zhao et al., 36 

2016; Zhao & Li, 2013a,b). New data motivated studies and development of models of radiation 37 

environment in the slot region (Sandberg et al., 2014; Sicard-Piet et al., 2014). 38 

Variability of electron flux in the slot region is defined by two time-scales. Filling of the slot by 39 

relativistic electrons after a geomagnetic storm takes several days (usually 2-3 days for E > 1 MeV, 40 

see, e.g. Baker et al., 1994). During these days the electron flux is usually increased by 2-3 orders 41 
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of magnitude compared to pre-storm levels. The subsequent gradual decrease takes from tens to 42 

hundreds of days depending on electrons energy and L-value (Baker et al., 1994; Meredith et al., 43 

2007; Reeves et al., 2016; Ripoll et al., 2015). This long decay of electrons in the slot makes every 44 

slot filling event significant for the average radiation conditions in this region.  45 

Although it is commonly accepted that the dynamics of electron flux in the radiation belts is 46 

defined by a balance between processes of inward radial diffusion, and acceleration and loss 47 

through resonant interaction between electrons and magnetospheric waves, the exact space 48 

weather conditions and mechanisms of the slot filling are still under discussion (see review by 49 

Baker et al., 2018 and references therein). 50 

Relation between large geomagnetic variations and filling of the slot region has been discussed in 51 

numerous studies, e.g. Thorne et al. (2007), Tverskaya (2011). Importance of storm and substorm 52 

geomagnetic activity for the formation of the slot region was pointed out in Tsurutani et al. (2018) 53 

as well as in Falkowski et al. (2017), Meredith et al. (2007), Lazutin and Kozelova (2011), and 54 

Nagai et al. (2006). It is known that the penetration distance of electrons into the slot region has a 55 

correlation with the daily minimum value of Dst (Tverskaya, 2011). On the other side, it is known 56 

that not all strong space weather events are followed by enhancement of electron flux in the slot 57 

region. The analysis of slot filling events in 1995-2003 for 2-6 MeV electrons in Zheng et al.  58 

(2006) and Zhao and Li (2013a) found that of 55 magnetic storms with abs(Dst) exceeding 130 nT 59 

there were only 22 that were followed by injection of electrons into the middle part of the slot 60 

region (L  = 2.5).  61 

The aim of the present study is to analyse slot filling in relation to the level of geomagnetic activity 62 

as given by Dst and other indices. For this purposes, all slot filling events (hereinafter referred to 63 

as SF events), derived with the use of data from  HEO-3 mission in 1998-2007 years (obtained 64 

from the Aerospace Corporation at http://virbo.org/HEO) were analysed together with the 65 

corresponding geomagnetic activity. This data set covers 10 years and, therefore, provides an 66 

opportunity to analyse variability of the slot electron environment for almost an entire solar cycle.  67 

For analysis of geomagnetic conditions preceding each SF event, Dst index, Kp index and the 68 

hourly range indices of geomagnetic activity were utilised. 69 

To detect the SF events, at first their location has been defined as the region inside the slot where 70 

flux is statistically independent from flux in the inner and outer electron belts. Then SF events 71 

http://virbo.org/HEO
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were identified and studied together with the corresponding geomagnetic activity to define the 72 

thresholds for SF events to occur, and their rate of occurrence. 73 

To determine a quantitative relationship between intensification of electron flux in the slot and 74 

preceding geomagnetic disturbances, a regression analysis was performed between geomagnetic 75 

activity and maximum electron flux per event. Long-term variation of the electron flux in the slot 76 

region was analyzed in relation to the cumulative time of periods of enhanced geomagnetic 77 

activity.  78 

An analysis has also been made of the suitability of different indices of geomagnetic activity for 79 

estimation of the rate of occurrence of SF events and for assessment of electron flux in the slot.  80 

The paper is structured as follows. Section 2 describes the electron flux data used for the analysis. 81 

Section 3 provides a statistical description of electron flux in the slot region and justification for 82 

the selection of the range of L-shells which is used for analysis of SF events. Section 4 provides 83 

an example of the dynamics of electrons and associated geomagnetic activity during a strong space 84 

weather event (July 15th -16th, 2000). Sections 5 presents general criteria used for identification of 85 

SF events and the list of events in 1998-2007 based on HEO-3 data. In sections 6-8, thresholds and 86 

rate of occurrence of SF events are determined for each of these global geomagnetic indices 87 

abs(Dst) and Kp, as well as for local hourly range indices at several geomagnetic observatories 88 

with their corresponding L-values close to the L-range for the slot. Section 9 provides results of 89 

the regression analysis of the relationship between enhanced values of the electron flux in the slot 90 

region and preceding geomagnetic activity. Relation between the cumulative time of enhanced 91 

geomagnetic activity  and variability of electron fluxes is discussed in Section 10. Results are 92 

summarised in Section 11. 93 

2. Electron flux data used for the analysis 94 

The energetic electron data which have been analysed here were recorded in a highly elliptical 95 

orbit by the HEO-3 mission in 1998-2007. Data from HEO-3 detectors in the E > 0.63 MeV, E > 96 

1.5 MeV, and E > 3 MeV energy bands are available as 15-second averages and binned by the 97 

Roederer invariant magnetic coordinate L (sometimes cited as L*) (Roederer, 1970; Roederer and 98 

Lejosne, 2018).  99 
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Orbital period of the HEO satellite is close to 12 hours, orbit’s apogee ~ 40,000 km and perigee ~ 100 

1000 km with orbit inclination of about 63°. This orbit covers L values in the range 1.8-8.0, 101 

extending from the outer edge of the inner electron belt, through the slot region and the outer 102 

electron belt. There are two orbits per day; for consistency and to minimize the discrepancies in 103 

fluxes which might be caused by the differences between even and odd orbits, the data from the 104 

outbound segment of the even orbit (i.e. one segment per day) were used in the analysis.  105 

The electron flux in the energy channel E > 3 MeV for the total duration under study, i.e. 1998-106 

2007, obtained from HEO-3 is presented in Figure 1. As can be seen, the segment of the orbit used 107 

in this study provides electron flux for the outer edge of the inner electron belt close to L=1.8-2.0, 108 

for the slot region (with minimum value of the electron flux) at L=2.0-3.0 and for the most of the 109 

outer radiation belt with L in the range L=3.0 - 6.5. Green color on this plot corresponds to flux 110 

values less than 50 cm-2 s-1 sr -1. The inner boundary of the “green zone” is almost constant, at 111 

L=2.0-2.2, and the outer boundary of the “green zone” varies in the range from L=2.5 to L=3.5.  112 

 113 

Figure 1. Electron flux E > 3 MeV measured on HEO orbit (upper panel),  114 

Kp index (bottom panel), 1998-2007. 115 

Usual position of the slot region is assumed to be located roughly between L ~ 2 and L ~ 3, 116 

depending on energy (Baker et al., 2018). However, Figure 1 shows that this region exhibits large 117 

variability of the electron flux. Thus, in the period 1998-2007 this region has been filled several 118 

times by energetic electrons with increases of the electron flux by several orders of magnitude. 119 
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These times are usually related to increases of geomagnetic activity (see Kp index plot, Figure 1, 120 

bottom panel). 121 

3. Statistical variability of electron flux along the HEO-3 orbit 122 

The whole period of 1998-2007 years has been used for derivation of the general statistical 123 

parameters for each electron energy band in the region L=1.5-5.0. Figure 2 provides the basic 124 

statistics for the electron flux. Statistics include mean (dash green curve), median (brown curve), 125 

95 percentile (red), and 99 percentile (blue). The large variability of the flux between the external 126 

boundary of the inner radiation belt at L~2.0 and the internal boundary of the outer radiation belt 127 

with L~3.0 (shaded gray area) is clearly seen as 2.5-3 orders of magnitude difference between 128 

median (50%, brown) and 99% (blue) curves.  129 

 130 

Figure 2. Percentiles of electron fluxes in the electron belts and the slot in 1998-2007, a) E > 0.63 131 
MeV, b) E > 1.5 MeV, c) E > 3 MeV. Blue line – 99th percentile curve, red – 95th percentile curve, 132 

green – mean curve, brown – median curve.  133 

The median electron flux curve (50% percentile) can be considered as a quiet time curve. The 134 

centre of the slot at the quiet (median) curve is located close to L=2.75 for electrons with energy 135 

> 0.63 MeV, and close to L=2.5 for E > 1.5 MeV and E > 3 MeV. The mean and larger percentile 136 

curves (95th and 99th) have the centre (i.e. location of the minimal values of electron flux) shifted 137 

to L below 2.5 for E >0.63 MeV and to L below 2.2 for E >1.5 MeV and E > 3 MeV with respect 138 

to the corresponding median curve. 139 

To clearly define an area in the slot region which can be used for study of SF events, the influence 140 

of the inner and outer electron belts on the flux inside the area L=2.0-3.8 has been evaluated for 141 

two periods of time, for an active year 1998 with several strong magnetic storms, and for a quiet 142 

period, corresponding to the first half of year 2006. This has been done by the estimation of 143 

correlations of the flux for L-bins inside 2.2 < L < 3.8, L=0.2, with each of: the electron flux in 144 
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the inner electron belt (L=1.8-2.0) and in the outer electron belt (L=3.8-4.0). The results obtained 145 

are shown in Figure 3, where the red curve represents correlation with the inner belt and the green 146 

curve represents correlation with the outer belt. It can be concluded that during the active year 147 

1998 (Figure 3a,b,c), the effect from the inner electron belt (green curves) is significant up to L 148 

values 2.2, with correlation coefficients higher than 0.45 in all three energy bands. Impact from 149 

the outer electron belts (red curves) is significant for L > 2.8 in E > 0.63 MeV and E > 1.5 MeV 150 

energy bands with correlation coefficients higher than 0.55, and for L > 2.9 in E > 3 MeV with 151 

correlation coefficients higher than 0.5.  152 

 153 

Figure 3. Correlation of electron flux in the slot and electron flux in the inner electron belt (green 154 

line) and the outer electron belt (red line). Left panels (a,d) for E >0.63 MeV, central panels (b, e) 155 
for E > 1.5 MeV, right panels (c, f) for E > 3 MeV. Upper panel (a,b,c) for an active period (year 156 
1998); bottom panels (d,e,f) for a quiet period (first half of year 2006). Shadow area demonstrates 157 
that all the correlation curves are below 0.6 inside L=2.2-2.8. 158 

For the quiet interval in 2006 (panels d,e,f on Figure 3), correlation coefficients with the inner 159 

electron belt L are higher than 0.55 for L < 2.2 in all three energy channels, similar to an active 160 

year, but the influence of the outer electron belt does not propagate so deep, the correlation 161 

coefficient exceeds 0.5 for L > 2.9 in energy band E > 0.63 MeV and for L > 3.1-3.2 in energy 162 

bands E > 1.5 MeV and E > 3 MeV. 163 
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Thus, further analysis has been made for the interval L=2.2-2.8, where influence of both inner and 164 

outer electron belts are not statistically significant (which is demonstrated by the shadow area on 165 

Figure 4, a-d, with correlation below 0.6), and where the minima of median and mean are located 166 

(see Figure 2), making this interval representative for the dynamics of electron flux in the slot 167 

region.  168 

Statistical distribution of the electron flux in the slot region is presented in Figure 4 where 169 

histograms are plotted for the daily values (averaged in the interval L=2.2-2.8) during an active 170 

(2003) and a quiet (2007) years for E >1.5 MeV. Histogram for the daily values of electron flux in 171 

the slot in 2003 have a long-tail distribution with the largest value achieving  7.7104 cm-2s-1 sr-1 172 

(Figure 4a) while the daily values of electron flux during quiet year 2007 (Figure 4b) are inside 173 

the range 25-95 cm-2s1sr-1 (this range is less than one bin on Figure 4a). All the statistical values 174 

for these two years are provided in Table 1 and demonstrate several orders of magnitude difference 175 

between quiet and active years in all three energy channels.  176 

 177 

Figure 4. Histograms of the daily mean value of the electron flux E > 1.5 MeV in the slot region, 178 
L=2.2-2.8, for an active year (2003, left panel, bin size 100 cm-2s-1 sr-1) and for a quiet year (2007, 179 
right panel, bin size 5 cm-2s-1 sr-1 ) 180 

 181 

Table 1. 182 

Statistics of the Electron Flux in the Range L=2.2-2.8 for an Active Year (2003) and a Quiet Year 183 

(2007) 184 

 E > 0.63 MeV, E > 1.5 MeV E > 3 MeV, 
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(cm-2s-1 sr-1) (cm-2s-1 sr-1) (cm-2s-1 sr-1) 

Year 2003 2007 2003 2007 2003 2007 

Median 1550 1025 167 31 78 13 

Mean 5110 1135 2200 38 550 20 

St. dev 11700 360 9300 15 2060 17 

Max 74400 2800 76600 94 14945 80 

4. Dynamics of slot electron flux and geomagnetic activity 185 

Typical scenario of filling of the slot region can be illustrated by a strong space weather event on 186 

July, 15-16th 2000. Figure 5 shows the penetration of electrons E > 3 MeV into the slot region 187 

during this event. The left panel represents the overall dynamics of electrons from June to August 188 

2000 which clearly demonstrates the injection of electrons into the slot region in the middle of 189 

July. The right panel of Figure 5 shows the daily variations of electrons with L-value for the days, 190 

July 14-22, 2000. Green curve for July 14th corresponds to quiet conditions preceding this SF event 191 

with peak values at L ~ 1.9 and L ~ 3.3 related to pre-event location of the inner and outer electron 192 

belts. Strong geomagnetic variations on July 15th were followed by a sharp decrease of the electron 193 

flux across all L-values (yellow curve, July 15th) and subsequent growth of the flux at the new 194 

location around L ~ 2.7-2.8 (yellow curve on July 17th). Maximum filling of the slot region was 195 

achieved on July 19th (red curve), which was followed by attenuation of the flux inside the slot 196 

region and recovering of the outer electron belt, shown by the curve for July 22nd (brown) which 197 

has two local maxima, one close to L~2.9 and another at L~3.8. 198 
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 199 

 Figure 5. Dynamics of the electron flux preceding, during, and after space weather event on 200 

July,15-16, 2000, E > 3 MeV; a) electron flux during three months, June - August 2000; b) daily 201 
curves of the electron flux for 14-22 July, 2000. 202 

 203 

Dynamics of daily mean electron flux in the interval L=2.2-2.8 for this event together with 204 

variations of several geomagnetic indices are presented on Figure 6, covering the period July 8 to 205 

August 7, 2000 (days of the year 190-220). On Figure 6a, the red curve provides electron flux for 206 

E > 0.63 MeV, green curve for E > 1.5 MeV and blue curve for E > 3 MeV. Daily values of 207 

geomagnetic indices are plotted on panels below, maximum daily value of abs(Dst) on Figure 6b 208 

and daily maximum of Kp index on 6c.  209 

Figures 6b-6c demonstrate that, during the space weather event, the largest disturbances in the 210 

geomagnetic field were recorded on days 197-198 (15-16 July). Kp index reached a value of 9 and 211 

Dst index dropped to –289 nT on day 197 and to –301 nT on day 198. Figure 6a shows that filling 212 

of the slot region (sharp increase of the electron flux in L=2.2-2.8) starts on day 198 (16th of July), 213 

and the flux achieves its maximum on days 200-201 (18 – 19 July), four days after the magnetic 214 

storm starts. For the event considered the electron flux increased by 55 times for E > 0.63 MeV, 215 

by 136 times for E > 1.5 MeV and by 9 times for E > 3 MeV. After the peak, the electron flux  216 

declines for the next 20 days but did not return to pre-event conditions because of the new event 217 

on 12th of August 2000 (seen in the left panel of Figure 5). 218 



manuscript submitted to Space Weather 

 

 219 

Figure 6. Electron flux in the slot and geomagnetic variations during 18 July – 7 August, 2000 220 
(days of the year: 190-220); a) daily mean electron flux in the region L=2.2-2.8 in E > 0.63 MeV 221 
(red),  E >1.5 MeV (green), E > 3 MeV (blue); b) daily maximum value of abs(Dst); c) daily 222 
maximum value of Kp. 223 

 224 
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5. List of SF events and related geomagnetic activity 225 

For the complete analysis of SF events, all the cases when the daily mean value of the electron 226 

flux in the region L= 2.2-2.8 increased at least twice comparing to pre-storm conditions were 227 

analysed together with preceding geomagnetic disturbances. The following criteria were applied: 228 

pre-storm electron flux is defined as the maximum during 3 days preceding the magnetic storm, 229 

and post-storm flux is defined as a maximum during 7 days after the storm. This approach is similar 230 

to the approach suggested by Reeves et al. (2003) for analysis of the response of the outer electron 231 

belt to geomagnetic storms. If the post-storm electron flux in the slot region achieved values at 232 

least twice as large as pre-storm flux, this event has been considered a ‘slot filling event’. A short 233 

dropout of the electron flux in the slot which is usually observed at the beginning of the magnetic 234 

storm (see, e.g. Onsager et al., 2002) was ignored and the peak value of the electron flux which is 235 

achieved several days after (usually 3-4 days) was considered. 236 

Table 2 presents all SF events (35), identified for the years 1998-2007 for each energy channel, 237 

where ‘1’ denotes the slot event, ‘0’ corresponds to ‘no event’. The day with the maximum value 238 

of abs(Dst) per event is defined as the day of the event in the table. Kp index in the table 239 

corresponds to its maximum value per event, even if it is related to day other than the abs(Dst) 240 

maximum. When two events happen very close each other, for example, two magnetic storms 241 

which occurred on 29 and 30 October 2003, the flux before the first event is compared with the 242 

flux after the second event. In the table the day with the largest abs(Dst) among both is provided. 243 

Overall, in 1998-2007, the SF events were identified 34 times in energy channel E > 0.63 MeV, 25 244 

times in E > 1.5 MeV, and 19 times in E > 3 MeV. Only 18 of these events were recorded 245 

simultaneously in all three energy channels. 246 

It was concluded in many studies that SF events are more often identified in lower energies (see, 247 

e.g. Zhao and Li, 2013b). Thus, analysis of SF events in year 2013 (Reeves et al., 2016), notes 248 

several events for electrons with energy ≤ 459 keV, while for the same period, there were no SF 249 

events for electrons E > 1.5 MeV. Table 2 demonstrates as well that almost all SF events which 250 

are identified in higher energy channels are also seen in lower energy channels, with the exception 251 

of event  # 19 (May 23, 2002). During this event, the electron flux for E > 3 MeV doubled 252 

compared to the day before the event, but the increasing of electrons in the two other channels was 253 

not sufficient to pass our conditions (about 7% increase for E > 0.63 MeV and about 40% in for E 254 
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> 1.5 MeV comparing to pre-event conditions), thus it is denoted as ‘no event’ in Table 2. Two of 255 

events in Table 2 (denoted as *) were followed by a decrease of the electron flux for E > 3 MeV 256 

in the slot region. These events are discussed in the next section. 257 

Table 2. List of slot filling events. ‘1’ denotes the slot filling event; ‘0’ – no event 258 

 Year Day of 

the 

year 

Date  Kp Abs(Dst), 

nT 

E > 0.63 

MeV 

E > 1.5 

MeV 

E > 3 

MeV 

1 1998 124 May 4 9- 205 1 1 1 

2 1998 218 Aug 6 7+ 138 1 0 0 

3 1998 239 Aug 27 8 155 1 1 0 

4 1998 268 Sep 25 8+ 207 1 1 1 

5 1998 312 Nov 8 8- 149 1 1 0 

6 1999 295 Oct 22 8 237 1 1 0 

7 2000 97-98 Apr 6-7 9- 288 1 1 1 

8 2000 198 July 16 9 301 1 1 1 

9 2000 225 Aug 12 8- 235 1 1 1 

10 2000 279 Oct 5 8- 182 1 1 1 

11 2000 311 Nov 6 7 159 1 1 1 

12 2001 90 Mar 31 9- 387 1 1 1 

13 2001 101 Apr 11 8+ 271 1 0 0 

14 2001 276 Oct 3 7 166 1 1 1 

15 2001 294 Oct 21 8- 187 1 1 1 

16 2001 310 Nov 6 9- 292 1 1 0 

17 2001 328 Nov 24 8+ 221 1 1 1  
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18 2002 110 Apr 20 7+ 149 1 1 0 

19 2002 143 May 23 8+ 109 0 0 1 

20 2002 251 Sep 8 7+ 181 1 0 0 

21 2002 274 Oct 1 7+ 176 1 1 0 

22 2003 149 May 29 8+ 144 1 1 1 

23 2003 169 Jun 18 7- 141 1 0 0 

24 2003 230 Aug 18 7+ 148 1 1 1 

25 2003 303 Oct 30 9 383 1 1 1 

26 2003 324 Nov 20 9- 422 1 0 0 (*) 

27 2004 22 Jan 22 7 130 1 0 0 

28 2004 209 Jul 27 9- 170 1 1 1 

29 2004 313 Nov 8 9- 374 1 1 1 

30 2005 22 Jan 22 8 97 1 0 0 

31 2005 128 May 8 8+ 110 1 0 0 

32 2005 135 May 15 8+ 247 1 1 0 (*) 

33 2005 236 Aug 24 9- 184 1 1 1 

34 2005 254 Sep 11 8- 139 1 1 1 

35 2006 104 Apr 14 7 98 1 0 0 

Note. (*) denotes decrease of the electron flux in the slot after the event. 1Date of the storm 259 

corresponds to the maximum value of abs(Dst) during the event. 260 

6. SF events and Dst index 261 

Correspondence between variations of the electron flux in the outer radiation belt and the Dst index 262 

has been identified in a number of investigations, with the most popular formula for evaluation of 263 

the position of the outer belt maximum (Tverskaya, 2011). Thus, as SF events are associated with 264 
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strong space weather events, with the inward movement of the outer radiation belt and high 265 

relativistic electrons at the outer edge of the slot region which are related to Dst index (see, e.g. 266 

Baker, 2018), the statistical analysis of both of them, i.e. space weather events as characterised by 267 

Dst, and SF events as characterised by flux of electrons has been accomplished as follows. 268 

From Table 2, it can be inferred that none of the SF events happened while the absolute Dst value 269 

was less than 95 nT. The total number of space weather events in 1998-2007 with the abs(Dst)  270 

95 nT was 71. Approximately half of them (35) were followed by SF events. Rate of occurrence 271 

for SF events associated with different values of abs(Dst) is presented in Figure 7.  272 

Figure 7a provides the number of occurrence of SF events. The grey columns correspond to 273 

number of all space weather events when the maximum value of abs(Dst) for event was in a given 274 

bin, bin size is 20 nT. The green, orange and red columns represent number of SF events 275 

determined in a given bin for 0.63 MeV, 1.5 MeV, and 3 MeV correspondingly. Figure 7b provides 276 

the relative rate of occurrence of SF events and demonstrate overall increase of the rate of 277 

occurrence with increase of abs(Dst). 278 

Only a few magnetic storms with 95nT < abs(Dst) < 140 nT were followed by SF events, i.e. six 279 

for E > 0.63 MeV, one for E > 1.5 MeV and two for E > 3 MeV. Among the 12 space weather 280 

events with abs(Dst) between 140 nT and 180 nT, filling of the slot was detected 10 times for 281 

electrons E > 0.63 MeV, 9 times  for E > 1.5 MeV and 4 times for E > 3 MeV. Space weather 282 

events with abs(Dst) > 180 nT significantly affect the slot region. All of these 18 events caused 283 

enhancement of the electron flux in the slot in E > 0.63 MeV (100% rate of occurrence), 15 of 284 

them caused SF events in electrons E >1.5 MeV (83%) and 12 for electrons E > 3 MeV (67 %).  285 

Two of these magnetic storms were followed by a decrease of the previously enhanced electron 286 

flux in the slot region for E > 3 MeV (denoted by ‘star’ in Table 2). The first case was recorded 287 

after the magnetic storm on November 20th 2003 (# 26, Table 1), with Dst = -422 nT, when E > 3 288 

MeV electron flux sharply decreased by more than order of magnitude. This magnetic storm 289 

happened very soon after the Halloween storm (October 2003 #25, Table 2). The electron flux in 290 

the slot region remained very high after the Halloween storm, and, most likely, the dynamics of 291 

electrons in the slot region and in the outer radiation belt was under the influence of recovery 292 

processes after the previous magnetic storm. The exceptional dynamics of electrons on November, 293 

20th, 2003 was also examined by Tverskaya et al., 2011, based on data from CORONAS-F satellite 294 
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at LEO. She pointed out that the November 20, 2003 magnetic storm caused injection of electrons 295 

with energies 0.6-1.5 MeV into the slot, but fluxes of electrons with higher energy decreased by 296 

more than two orders of magnitude.  297 

 298 

 299 

Figure 7. Number of occurrence of SF events for different values of abs(Dst), bin size 20 nT.  300 

a) Grey columns height is the number of magnetic storms with abs(dst) maximum in a given bin. 301 
Colour columns correspond to the number of SF events in a given bin, green for E>0.63 MeV; 302 
orange – for E > 1.5 MeV; red – for E>3 MeV. Stars symbols (*) denote special events when the 303 
electron flux E > 3 MeV decreased after the space weather event; b) Relative rate of occurrence of 304 
SF events in a given bin of abs(Dst). 305 

The second case in Table 2 of a decrease of the flux of electrons with E > 3 MeV happened 306 

following the May 15, 2005 magnetic storm, with Dst = -247 nT (event #32, Table 2). This event 307 
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was also identified in previous studies, for example, in Tverskaya et al. (2007), who described it 308 

as “the devastation of the outer belt on May 15, 2005”. These two events demonstrate that in some 309 

cases, as it was supposed by Reeves et al. (2003),  combination of loss and acceleration processes, 310 

both enhanced during strong magnetic storm, can lead to decrease of electron flux.  311 

7. SF events and Kp index 312 

One of the most popular global indices of geomagnetic activity is Kp, used not only for the 313 

monitoring and forecast of general space weather conditions, but also in evaluation and forecast 314 

of the electron belt dynamics, including the slot region (Borovsky and Spritz, 2017; Glauert et al., 315 

2018 and references therein). Representing the magnetic variations in mid- and sub- auroral 316 

latitudes (Mayaud, 1980, and Thomsen, 2004), this index should better account for the effects of 317 

not only large CME-driven geomagnetic storms, but also for the effects of the high speed solar 318 

wind streams, associated with co-rotating interaction region, with their tendency to produce 319 

enhancements of the high energy electrons (Lam et al., 2012). 320 

As follows from the list of events in Table 2, almost all SF events are associated with Kp 7. Only 321 

during event #23, June 18, 2003, Kp index was just below 7 (7-). As the geomagnetic disturbance 322 

was relatively weak, this event was noticed only in the lowest energy channel (E > 0.63 MeV).  323 

 324 

Figure 8.  Relative rate of occurrence of SF events for different Kp values, green bars for E>0.63 325 

MeV, orange – for E > 1.5 MeV, and red for E>3 MeV.  326 

Figure 8 provides rate of occurrence of SF events for different values of the Kp index, where Kp 327 

is taken as the maximum value per preceding geomagnetic storm. Green, orange and red bars 328 

correspond to the occurrences of SF events for electrons in E > 0.63 MeV, E > 1.5 MeV, and E > 329 
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3 MeV respectively. For electrons with E > 0.63 MeV the rate of occurrence gradually increases 330 

with increasing Kp, achieving 100% at Kp=9-. For higher energy electrons, Figure 8 shows the 331 

increase of the rate of occurrence with increase of Kp , achieving 100% for all energies at Kp=9.  332 

8. SF events and hourly range geomagnetic indices  333 

To provide a more detailed description of the geomagnetic variations, data from several 334 

geomagnetic observatories were chosen for further analysis. These selected observatories are 335 

involved in the definition of Kp index. They are Fredericksburg (FRD), L 2.34, Ottawa (OTT), 336 

L  3.19 and Meanook (MEA), L  4.56. L-coordinates for these observatories were calculated for 337 

epoch 2000 with use of the NASA online tool https://omniweb.gsfc.nasa.gov/vitmo/cgm.html 338 

which, in turn, is based on the method of Tsyganenko et al. (1987). Geomagnetic coordinates for 339 

Ottawa and Fredericksburg observatories are close to the L-coordinates defined for the slot. 340 

The 1-min geomagnetic data from the observatories were used to calculate an hourly range index 341 

(i.e. difference between maximum and minimum values in one hour, maximum between two 342 

horizontal components). This index is not influenced by quiet day variations and provides an index 343 

that better represents the space-weather related variability of geomagnetic field at the relevant 344 

latitudes (L-shells) (Hruska and Coles, 1987).  345 

Similar to Dst and Kp, the occurrence rates of SF events for the whole period 1998-2007, are 346 

presented on Figure 9 (a-c) for each of these observatories. Green columns provide the occurrence 347 

of SF events for electrons with E > 0.63 MeV, orange ones are for electrons with E > 1.5 MeV, and 348 

red ones for electrons with E > 3 MeV, bin size is 100 nT in HR_OBS (i.e. for any observatory).  349 

 350 

Figure 9. Rate of occurrence of SF events depending on geomagnetic activity at Fredericksburg 351 

(a), Ottawa (b) and Meanook (c), bin size 100nT; E>0.63 MeV (green); E > 1.5 MeV (orange); 352 

E>3 MeV (red). 353 

https://omniweb.gsfc.nasa.gov/vitmo/cgm.html
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Rate of occurrence for SF events is plotted on Figure 9, a) for FRD, b) for OTT, and c) for MEA. 354 

At first, it has been found that the thresholds for SF events are associated with the hourly range 355 

indices exceeding 100 nT in FRD, 200 nT in OTT, and 700 nT in MEA.  356 

The rate of occurrence increases with increasing of magnetic activity for all the observatories. Best 357 

correspondence between geomagnetic activity and SF events is povided by hourly range index 358 

based on data from FRD observatory (Figure 9a). Thus, all the geomagentic storms when HR_FRD 359 

exceeded 300 nT were followed by SF events in E >0.63 MeV and E > 1.5 MeV, and starting with 360 

the geomagnetic hourly range 400 nT, i.e. for HR_FRD > 400 nT, SF events were identified in all 361 

three energy channels with 100% rate of occurrence. In regards to hourly range index based on 362 

Ottawa geomagnetic data (Figure 9b), it can be concluded that HR_OTT > 700 nT provides 100% 363 

rate of occurrence of SF events in E > 0.63 MeV, and E>1.5 MeV, and HR_OTT > 1200 nT 364 

provides 100% rate of occurrence of SF events in all three energy channels.  365 

Correspondance of the geomagnetic activity in Meanook to the SF events (Figure 9c) does not 366 

show same general trend, as with FRD and OTT. The expected is the increase in rate of occurrence 367 

at higher energy channels with the increase of the geomagnetic activity, while for MEA it does not 368 

always the case.  100% rate of occurrence in all three energy channels is achieved only for high 369 

values of geomagnetic variations, when HR_MEA exceeded 2000 nT. 370 

 371 

9. Maximum electron flux in the slot during SF event with relation to geomagnetic 372 

activity 373 

In this section, the maximum value of the electron flux per SF event is compared with the 374 

corresponding geomagnetic activity to find a relationship between these two parameters. For this, 375 

the geomagnetic activity was represented in two ways: first, by the maximum value of the 376 

geomagnetic indices per magnetic storm, such as maximum value of (abs(Dst)) and maximum 377 

value of (HR_OBS), and second, by the average geomagnetic activity, calculated with use of the 378 

geomagnetic variations during two days of the magnetic storm <abs(Dst)> and <HR_OBS>. 379 

The regression analysis was performed for events identified in Table 2  between the maximum of 380 

the electron flux per SF event and the preceding geomagnetic activity(with exception of events 381 

#20 and #30 in E>0.63 MeV due to data gaps). A power law relationships have been assumed for 382 
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the electron flux in E >0.63 MeV and E > 1.5 MeV and an exponential relationship has been 383 

assumed for E > 3 MeV. Comparison of the correlation coefficients (see Table 3) demonstrates 384 

that use of 2 days average geomagnetic activity preceding SF event provides a more statistically 385 

significant regression model than the use of a maximum of the geomagnetic variations.  386 

Table 3. 387 

Correlation coefficients for the regression between the maximum electron flux per SF event and 388 

corresponding geomagnetic activity. 389 

Energy band Correlation with 

Dst 

Correlation 

 with HR_MEA  

Correlation  

with HR_FRD 

Correlation 

with HR_OTT 

 Max 2 days 

average 

Max 2 days 

average 

Max 2 days 

average 

Max 2 days 

average 

E > 0.63 MeV 0.57 0.60 0.42 0.63 0.65 0.74 0.71 0.81 

E > 1.5 MeV 0.63 0.66 0.26 0.54 0.67 0.83 0.58 0.83 

E > 3 MeV 0.65 0.69 0.26 0.66 0.5 0.74 0.63 0.89 

Examples of regression models derived with use of two days average of abs(Dst), HR_OTT and 390 

HR_FRD  are plotted on Figure 10 where red circles correspond to SF events and the dash blue 391 

line represents the regression line. The regression coefficients for these models with use of two 392 

days average <HR_FRD>, <HR_OTT>, <HR_MEA> and <abs(Dst)> are provided in Table 4.  393 
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 394 

Figure 10. Regression curves (blue dash lines) between the maximum electron flux for each SF 395 
event (red circles) and average geomagnetic activity: with <abs(Dst)> (a,d,g); with <HR_FRD> 396 
b,e,h); with <HR_OTT> (c,f,g). Top panels (a,b,c) for E > 0.63 MeV, middle panels (d,e,f,) for E 397 

> 1.5 MeV, bottom panels (g,h,i) for E > 3 MeV. 398 
  399 
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Table 4. 400 

Regression coefficients for relationship between the maximum electron flux in the slot and 2 day  401 

average of  geomagnetic indices.  402 

Energy band E > 0.63 MeV E > 1.5 MeV E > 3 MeV 

Model 𝑙𝑛(𝐹)~𝑎 +𝑏 ∗ 𝑙𝑛(< 𝐻𝑅_𝑂𝐵𝑆 >) 𝑙𝑛(𝐹)~𝑎 +𝑏 ∗< 𝐻𝑅_𝑂𝐵𝑆 > 

 corr a b corr a b corr a b 

HR_FRD 0.74 1.1 2.3 0.83 -8.8 4.1 0.74 2.7 0.056 

HR_OTT 0.81 0.6 2.0 0.83 -9.9 3.6 0.89 2.6 0.025 

HR_MEA 0.63 -1.5 2.0 0.54 -9.9 3.1 0.66 2.2 0.013 

Model 𝑙𝑛(𝐹)~𝑎 +𝑏∗ 𝑙𝑛(< 𝑎𝑏𝑠(𝐷𝑠𝑡) >) 𝑙𝑛(𝐹)~𝑎 +𝑏 ∗< 𝑎𝑏𝑠(𝐷𝑠𝑡) > 

 corr a b corr a b corr a b 

Dst 0.60 0.84 2.0 0.66 -11.0 4.1 0.69 2.24 0.038 

 403 

As follows from Table 4, in terms of the local hourly range indices, the correlation coefficients are 404 

better with the indices obtained from stations with approximate locations corresponding to the L-405 

coordinates of the slot. Fredericksburg observatory has a proper location, with L coordinate inside 406 

the slot region, and the electron flux demonstrates good correlation 0.74-0.83 with hourly range 407 

index obtained with the data from this observatory. Position of Ottawa observatory at the inner 408 

edge of the outer belt makes it good for the description of the dynamics of this inner part of outer 409 

radiation belt during the SF events. As a result, the electron flux in the slot region demonstrates 410 

good correlation with index, based on data from Ottawa observatory, ranging 0.81-0.89. The 411 

correlation with Meanook data and with Dst index is less, in the range 0.54-0.66 for HR_MEA and 412 

0.60-0.69 for Dst. Meanook is at a higher latitude, so is on larger L-shell and, therefore, is less 413 

related to the slot region content. At the same time, the Dst index is associated with ring current 414 

intensification and is less sensitive to the auroral electrojets, while the strong geomagnetic storms 415 

are a combination of these two current systems.  416 

It can be concluded that the geomagnetic activity indices based on the data from two observatories, 417 

Ottawa and Fredericksburg, can be used in the assessment of the maximum electron flux in the 418 

slot region during SF event. 419 
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10. Cumulative time of enhanced geomagnetic activity  and long-term variation of the 420 

electron flux in the slot region. 421 

The dynamics of electron flux in the slot region is defined by two time-scales. Short-term, lasting 422 

several days, penetration of electrons into the slot region and the subsequent long-term attenuation 423 

of the electron flux which can be interrupted by the next magnetic storm. As a result, long-term 424 

average value of electron flux in the slot region and its variation is impacted not only by intensity 425 

of each single magnetic storm, but as well by the total number of strong magnetic storms during a 426 

certain period of time.  427 

To illustrate the impact from cumulative time of enhanced geomagnetic activity on the electron 428 

flux, Figure 11 presents the monthly average electron flux in the slot region during years 1998-429 

2007 together with the monthly cumulative time when geomagnetic activity exceeded a certain 430 

threshold.  431 

 432 

Figure 11. Monthly average electron flux with a) the number of 3-hour intervals when Kp ≥ 7 433 
during one month, b) with the number of hours when HR_FRD > 100 nT during one month.  434 

Red, green and blue curves provide the monthly average electron flux for E > 0.63 MeV, E > 1.5 435 

MeV and E > 3 MeV respectively.  436 

Brown bars represent the cumulative time of enhanced geomagnetic activity. On Figure 11a brown 437 

bars correspond to the cumulative time during one month when Kp  was ≥ 7  (total number of 3-438 

hour intervals) and on Figure 11b brown bars represent the cumulative number of hours during 439 

one month when HR_FRD exceeded 100 nT. These thresholds for SF events with respect to Kp 440 

and HR_FRD are the same as determined in Sections 7 and 8. On both plots (Figure 11 a,b) a sharp 441 

increase of geomagnetic activity is often closely followed by a sharp increase of the electron flux, 442 
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with subsequent attenuation of the flux seen over several months after the event, until the next 443 

increase of geomagnetic activity.  444 

Decay time of the electron flux in the slot region depends on the energy band and can vary from 445 

tens to hundreds of days. Thus, as estimated in Ripoll et al., 2015, based on HEO-3 data, the mean 446 

life time for electrons at L=2.5 is about 1 month for the 0.63 MeV energy band, about 3 months 447 

for 1.5 MeV electrons, and close to 6 months for 3 MeV electrons.  448 

Combined effect of these two processes, the relatively quick increase of the electron flux after 449 

space weather events and long decay result in the substantial similarity of the large periods (several 450 

months) variation of the electron flux with the cumulative time of enhanced geomagnetic activity. 451 

This is illustrated by Figure 12, which shows variations of the six months average electron flux in 452 

the slot region together with the cumulative time of enhanced geomagnetic activity. Cumulative 453 

time of enhanced geomagnetic activity is represented by browns bars, which are, similar to Figure 454 

11, the total for six months number of intervals when Kp index was ≥ 7  (Figure 12 a) and the total 455 

for six months number of hours when HR_FRD exceeded 100 nT (Figure 12b).  456 

 457 

Figure 12. 6 month average of the electron flux with the number of 3-hour intervals when 458 
Kp>=7 (a), and with the number of hours when HR_FRD over 100 nT (b). 459 

Correlation between the cumulative time of enhanced geomagnetic activity and six month average 460 

of the electron flux in the slot region is shown in Table 5, for all the considered geomagnetic 461 

indices. The cumulative time of enhanced geomagnetic activity was defined as a number of 462 

intervals (3-hour intervals for Kp and hourly intervals for Dst and HR_OBS) above a threshold. 463 

The thresholds for each geomagnetic index correspond to the thresholds for SF events determined 464 
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in Sections 6-9, namely Kp ≥ 7, HR_FRD  > 100 nT, HR_OTT > 200 nT, HR_MEA > 700 nT, and 465 

abs(Dst) > 95 nT.  466 

Table 5.  467 

Correlation between six months average of the electron flux in the slot and the cumulative duration 468 

of enhanced geomagnetic activity (above a threshold) 469 

 470 

 Threshold  E > 0.63 MeV E > 1.5 MeV E > 3 MeV 

Kp >=7 0.63 0.89 0.87 

HR_FRD >100 nT 0.67 0.89 0.87 

HR_OTT >200 nT 0.72 0.87 0.83 

HR_MEA > 700 nT 0.61 0.79 0.79 

Abs(Dst) > 95 nT 0.62 0.72 0.6 

 471 

From Table 5 it can be concluded that correlation between long-term variations of the electron flux 472 

in the slot and geomagnetic activity is greater than 0.6 in all magnetic indices. The correlation 473 

coefficients for E >1.5 MeV and E> 3 MeV are higher than for E > 0.63 MeV indices, due to the 474 

time scale of attenuation of the electron flux in this energies which is close to the averaging period 475 

of six months.  476 

The best correlation is demonstrated with the Kp index and magnetic data from Ottawa and 477 

Fredericksburg observatories. These results are in agreement with the conclusions obtained in 478 

previous sections where it was shown that data from geomagnetic observatories with L-coordinates 479 

close to the slot region provides better agreement with the electron flux in the slot. Here Kp index 480 

was added to regression analysis and demonstrates as well good agreements with electron flux in 481 

the slot, as it is mostly based on data from observatories with L-coordinates close to the L-range 482 

of the slot region.   483 
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11. Summary  484 

Radiation environment in the slot region between the two electron belts was studied using data 485 

from the HEO-3 mission in 1998-2007. Analysis of the slot filling events and the associated 486 

geomagnetic disturbances was made for the electron flux in three energy channels, E > 0.63 MeV, 487 

E > 1.5 MeV, and E > 3 MeV. 488 

Slot filling events were defined as those times when the slot region was filled by energetic electrons 489 

after geomagnetic storms with the flux increasing to values at least twice comparing to those of 490 

pre-storm conditions.  During 1998-2007 years, 35 space weather events were followed by 491 

enhancement of the electron flux in the slot region, in at least one energy channel. Among them, 492 

34 SF events were identified in E > 0.63 MeV, 25 events in E> 1.5 MeV, and 19 in E > 3 MeV. 493 

Only 18 of these events were recorded simultaneously in all three energy channels (see Table 2).  494 

Several geomagnetic indices have been used in this study to analyse the relationship between 495 

geomagnetic activity and the electron flux in the slot region. These indices include Dst, Kp and 496 

local indices of geomagnetic activity which are defined by the hourly range of the geomagnetic 497 

variations at three geomagnetic observatories, Fredericksburg, Ottawa and Meanook. 498 

The thresholds for slot filling events were determined in all these geomagnetic indices. Thus, it 499 

was defined that all slot filling events were associated with the geomagnetic variations which 500 

exceeds 95 nT in abs(Dst), 100 nT in hourly range for FRD, 200 nT in Ottawa hourly range, and 501 

700 nT in MEA hourly range. For Kp index this threshold was Kp ≥7 for almost all the SF events 502 

except one event with Kp=7-, which was observed only in E>0.63 MeV. 503 

Rate of occurrence of slot filling events was assessed in relation to different levels of geomagnetic 504 

activity. A regression analysis was then done to determine a correlation between the maximum 505 

electron flux in the slot region after space weather events and preceding geomagnetic activity. It 506 

was shown that not only the intensity of a space weather event but also the cumulative time of 507 

enhanced geomagnetic activity has a large impact on dynamics of the electron content in the slot 508 

region.  509 

The study has shown that good correlation with the electron content in the slot is provided by 510 

geomagnetic data measured close to L-shells of the slot region. Thus, it was shown that the hourly 511 

range of geomagnetic activity from Ottawa and Fredericksburg observatories are in a good 512 
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agreement with the occurrence of slot filling events and intensity of the electron  flux in the slot 513 

region after a space weather event. For estimation of long-term (several months) variation of the 514 

electron flux in the slot region it was recommended to use a cumulative time of exceedance of a 515 

geomagnetic activity threshold as demonstrated with magnetic data from Ottawa and 516 

Fredericksburg observatories as well as with the Kp index. 517 

12. Conclusion 518 

This study has shown that the electron content of the slot region is well correlated with frequency 519 

and intensity of geomagnetic storms, especially with the geomagnetic activity recorded close to 520 

projection of the slot region to the Earth surface. Based on the analysis of all the slot filling events 521 

and dynamics of the electron flux during the period 1998-2007, covering almost a complete solar 522 

cycle, indices of geomagnetic activity with the best correlation with the electron flux in the slot 523 

region were determined. Models have been established that use geomagnetic indices to assess the 524 

maximum value of the electron flux in the slot region directly after space weather events and the 525 

long-term variation of the electron flux in  the slot region. The results obtained can be used for 526 

hazard assessment of dynamics of the radiation environment in the slot region during periods of 527 

different levels of geomagnetic activity and for estimation of the total radiation deposited on a 528 

spacecraft passing through the slot region. 529 
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