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Abstract. The relativistic electron response in the outer radi-

ation belt during magnetic storms has been studied in relation

to solar wind and geomagnetic parameters during the first six

months of 1995, a period in which there were a number of

recurrent fast solar wind streams. The relativistic electron

population was measured by instruments on board the two

microsatellites, STRV-1a and STRV-1b, which traversed the

radiation belt four times per day from L ∼1 out to L ∼7

on highly elliptical, near-equatorial orbits. Variations in the

E > 750 keV and E > 1 MeV electrons during the main

phase and recovery phase of 17 magnetic storms have been

compared with the solar wind speed, interplanetary magnetic

field z-component, Bz, the solar wind dynamic pressure and

Dst*. Three different types of electron responses are identi-

fied, with outcomes that strongly depend on the solar wind

speed and interplanetary magnetic field orientation during

the magnetic storm recovery phase. Observations also con-

firm that the L-shell, at which the peak enhancement in the

electron count rate occurs has a dependence on Dst*.

Key words. Magnetospheric physics (energetic particles,

trapped; storms and substorms) – Space plasma physics

(charged particle motion and accelerations)

1 Introduction

The dynamics of the relativistic electron population (E >

0.5 MeV) in the Earth’s outer radiation belt (3 < L < 7)

during magnetic storms is not well understood (e.g. Li and

Temerin, 2001). Reeves (1998) examined the relationship

between the relativistic electron population and magnetic

storms (defined by Dst) during the interval 1992–5, using a

detector on the geosynchronous satellite 1989-046. He found

that although every relativistic electron flux enhancement co-

incided with a magnetic storm, not every storm led to an in-

crease in the relativistic electron flux. In this study, the corre-

lation between the maximum electron flux during a magnetic
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storm and the minimum Dst was also found to be fairly poor.

Thus, a magnetic storm appears to be a necessary, though not

a sufficient, condition for relativistic electron flux enhance-

ments at geostationary orbit. Some additional condition re-

lating to the magnetosphere or the solar wind must also be

involved. The relationship between relativistic electron flux

enhancements and increases in the solar wind speed was first

reported by Williams and Smith (1965) and Williams (1966)

and later by Paulikas and Blake (1979). In a further study,

Blake et al. (1997) correlated changes in the relativistic elec-

tron population with the up-stream solar wind conditions and

found that “a large relativistic electron enhancement depends

upon a substantial solar wind speed increase associated with

a precursor solar wind density enhancement, and, in particu-

lar, upon a southward turning of the interplanetary magnetic

field”. Here, we perform a detailed study of 17 magnetic

storms in which we relate the relativistic electron response to

the solar wind conditions throughout each event. Our study

shows that the behaviour of the relativistic electron popu-

lation can take three distinctly different forms, which are

strongly correlated with the solar wind conditions during the

storm recovery phase.

2 Instrumentation

Our measurements of the relativistic electron population

were made by instruments aboard the two microsatel-

lites, Space Technology Research Vehicle-1a (STRV-1a) and

STRV-1b. These UK spacecraft were launched together into

geostationary transfer orbit on 17 June 1994 with a perigee

of 300 km altitude, an apogee of 36 000 km altitude, an in-

clination of 7◦ and a period of 10.58 h. STRV-1a and STRV-

1b continued to operate up until March 1998 and Septem-

ber 1998, respectively, at which points in time the instru-

ments were turned off. The satellites traversed the magne-

tospheric equatorial region about four times per day, moving

between L = 1.1 out to L ≈ 7. The two satellites were in

very similar orbits, but had slightly different speeds and thus
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varying separation. Electron count rates are obtained from

the Cold Ion Detector (CID) (Papatheodorou et al., 1996) on

board STRV-1a and from the Radiation Environment Moni-

tor (REM) (Bühler et al., 1996) on board STRV-1b. The CID

instrument is a microchannel plate-based detector shielded

by 2 mm of aluminium giving it a minimum energy thresh-

old of approximately 750 keV, whereas the REM instrument

is a silicon diode detector and has a 3 mm aluminium shield

resulting in a higher minimum energy threshold near 1 MeV.

The instruments each provide a measure of the number of

electrons above their respective energy thresholds. The CID

has a lower energy threshold, but typically records a lower

count rate than the REM, due to the difference in geometric

factors of the two instruments. The adiabatic invariants are

the natural choice of parameters with which to describe the

relativistic electron population distribution. Unfortunately,

due to their fixed energy thresholds, the detectors will see

varying proportions of the adiabatic parameter space as the

spacecraft travel around their orbits, due to the variation of

the local magnetic field strength around the orbit. Neverthe-

less, to a first approximation this proportion will be a time-

independent function of L. Thus, by integrating over a range

of L(3.5 < L < 6.5), we can compare changes in the entire

relativistic electron population over time that will properly

indicate significant enhancements or losses. The instruments

detect particles of all pitch angles, but do not resolve them

by pitch angle.

3 Observations and results

A relative measure of the Total Relativistic Electron Content

(TREC) in the outer radiation belt is calculated separately for

both the CID and the REM in the range L = 3.5 to L = 6.5

for each traverse of the radiation belts made by the satellites.

Assuming dipole field geometry and using spherical polar co-

ordinates, the free space volume enclosed by a given L-shell

is given by

ν = 2

∫ 2π

0

∫ θmax

θmin

∫ Rmax

Rmin

r2 sin θdrdθdφ , (1)

where Rmin = R0, Rmax = LR0 sin2 θ and θmin = π/2

cos−1(1/L)1/2 and θmax = π/2. In the region 3.5 < L < 6.5

this reduces to a very good approximation to V ≈1.914

L3R3
0 , (maximum error at L = 3.5 of < 5%). The volume

occupied between dipolar shells at L and L + 1L may then

be written as:

Vshell ≈ 5.743R3
0L21L . (2)

To calculate a relative measure of the relativistic electron

content within the outer radiation belt, the count rate is ini-

tially binned for the CID and for the REM, as a function

of L by averaging in steps of 1L = 0.2, giving C(L) for

each instrument. A relative measure of the electron con-

tent within a notional drift shell of radius L in the equatorial

plane and thickness 1L = 0.2, T (L), is then approximated

by T (L) = C(L) × L2, where the factor L2 makes an al-

lowance for the volume occupied between dipolar shells at L

and L + 1L, as explained above. A relative measure of the

Total Relativistic Electron Content (TREC) in the outer radi-

ation belt is then obtained for each instrument by summing

T (L) between 3.5 < L < 6.5. We have assumed that the

magnetic field geometry can be approximated to a symmet-

rical dipole, that the relativistic electron distribution is lon-

gitudinally symmetric, that mirror point separation distances

measured along the field line scale as L, and the pitch angle

distribution is isotropic. The true situation may be somewhat

different, particularly the magnetic field geometry, but the

weighting by L2 is a reasonable first approximation.

Figure 1 shows a comparative plot of TREC and solar wind

and geomagnetic parameters. The period shown is from 1

January 1995 until 30 June 1995 during the declining phase

of solar cycle 22, a period characterised by recurrent high

speed solar wind streams. Figure 1 shows both TREC and the

position in L, at which the CID and the REM detected the

maximum T (L) during each pass through the outer radiation

belt. These results are compared with the solar wind veloc-

ity, the interplanetary magnetic field (IMF) z-component and

the solar wind dynamic pressure obtained from the WIND

spacecraft (Ogilvie et al., 1995; Farrel et al., 1995). The solar

wind speed was smoothed using a Gaussian shaped boxcar

average with a six hour window as a suitable averaging tech-

nique to reduce noise. We present Dst* (pressure corrected

Dst ) at one-hourly values as a measure of the magnetospheric

response. Using Dst* removes variations in Dst caused by

magnetopause currents induced by solar wind pressure per-

turbations, thus providing a more accurate measure of the

ring current. The correction is given by

Dst
∗ = Dst − 7.26

√

Pdyn + 11 , (3)

where Pdyn is the solar wind dynamic pressure (O’Brien and

Mc Pherron, 2000).

Figure 1 shows the variation of the relativistic electron

population during the 17 magnetic storms. The criteria for

the selection of a magnetic storm event was a minimum Dst*

< −40 nT. In addition, we required that the Dst* index had

returned to ∼0 nT prior to the next storm onset, ensuring sep-

aration between events. Sometimes, but not always, the mag-

netic storm recovery phase is accompanied by a sustained in-

crease in TREC. In order to properly compare the pre-storm

TREC with the post-storm TREC, it is necessary that the com-

parison is made when the geomagnetic field conditions in the

outer radiation belt are the same (i.e. when Dst* is approxi-

mately the same), so as to rule out changes in the measured

electron count rate due to the electrons’ adiabatic response to

changing geomagnetic field conditions during the storm.

Over the six-month period, three different types of re-

sponses of the relativistic electron population during a storm

were identified. In general, all three classes of events be-

gin with an extended period of (often strong) southward IMF

that leads to the magnetic storm main phase and a rapid de-

crease in TREC above 750 keV. The differences between the
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Fig. 1. The relativistic electron response during magnetic storms is compared with solar wind and geomagnetic parameters during the first

six months of 1995. The panels show (a) a relative measure of the Total Relativistic Electron Content (TREC) in the range 3.5 < L < 6.5,

REM (blue line), CID (green line); (b) Dst*(nT); (c) the solar wind speed (km−1); (d) IMF-Bz(nT); (e) the solar wind dynamic pressure

(nPa); (f) and the position of the maximum TREC(L) in the outer radiation belt (L). The shaded areas define the magnetic storms studied

with the event type indicated along the top.
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Table 1. The day of year and value of the Dst* minimum for each event, together with the pre- and post-storm TREC for the CID measured

at the beginning and end of each storm interval and the associated event type and change in TREC

Magnetic Dst* Pre-Storm Post-Storm Type 1TREC

storm minimum Time TREC Time TREC (#/s)

Day of (nT) (DoY) (#/s) (DoY) (#/s)

Year (CID) (CID)

2.8 −42.3 1.8 2.1 ×105 9.9 7.5 ×105 1 5.45 ×105

18.3 −96.5 15.9 3.1 ×105 21.0 1.7 ×105 3 −1.45 ×105

30.0 −57.7 27.3 6.5 ×104 37.2 1.5 ×106 1 1.39 ×106

39.4 −80.7 37.2 1.5 ×106 41.7 3.1 ×105 3 −1.14 ×106

45.1 −54.2 41.7 3.1 ×105 48.9 1.7 ×106 1 1.34 ×106

58.9 −67.7 57.1 6.0 ×105 63.3 1.2 ×106 1 5.50 ×105

63.9 −92.3 63.3 1.2 ×106 68.4 1.9 ×105 3 −9.60 ×105

71.2 −72.8 68.4 2.0 ×105 76.7 3.4 ×106 1 3.21 ×106

85.7 −108.4 84.4 1.2 ×106 − − 2 −

92.3 −68.6 − − 93.5 3.1 ×105 3 −

97.7 −146.6 95.8 1.3 ×105 107.6 2.5 ×106 1 2.33 ×106

114.2 −55.0 111.4 9.0 ×105 121.6 8.5 ×105 2 −5.00 ×104

123.3 −59.2 121.6 8.5 ×105 133.0 2.4 ×106 1 1.50 ×106

137.0 −94.0 133.0 2.4 ×106 141.8 7.5 ×105 2 −1.60 ×106

144.0 −66.0 141.8 7.5 ×105 149.1 2.4 ×105 3 −5.15 ×105

152.1 −47.4 149.1 2.4 ×105 157.2 2.2 ×106 1 1.92 ×106

169.4 −44.8 169.2 2.9 ×105 175.0 5.5 ×105 1 2.60 ×105

events become apparent when we consider what follows dur-

ing the recovery phase of the magnetic storm. We classify a

“Type 1” event as having a post-storm TREC greater than the

pre-storm TREC (comparing count rates measured at times of

equal Dst*, before and after the Dst* minimum). Similarly,

a “Type 2” event is identified by a partial recovery of TREC

following the storm main phase, which does not exceed the

pre-storm TREC value. The “Type 3” event is characterised by

a failure of TREC to recover following the storm main phase.

In Fig. 1, the storm intervals are shaded grey and annotated

according to event type. The pre- and post-storm TREC val-

ues for the CID and the REM for each event are measured

at the beginning and end of each storm interval and are tab-

ulated in Table 1 and 2, respectively, together with the Dst*

minimum, event type and change in TREC.

In the nine Type 1 events an extended interval (two days

or more) of persistently high solar wind speed, typically at

levels of greater than 500 km s−1, is seen during the storm

recovery phase (defined by Dst*). Moreover, the IMF Bz

is either predominantly southward or fluctuating about zero.

During the period of fast solar wind, the TREC enhancement

occurs as a steady build up which apparently goes on as

long as the solar wind speed remains high and the IMF Bz

is southward or at least fluctuating.

In the four Type 2 events, the initial conditions are similar

to those in Type 1. There is an increase in solar wind speed

following the storm main phase, as before, however it is gen-

erally smaller and shorter-lived than for Type 1 events, in

most cases not exceeding 500 km s−1. Once again, the IMF

Bz is either southward or fluctuating about zero during the re-

covery phase. The TREC begins to increase during the interval

of raised solar wind speed during the recovery phase, but in

these cases, the final TREC does not reach the pre-storm TREC

level. The outcome appears to be a lesser degree of electron

flux enhancement than in Type 1 events as a result of a slower

solar wind speed.

Evidence of a localised region of the greatest TREC en-

hancement is seen in both Type 1 and Type 2 events as a

new peak of the electron distribution forms in the region of

L = 4.5 to L = 5.5. The location of the new peak in T (L)

is at smaller L for storms with more negative Dst* minima –

see Fig. 2. Following the TREC enhancement the position of

the peak in T (L) gradually drifts inward.

In the five Type 3 events, the IMF conditions leading up to

the magnetic storm are the same as in the previous two cases,

most notably an extended period of (often) strong southward

IMF Bz that leads to the magnetic storm main phase. How-

ever, during the magnetic storm recovery phase, the electron

count rate remains low and the peak of the distribution either

stays where it is or continues to drift inwards, in contrast

to the appearance of enhanced TREC values seen between

L = 4.5 to L = 5.5 in Type 1 and 2 events. Although
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Fig. 2. Correlation between the position of the maximum

T (L) in the outer radiation belt during the period of largest

flux enhancement with the minimum Dst* value of the coin-

cident magnetic storm. Results from CID data between Jan-

uary 1995 to March 1998. Correlation coefficient = −0.728584.

The curved line is the relationship derived by Tverskaya (1996).

|Dst |max = 2.75 × 104/L4
max.

the solar wind speed in some cases approaches or exceeds

500 km s−1, no enhancement in TREC takes place. This dif-

ference in the electron response compared to the previous

two cases appears to be due to a difference in the IMF Bz ori-

entation during the magnetic storm recovery phase. Follow-

ing the initial period of southward IMF Bz that is the cause

of the magnetic storm, Bz turns northward and remains pre-

dominantly and often strongly northward during the period

that the electron flux enhancement might otherwise be tak-

ing place. It should also be noted that Dst* generally has a

much more rapid recovery phase (Dst* returns to 0 nT) in the

Type 3 events than in the Type 1 and 2 events.

Figure 2 shows the relationship between the position of

the maximum TREC during the period of largest flux en-

hancement and the minimum Dst* of the coincident mag-

netic storm. The results are for 55 different events using the

CID data from January 1995 up until March 1998. The cor-

relation shows that for stronger magnetic storms, the posi-

tion of the maximum enhanced TREC is found to occur at

lower L-shells. Also shown in Fig. 2 is the empirical solution

found by Tverskaya (1996), based on many measurements

of Dst and the L-shell during the formation of the new peak

in the outer radiation belt and is given by |Dst |max =2.75

×104/L4
max. The two results show a fairly good correspon-

dence, however, the solution found by Tverskaya tends to lie

slightly below the results from the CID. This difference is

probably a result of the difference between the approxima-

tion of the relativistic electron content (T (L)) used in Fig. 2

and the relation found by Tverskaya, which is based on lo-

cal count rate measurements. The L2 weighting used in the

calculation of the electron content on a given drift shell will

bias the T (L) to have higher values at larger L-shells. As a

consequence, the peak of the radiation belt is systematically

shifted to a larger L-value. By acknowledging this differ-

ence we feel it is interesting to note that both results display

a similar trend thus further supporting a Dst* versus L rela-

tionship. However, the measure of the position of the peak of

the radiation belt measured by T (L) should give a more re-

alistic indication of where the maximum amount of electron

acceleration has occurred.

4 Discussion

The typical magnetospheric response during a magnetic

storm can be described as follows. The intensification of the

ring current during the magnetic storm main phase leads to a

drop in the magnetic field strength earthward of the ring cur-

rent. The relativistic electrons respond adiabatically to the

decrease in the magnetic field strength and move outward

while at the same time losing energy, in what is known as

the Dst effect. The increased magnetospheric wave activity

and subsequent wave-particle interactions lead to an increase

in the rate of electron loss as they are scattered into the loss

cone (Lyons et al., 1972). Electrons on the outermost drift

paths also become more susceptible to being lost as many

end up on drift paths that intersect the dayside magnetopause

(Desorgher et al., 2000). During the recovery phase the elec-

trons that have not been permanently lost will return to their

original state, if no other acceleration or transportation has

occurred (Kim and Chan, 1997).

Observations of the relativistic electron population shown

here are consistent with the idea that significant loss of ener-

getic electrons occurs in every storm (Desorgher et al., 2000;

Kim and Chan, 1997), in some cases removing the majority

of the relativistic electron population. This electron loss ap-

pears to be more efficient at higher energies, as seen by the

generally larger decrease of the >1 MeV TREC observed by

the REM, in comparison with the >750 keV TREC detected

by the CID. Brief periods of decreased count rates associated

with the onset of magnetic storms may be due simply to an

adiabatic process in response to the pressure pulse (Blake et

al., 1997). However, the results in Fig. 1 show that solitary

pressure pulses do not produce themselves significantly re-

duced count rates. A clear example can be seen when the

effect on TREC during the pressure pulse on Day 133 is com-

pared with the following pressure pulse on Day 136. It ap-

pears that the major decreases in the electron count rate are

generally associated with a magnetic storm main phase. It

is possible to confirm that real losses of energetic electrons

occur during the storms under examination when the TREC

levels are compared at times of similar Dst*, in order to re-

move the influence of an adiabatic response to the altered

magnetic field configuration during the storm. This is most

clearly seen when comparing the pre- and post-TREC levels
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Table 2. The day of year and value of the Dst* minimum for each event, together with the pre- and post-storm TREC for the REM measured

at the beginning and end of each storm interval and the associated event type and change in TREC

Magnetic Dst* Pre-Storm Post-Storm Type 1TREC

storm minimum Time TREC Time TREC (#/s)

Day of (DoY) (#/s) (DoY) (#/s)

Year (REM) (REM)

2.8 −42.3 − − 9.9 2.8 ×106 1 −

18.3 −96.5 15.9 1.3 ×106 21.2 1.9 ×105 3 −1.11 ×106

30.0 −57.7 28.2 1.6 ×105 36.9 1.1 ×107 1 1.09 ×107

39.4 −80.7 37.2 1.0 ×107 41.4 1.3 ×106 3 −8.70 ×106

45.1 −54.2 41.1 1.4 ×106 49.2 5.5 ×106 1 4.10 ×106

58.9 −67.7 56.2 3.1 ×106 62.8 6.5 ×106 1 3.40 ×106

63.9 −92.3 62.8 6.5 ×106 67.8 5.5 ×105 3 −5.95 ×106

71.2 −72.8 67.8 5.5 ×105 76.1 1.2 ×107 1 2.00 ×107

85.7 −108.4 84.7 5.5 ×106 91.0 2.0 ×106 2 −3.50 ×106

92.3 −68.6 91.1 2.5 ×106 94.5 1.1 ×106 3 −1.40 ×106

97.7 −146.6 96.4 8.0 ×105 106.6 1.5 ×107 1 1.42 ×107

114.2 −55.0 112.2 8.5 ×106 121.2 3.8 ×106 2 −4.75 ×106

123.3 −59.2 121.2 3.8 ×106 134.6 9.0 ×106 1 5.25 ×106

137.0 −94.0 134.6 9.0 ×106 142.6 3.1 ×106 2 −5.90 ×106

144.0 −66.0 142.6 3.1 ×106 149.1 9.0 ×105 3 −2.20 ×106

152.1 −47.4 149.1 9.0 ×105 157.6 8.0 ×106 1 7.10 ×106

169.4 −44.8 169.1 1.4 ×106 176.1 2.0 ×106 1 6.00 ×105

in the Type 3 events. Similar conditions may have existed

for many other reported magnetic storms that did not lead to

an enhancement in the electron count rate, such as those re-

ported by Reeves (1998). It seems reasonable to assume that

real losses have in fact occurred in all cases, Types 1 to 3.

The count rate enhancements in Type 1 and Type 2 events

thus appear to result from new energetic particles appearing

in the magnetosphere in sufficient numbers to replace most

or all of the particles lost earlier during the storm.

The important difference between the event types occurs

during the recovery phase of the magnetic storms, not during

the onset or main phase. The magnitude and duration of neg-

ative Bz prior to the recovery phase may effect the strength

of the subsequent magnetic storm and also the proportion of

particles lost, but it does not significantly effect the size of

the enhancement in TREC during the recovery phase. Both

Type 1 and Type 2 events typically have a fluctuating or neg-

ative Bz during the recovery phase, thus the difference be-

tween these two event types lies in the solar wind speed. The

Type 1 events are associated with a more prolonged and of-

ten larger increase in the solar wind speed than the Type 2

events, and as a result, have larger enhancements in the elec-

tron count rate. The important difference between the Type 3

events and the Type 1 and 2 events is that the IMF Bz is pre-

dominantly northward during the recovery phase of Type 3

events in contrast to a southward or fluctuating about zero

Bz during the other two event types. It is this difference in

the orientation of the IMF Bz during the magnetic storm re-

covery phase that is most important and appears to determine

whether the magnetic storm will result in an enhancement in

the relativistic electron count rate (southward/fluctuating Bz)

or not (northward Bz). The orientation of the IMF Bz ap-

pears to act as a switch, either turning-off the enhancement

when northward during the recovery phase or allowing the

enhancement in the count rate to proceed for southward or

fluctuating Bz.

Blake et al. (1997) studied the relativistic electron re-

sponse in two energy channels (E >1.5 MeV; E >3.5 MeV)

during the same time period using detectors on board the

spacecraft 1994-026. Although the spacecraft 1994-026 and

the two STRV satellites have similar apogees and perigees,

the STRV spacecraft orbital plane has a 7◦ inclination, which

is much closer to the magnetic equator than the 62◦ incli-

nation of 1994-026. The STRV spacecraft, therefore, see

electrons of virtually all equatorial pitch angles for most of

the time across the full L-shell range of their orbit, whereas

the equatorial pitch angle coverage of 1994-026 will change

significantly around the orbit and, in particular, will be less

complete at larger L. Across L, the general trend of the rela-

tivistic electron count rates seen by STRV-1a, STRV- 1b and

1994-026, are similar at all times, showing that the process of

electron flux enhancement has not been confined to a narrow
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pitch angle range.

Blake et al. (1997) select five case studies associated with

the large, abrupt increases in the solar wind speed on days,

97, 113, 117, 123, and 136 in 1995. They emphasize the

significance of a southward turning IMF, which is seen as a

switch enabling “a high speed stream and leading pressure

pulse to have a strong effect on the energetic population”.

Conversely, they state that the effect of a high speed stream is

nil when associated with a clearly northward turning field. In

contrast, the selection of the events used in our study is based

on the identification of magnetic storms according to Dst*.

In almost all cases, a significant pressure pulse and an inter-

val of southward IMF precede the magnetic storm. Thus, the

conclusion drawn is similar to that of Blake et al. (1997) but

not identical; a southward IMF can be identified as a precur-

sor to all the storms in this study, including those with no

enhancement in TREC, and so it appears to be the behaviour

of the IMF Bz in the interval following the magnetic storm

main phase that controls whether a high speed stream can af-

fect the magnetospheric electrons. It is also necessary that

a high speed stream be observed during the recovery phase,

in order to see a significant and prolonged energetic electron

enhancement; a pressure pulse alone is insufficient.

Extended periods of southward IMF Bz in the recovery

phase will be associated with prolonged substorm activity.

The substorm injected electrons may play a role in the ac-

celeration process, by producing a seed population of elec-

trons with energies of a few hundred keV which may then be

subsequently accelerated to MeV energies (e.g. Obara et al.,

2000). Furthermore, the injection of anisotropic medium en-

ergy (10–100 keV) electrons during substorms (Baker et al.,

1998) leads to the excitation of intense whistler mode waves

which have been postulated as a possible generator of MeV

electrons (Horne and Thorne, 1998; Summers et al., 1998;

Summers and Ma, 2000). Whistler mode waves are known

to be substorm-dependent (e.g. Tsuratani and Smith, 1977;

Meredith et al., 2001) and have recently been observed in as-

sociation with the generation of outer zone relativistic elec-

trons (Meredith et al., 2002a, 2002b), lending credence to

this proposed mechanism. However, ULF waves have also

been invoked as a means of accelerating the seed electrons

to MeV energies. Enhanced ULF waves are correlated with

high solar wind speeds (Mathie and Mann, 2001) and have

been associated with the generation of relativistic electrons at

geosynchronous orbit (Mathie and Mann, 2000). Our work

has shown that significant enhancements in TREC are corre-

lated with periods of prolonged substorm activity and high

speed solar wind during the recovery phase. These condi-

tions are likely to lead to the generation of intense whistler

mode waves and ULF waves, making it difficult to discrimi-

nate between the two mechanisms on this observation alone.

A prolonged increase in the solar wind speed beyond

∼500 km s−1 may drive a number of potential electron accel-

eration mechanisms within the outer radiation belt. The ULF

waves invoked in the drift-resonance (Elkington et al., 1999)

or global magnetic pumping (Liu et al., 1999) mechanisms

may be generated via Kelvin-Helmoltz instabilities along the

magnetopause created by fast magnetosheath flow speeds

(perhaps >500 km s−1; Mann et al., 1999; Mann and Wright,

1999). In addition, the whistler mode chorus waves invoked

in the potential gyro-resonant electron acceleration (Mered-

ith et al., 2002a; Summers and Ma, 2000) have a strong de-

pendence on substorm activity (Meredith et al., 2001). A

prolonged increase in the solar wind speed during the recov-

ery phase of a magnetic storm during which Bz is negative or

fluctuating about zero will lead to increased substorm activ-

ity and hence stronger plasma wave intensities.

The formation of a new peak in the outer radiation belt

during the recovery phase of Type 1 and Type 2 events is evi-

dence for local electron acceleration. The new peak typically

forms immediately after the storm main phase, during which

there is a significant injection of lower energy electrons (tens

to a few hundred keV) into the outer radiation belt (Baker et

al., 1998). If these electrons are energised to MeV energies

in a local acceleration process, then the maximum enhance-

ment in the count rate and hence the new peak will appear at

the same L to which this lower energy population is injected

during the storm main phase. The Dst* versus L relationship

then arises as a natural consequence of the lower energy elec-

trons being injected deeper into the outer zone during a more

enhanced convection electric field during stronger magnetic

storms.

The Dst* versus L relationship lends further support to

the local stochastic electron acceleration by whistler mode

waves. In contrast, the process of electron acceleration via

the drift-resonance mechanism, that invokes ULF waves,

provides energetic electrons to the inner magnetosphere from

a source beyond the outer radiation belt. It is, therefore, diffi-

cult to reconcile the proposed drift-resonance electron accel-

eration with the observed relationship between the strength

of a magnetic storm and the radial location of the subsequent

TREC enhancement.

The subsequent inward movement of the peak TREC dur-

ing the recovery phase may be caused by inward radial diffu-

sion, combined with increased rates of electron loss at larger

L-values. However, continuing in situ electron acceleration

in this region of the outer radiation belt may also cause the

inward movement of the peak TREC.

5 Conclusions

We have used data from the STRV microsatellites during the

first six months of 1995 to study the magnetospheric rela-

tivistic electron response during magnetic storms. The main

results of this study are that:

(a) an extended interval (two days or more) of fast solar

wind speed above ∼500 km s−1 and an IMF-Bz that is

fluctuating about zero or more predominantly south-

ward during the magnetic storm recovery phase are

the main requirements for significant electron enhance-

ments at relativistic energies;
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(b) predominantly northward IMF during the recovery

phase severely limits the recovery of the relativistic

electrons;

(c) the location of the peak in TREC during the storm recov-

ery phase is dependent on the strength of the magnetic

storm;

(d) particle loss during the magnetic storm main phase of-

ten dominates the Dst effect, in some cases leading to

no recovery of the electron TREC through the Dst effect

following the storm main phase.
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