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Abstract. Measurements from 7 spacecraft in geosynchronous orbit are analyzed to determine 

the decay rate of the number density of the outer electron radiation belt prior to the onset of 

high-speed-stream-driven geomagnetic storms. Superposed-data analysis is used wan a 

collection of 124 storms. When there is a calm before the storm, the electron number density 

decays exponentially before the storm with a 3.4-day e-folding time: beginning about 4 days 

before storm onset, the density decreases from ~4x 10-4 cm-3 to ~1X 10-4 cm-3
• When there is 

not a calm before the storm, the number-density decay is very smalL The decay in the number 

density of radiation-belt electrons is believed to be caused by pitch-angle scattering of 

electrons into the atmospheric loss cone as the outer plasmasphere fills during the calms. 

While the radiation-belt electron density decreases, the temperature of the electron radiation 

belt holds approximately constant, indicating that the electron precipitation occurs equally at 

all energies. Along with the number density decay, the pressure of the outer electron radiation 

belt decays and the specific entropy increases. From the measured decay rates, the electron 

flux to the atmosphere is calculated and that flux is 3 orders of magnitude less than thermal 

fluxes in the magnetosphere, indicating that the radiation-belt pitch-angle scattering is 3 
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orders weaker than strong diffusion. Energy fluxes into the atmosphere are calculated and 

found to be insufficient to produce visible airglow. 
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1. Introduction 

The outer portions of the plasmasphere build up and drain away with changes in 

geomagnetic activity [e.g. Chappell et ai.. 1971; Carpenter et al., 1993; Elphic et aI., 1997; 

Sandel and Denton, 2007], the build up occurring when geomagnetic activity is weak and the 

drainage occurring when geomagnetic activity strengthens. During recurrent high-speed

stream-driven storms, the outer plasmasphere goes through an episodic cycle of slowly 

building up in density and then rapidly draining [Borovsky et al., 1998a; Borovsky and 

Steinberg, 2006; Borovsky and Denton, 2008a]. During recurrent high-speed-stream-driven 

storms the number density of the outer electron radiation belt at geosynchronous orbit also 

goes through an episodic cycle [BorovskY et al., 1998a]. 

Prior to most high-speed-stream-driven storms, intervals of unusually calm geomagnetic 

activity occur [Borovsky and Steinberg, 2005,2006]. During these "calms before the storms", 

the outer plasmasphere build up out to large radii in the dipolar portions of the 

magnetosphere. It is anticipated that when the outer plasmasphere is present, plasma waves 

that reside in the plasmasphere ean pitch-angle diffuse radiation-belt electrons into the 

atmospheric loss cone [e.g., Smith et al .. 1974; Kelley et al., 1975; Albert, 2004; Summers et 

aI., 2004; Shprits and Thorne, 2004], wherein the electrons are lost from the magnetosphere. 

Indeed, the number density of the outer radiation belt decreases with time in the days prior to 

high-speed-stream-driven storm onset [e.g. Fig. 13 of Borovsky et al., 1998a]. 

Unlike high-speed-stream-driven storms wherein calms tend to occur prior to storm 

onset, calms do not tend to occur prior to coronal-mass-ejecta-driven storms [Borovsky and 

Denton, 2006]. In general, magnetic-cloud-driven (CME-driven) geomagnetic storms do not 

show a substantial loss of radiation-belt electrons before the storm (cf. Fig. 10 of Borovsky 

and Denton [2008b]). 
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Preliminary measurements of d(log(n))/dt from one spacecraft in 1993 and 1994 

showed that the loss rates of outer-radiation-belt electrons are higher during days when the 

outer plasmasphere is present then times when the outer plasmasphere is not seen [Borovsky 

and Steinberg, 2006]: A loss rate for the radiation-belt number density with an exponential e

folding time of 2.6 days was obtained in the presence of the plasmasphere. In that Borovsky 

and Steinberg [2006] study, this electron loss rate was overestimated owing to the inclusion of 

some radiation-belt dropouts in the measurements. 

Recently, Meredith et ai. [2006] measured the flux-decay rates for the outer electron 

radiation belt in the region 3.0 < L < 5.0 during geomagnetically quiet periods: e-folding times 

for the fluxes of 1.5 to 6.5 days were obtained. These flux decay rates were similar to rates 

obtained from prior investigations in the 2.0 < L < 5.0 region of the magnetosphere [e.g. Lyons 

et ai., 1972; West et ai., 1981; Seki et ai., 2005]. 

Flux decay rates have also been measured for electrons in the inner radiation belt [e.g. 

Tsurutani et ai., 1975; Seiesnick et ai., 2003; Seiesnick, 2006; Baker et ai., 2007]. 

In this report, the loss rates of electrons from the outer electron radiation belt at 

geosynchronous orbit will be measured using data superposition of high-speed-stream-driven 

storms. The temporal changes in the number density of the outer electron radiation belt will 

be compared for storms with calms beforehand and storms without calms beforehand. 

This manuscript is organized as follows. In Section 2 the spacecraft measurements and 

data-analysis techniques utilized are discussed. In Section 3 the measurements of the electron 

loss rates before storms are presented. In Section 4 those loss-rate measurements are used to 

calculate the fluxes of electrons into the upper atmosphere before geomagnetic storms. 

Section 5 contains discussions about the mechanisms leading to the electron loss, about the 
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fluxes of electrons into the atmosphere, and about relativistic-electron dropouts at storm 

onset. Section 6 contains a summary of findings. 
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2. The Density-Temperature Description of Outer Electron Radiation Belt 

Measurements of number density n and the temperature T of the outer electron 

radiation belt at geosynchronous orbit are obtained as follows. The omnidirectional fluxes of 

energetic electrons are measured every 10 seconds by the Synchronous Orbit Particle Analyzer 

(SOP A) [Belian et al., 1992; Cayton and Belian, 2007] onboard 7 satellites in geosynchronous 

orbit (6.6 RE)' The electrons are measured the energy range ~30 keY to >2 MeV. 

Relativistic bi-Maxwellian fits to the measured electrons fluxes are made every 10 seconds [cf. 

Cayton et aI., 1989; Cayton and Belian, 2007]. The bi-Maxwellian fitting describes two 

populations of electrons: a "soft" population of electrons with a temperature of ~30 keY and a 

"hard" population of electrons with a temperature of ~150 keV. The "soft" population is the 

suprathermal tail of the electron plasma sheet, which is strongly modulated at geosynchronous 

orbit by the occurrence of substorms [Lezniak et aI., 1968; Birn et aI., 1998]. The hard 

component is the outer electron radiation belt [Cayton et aI., 1989; Belian et al., 1996]. 

From the 10-second-resolution density and temperature measurements, median values 

of the density and temperature are calculated for every 30 minutes of measurement [cf. Denton 

et al., 2009]. Taking only the median values reduces the influence of outliers when the fits are 

noisy. 

Changes in the number density n of the outer electron radiation belt are taken to be an 

indicator of the loss and gain of electrons from the magnetosphere and changes in the 

temperature T of the outer electron radiation belt are taken to be an indicator ofthe heating and 

cooling of the radiation-belt electron population [cf. Borovsky and Denton, 2008b; Denton et 

al., 2009]. 

To measure the loss rates of electrons from the outer radiation belt before storms, 

superposed data analysis for high-speed-stream-driven storms will be utilized. The t=O trigger 
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for the data superposition will be the onset of storm levels of convection in the magnetosphere 

(storm onset). Relativistic-electron dropouts occur at about the time of storm onset [Borovsky 

and Denton, 2008c], so with the superposed-epoch technique relativistic-electron dropouts can 

be clearly excluded from the measurements of electron loss rate. This will provide estimates of 

the electron loss rates prior to storms that are superior to the measurements made by Borovsky 

and Steinberg [2006]. The superposed-epoch analysis techniques follow the methodology of 

Denton et al. [2006]. 

The superposed-epoch data analysis is performed on 124 high-speed-stream-driven 

storms that occurred between 1993 and 2006. The 124 events were collected by identifying 

corotating interaction regions (CIRs) in the solar wind (e.g. east/west flow deflections 

followed by sustained elevated wind speed) and then requiring a sustained level of high Kp (a 

storm) following the passage of the CIR [Denton and Borovsky, 2008a,b; Borovsky and 

Denton, 2008a,2008c]. If the storm in the Kp index did not repeat with a 27-day period, then 

the storm event was not included in the collection. 
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3. Density Loss During Calms before Storms 

In the three panels of Figure I, the base-lO logarithm of the number density n of the 

outer electron radiation belt is plotted in color as a function of time (horizontal axis) and local 

time (vertical axis). The top panel of Figure 1 is from a superposition of data from 124 high

speed-stream-driven storms, the middle panel of Figure 1 is from a superposition of data from 

a subset of 41 high-speed-stream-driven storms without calms beforehand, and the bottom 

panel is from a superposition of a subset of 24 storms with calms beforehand. In all three 

panels of Figure 1 time is chosen to be the onset of storm levels of magnetospheric 

convection. In top panel it is seen that the number density of the outer electron radiation 

belt decreases with time before high-speed-stream-driven storms. As can be seen by comparing 

the bottom two panels, for storms with calms beforehand (bottom panel) the number 

density of the outer electron radiation belt at geosynchronous orbit decreases steadily with time 

in the days before the storm, whereas for the storms without calms (middle panel) the number 

density does not decrease as strongly prior to the storm onset. Note in the bottom panel for the 

storms with calms that the number density decreases with time at all local times. 

In Figure 2 the local-time-averaged number density n of the outer electron radiation 

belt at geosynchronous orbit is plotted as a function of time before the onset of high-speed

stream-driven storms. The three curves are for 124 storms (black curve), storms without 

calms (blue curve), and storms with calms (red curve). The three curves represent the vertical 

integrals of the data in the three panels of Figure 1. In the time range from 4 days to 1/2 day 

before the storm onset, all three curves are fit with exponential functions (smooth curves in 

Figure 2) and the parameters of the fits are indicated on the figure. For the superposition of 

high-speed-stream-driven storms (black curve), there is a distinctive decay of the number 

density n of the outer electron radiation belt in the days before storm onset: the exponential fit 
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has a density e-folding time of 6.1 days. Note in Figure 2 the drastic difference in the number

density decay rates between the storms with calms (red) and the storms without calms (blue). 

For storms with calms beforehand, the number density of the outer electron radiation belt at 

geosynchronous orbit begins to decay about 4 days prior to storm onset: the logarithmic 

average of the number density decreases from ~4x 10-4 cm-3 to ~1X lOA cm-3in a few days. For 

storms with calms the exponential fit to the number density is of the form 

n 1.26xlO,4 exp(-tl3.4 day) cm,3 (I) 

valid for t -4 days to t = - 0.5 day, an exponential decay with a 3.4-day e-folding time. For 

the storms without calms the exponential fit of the number density before the storm is 3.43xlO' 

4 exp( -tI24.4 day) cm,3 valid for t -4 days to t - 0.5 day, an exponential decay with a 24.4

day e-folding time. The decay rate is much stronger before the onset of storms with calms 

beforehand than it is before the onset of storms without calms beforehand. 

In the two panels of Figure 3 the local-time dependence of the temporal decay of the 

number density of the outer electron radiation belt at geosynchronous orbit is examined. In 

both panels exponential fits to the number density in the time range t -4 days to t = -0.5 days 

(before storm onset) are plotted: The fits are to measurements taken at local noon (blue 

curves), local dawn (green curves), local dusk (red curves), and local midnight (black curves). 

The fits in the left-hand panel are for superpositions of data from 24 storms calms 

beforehand and the fits in the right-hand panel are from 41 storms without calms beforehand. 

The functional forms of the fitted exponentials are indicated near each curve. As can be seen in 

the left-hand panel of Figure 3, during calms the decay of the number density occurs at all 

local times with essentially the same decay rate (the same e-folding time). 

In Figure 4 several quantities describing the outer electron radiation belt at 

geosynchronous orbit are plotted as functions of time before high-speed-stream-driven storms. 
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The left-hand column pertain to storms without calms beforehand and the right-hand column 

pertains to storms with calms beforehand. the top row the number density n of the outer 

electron radiation belt is plotted, in the second row the temperature T of the outer electron 

radiation belt is plotted, in the third row the pressure P nkBT of the outer electron radiation 

T/n213belt is plotted, and in the bottom row the specific entropy S = of the outer electron 

radiation belt is plotted. Also plotted in gray in the bottom row is the relativistically corrected 

specific entropy Srel T/n2/J (I + T/2mc2) [cf. Borovsky and Denton, 2008b]. Time t=O is the 

onset of storm levels of magnetospheric convection. Exponential fits to the various curves are 

shown in gray in Figure 4 and the tit parameters are indicated in each panel and in Table 1. As 

can be seen in the two panels of the second row, the temperature ofthe outer electron radiation 

belt at geosynchronous orbit is nearly constant with time as the number density does or does 

not decay. The decay of the number density n for the storms with calms beforehand (right 

panels) leads to a temporal decay of the outer electron radiation belt pressure P before 

storm (third panel) and to a temporal increase of the outer electron radiation belt specific 

entropy S before the storm (bottom panel) [see also Borovsky and Denton, 2008b]. For the 

storms without the calms (right column), the strong decrease of the pressure does not occur nor 

does the strong increase in the specific entropy occur. 

In Table 1 the fit parameters from Figure 4 for the number density n, temperature T, 

pressure P, specific entropy S, and relativistically corrected specific entropy Srel are collected 

for storms calms (left column) and for storms without calms (right column). 
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4. Electron Flux to the Atmosphere 

The electron flux from the oerb into the atmosphere is calculated as follows. The total 

number of electrons N in a fl ux tube of volume V is N = n V, where n is the number density of 

electrons in the flux tube. Taking the time derivative of this expression, the rate of change of 

the total number of electrons in the flux tube is given by 

dN/dt = V dnldt (2) 

where dnldt is the rate of change of the number density n In magnetosphere. The loss rate 

dN/dt of electrons from the flux tube is given by the flux of electrons Fatm into the atmosphere 

times the cross-sectional area A'1m of the flux tube in the atmosphere times 2 for two 

atmospheres (northern and southern): 

dN/dt 2Fatm Aatm (3) 

Equating expressions (2) and (3) yields 

Fatm = (V/2Aatm)dnldt (4) 

where V/Aatm is the ratio of the volume of a flux tube to its cross-sectional area in the 

atmosphere and dnldt is the rate of decay of the number density in the magnetosphere. By 

conservation of magnetic flux in the flux tube at the atmosphere and at the equator BatmAatm = 

BeqAcq, the area of the flux tube in the atmosphere Aatm can be expressed in terms of the area 

at the equator Acq as 

Aatm = Aeq (Beq/Batm) , (5) 

where Beq and Batm are the magnetic-field strengths in the flux tube at the equator and at the 

atmosphere. With expression (5) for Aatm, expression (4) becomes 

(I 12) (VIAeq) (Batm/Beq) dn/dt . (6) 

At geosynchronous orbit (6.6 Rd, VIAeq = 7 .6x 1 09 cm (obtained by integrating a dipole field 

from one atmosphere to the other atmosphere [c.f. Fig. 4 of Borovsky et ai., 1998b]), Batm = 



12 

0.56 gauss [e.g. Knecht and Schuman, 1985], and Beq = 96 nT (the median value as measured 

by the GOES-I0 satellite in 2000-2003). The time derivative of expression (1) for n yields 

3dn/dt 4.29xlO- 10 exp(-t/3.4 day) cm- s- 1 valid for t = -4 days to t :::: -0.5 day. Using these 

values, expression (6) becomes 

-2 -IFatm 950 day cm s (7) 

At peak (t = -4 days) the electron flux into the atmosphere is Fatm = 3080 cm-2s- . 

Note that if the precipitation rate of radiation-belt electrons is not symmetric with local 

time [e.g. Selesnick et aI., 2003; Cliverd et al., 2007; Jordanova et al., 2008], then the fluxes 

to the atmosphere will larger than expression (7) at some local times and lower than 

expression (7) at other local times. 

In the magnetosphere the thermal flux of electrons in the outer radiation belt is t'.__ ". "" 

nVTe where VTc is the thermal velocity of the radiation-belt electrons. At t = -4 days, the 

number density of the outer electron radiation belt is n "" 4x 1 0-4 cm-3 and the temperature is T 

= 170 keY (cf. Figure 4), which gives VTe = 1.6xl0 lv cm/s. These values give "" 6.5x106 

cm-2s-1 at peak. Comparing this value 6.5x106 for the thermal flux in the magnetosphere to the 

value 3080 of the flux into the atmosphere at t = -4 days finds 

Fatm/Fmag ... 1/2100 (8) 

strong diffusion of the radiation-belt electrons were operating, the ratio in expression (8) 

would have a value on the order of unity. Since the ratio is ~1O-3, the diffusion of electrons 

into the loss cone is ~3 orders ofmagnitude weaker than strong diffusion. 

Realizing that the particle pressure is the thermal energy density, the energy flux into 

the atmosphere from the outer electron radiation belt can be calculated from the decreasing 

pressure in the magnetosphere as follows. The total thermal energy content E of a flux tube of 
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volume V is E = PV. Taking the time derivative of this,· the loss rate of thermal energy dE/dt 

is hence 

dE/dt == V dP/dt (9) 

The loss rate of thermal energy from the nux tube into the atmosphere is 

dE/dt = FE2Aatm (10) 

where FE is the thermal energy nux into the atmosphere and is the area of the nux tube in 

the atmosphere. Equating expressions (8) and (9) yields 

FE = (V12Aatm) dP/dt. (11) 

Again using expression (5) for Aatm, becomes 

FE (1/2) (V/Aeq) (Balm/Beq) dP/dt (12) 

temporal profile of the pressure of the outer electron radiation belt at geosynchronous 

orbit before a storm with a calm is of the form (see Figure 4 and see Table I) P 4.66x 10-3 

exp(-t/4.1 day) nPa, so the time derivative of the pressure is of the form dP/dt = 1.33xlO- 16 

2 108exp( -114.1 day) erg cm- S'I (where 1 nPa = erg cm-3 was used). Using this value of dP/dt 

along with V/Aeq = 7.6x109 em, Beq = 96 nT, and Batm = 0.56 gauss, the energy nux into the 

atmosphere from the outer electron radiation belt at geosynchronous orbit is FE = 2.94x 10'4 

exp(-tl4.1 day) erg cm'2 S-1 before the storm. At its strongest (time t = -4 days), this energy flux 

IS l'F 7.8x 10-4 erg cm'2 S'l. This energy t1ux is subvisual, with a nux of about 1 erg cm'2 S'I 

being required to produce visual airglow [Seaton, 1954; Dalgarno et al., 1965}. (Note 

since the radiation-belt electrons deposit their energy deeper in the atmosphere than typical 

aurora, collisional quenching of the 5577-A emission require an energy flux of greater 

2than 1 erg cm- to produce visible emission.) 
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5. Discussion 

The discussion in this section focuses on three topics: (A) the interpretation of the 

observed decay in the number density of the outer electron radiation belt at geosynchronous 

orbit, (8) the effect of the fluxes of radiation-belt electrons into the atmosphere, and (C) the 

relativistic-electron dropouts at the onset of high-speed-stream-driven storms which follow in 

time the slow decay during calms. 

5.A Interpretation of Loss: Waves in the Plasmasphere 

The greatly enhanced loss of electrons from the outer radiation belt during calms 

before storms is believed to be caused by the build up of the outer plasmasphere during the 

calms [Borovsky and Steinberg, 2005,2006] leading to pitch-angle scattering of the radiation

belt electrons by plasma waves in the plasmasphere [Smith et at., 1974; Kelley et ai., 1975; 

Albert, 2004; Summers et ai., 2004; Shprits and Thorne, 2004]. The specific plasma-wave 

candidates to pitch-angle scatter the electrons of the outer radiation belt are (whistler-mode) 

plasmaspheric hiss [cf. Lyons et ai, 1972; Meredith et al., 2006; Lam et ai., 2007], lightning

generated whistlers [cf. Voss et al., 1998; Lauben et al., 2001; Rodger et al., 2003; Botnik et 

al., 2006], and electromagnetic ion-cyclotron waves [cf. Summers and Thorne, 2003; Albert, 

2003]. 

To clarify the role of the outer plasmasphere, a set of high-speed-stream-driven storms 

with outer plasmaspheres is compared to a set of high-speed-stream-driven storms without 

outer plasmaspheres. In Figure 5 the temporal profile of the superposed number density of the 

outer electron radiation belt is plotted as a function of time for 24 storms with calms 

beforehand and for 11 of those storms with calms that also have built-up outer plasmaspheres 

at geosynchronous orbit for 2 or more days prior to storm onset. The presence of a built-up 

outer plasmasphere is determined by an examination of the Magnetospheric Plasma Analyzer 
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(MPA) data [Bame et al., 1993] from the Los Alamos geosynchronous satellites. Note in 

Figure 5 that the temporal profile of the number density of the outer electron radiation belt is 

similar for storms with calms beforehand as it is for storms with confirmed built-up outer 

plasmasphere beforehand. For storms with confirmed outer plasmaspheres the exponential 

decay of the number density has an e-folding time of 3.0 days, compared to the 3.4-day e-

folding time for storms with calms. Storms calms beforehand are expected to have built-

outer plasmaspheres [cf. Borovsky and Steinberg, 2006], although the presence of the outer 

plasmasphere cannot always be confirmed owing to satellite coverage and to deformations of 

the plasmasphere that can prevent a geosynchronous spacecraft from detecting the 

plasmasphere cold plasma. 

Note that ejecta-driven geomagnetic storms do not show a trend of decaying number 

density of the outer electron radiation belt at geosynchronous orbit in the days before storm 

onset [cf. Fig. 10 or Borovsky and Denton, 2008b]. This may be because ejecta-driven storms 

do not tend to have calms occurring before storm onset [Borovsky and Steinberg, 2006; 

Borovsky and Denton, 2006]. 

S.B. Fluxes of Energetic Electrons into the Atmosphere 

In Section 4 it was calculated that the electron fluxes from the outer electron radiation 

belt at geosynchronous orbit into the atmosphere are about Fatm "" 3080 cm-2s- 1 at their highest 

during calms before high-speed-stream-driven storms. These fluxes into the atmosphere are 

about 1 100 times as strong as thermal fluxes in the outer electron radiation belt in the 

magnetosphere, indicating that the diffusion into the loss cone during calms is 3 orders of 

magnitude weaker than strong diffusion. And in Section 4 it was calculated that the energy 
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2flux of these radiation-belt electrons is on the order of FE"" 7 .8x 10-4 erg cm- S-I. These fluxes 

are subvisual in terms of the production of airglow. 

Even though the fluxes are small, the precipitation of these electrons into the 

atmosphere should not be ignored [cf. Thorne, 1980; Baker et al., 1993; Lastovicka, 1996; 

Siskind, 2002]. Precipitating electrons with energies of 150 keY and above deposit most of 

their energy at altitudes of about 75 km and lower [e.g. Rees, 1963,1964]. The effects of 

energetic electrons on atmospheric chemistry [e.g. Thorne, 1977; Callis et aI., 1991,1998; 

Rozanov et al.. 2005; Randall et al., 2007], ionospheric profiles [e.g. Goldberg et al., 1984; 

Frahm et aI., 1997; Rodger et al., 2007], atmospheric electricity [e.g. Sheldon et al., 1988; 

Tinsley et al., 2007], and climate [e.g. Lastovicka, 1996; Kniveton and Tinsley, 2004] are 

presently being considered. 

S.C Electron Fluxes into the Atmosphere during Relativistic-Electron Dropouts 

In comparison with the electron fluxes during calms before the storms, the electron 

fluxes from the outer radiation belt into the atmosphere during relativistic-electron dropouts at 

storm onset are more than an order of magnitude more intense. In a relativistic-electron 

dropout the number density decreases by more than 1 x 1 0-4 cm-3 in about 6 hours [Borovsky 

3and Denton, 2008b,2008c]. This gives a dn/dt value of dn/dt = 5xlO-9 cm- S-I, which is 3.5 

3times larger than the dnldt = 1.4x 10-9 cm- S·I value for calms. During relativistic-electron 

dropouts the loss of electrons probably does not occur at all local times, but rater it is confined 

to the plasmaspheric drainage plume in the afternoon sector. At geosynchronous orbit, plumes 

are about 4 hours wide in local time at the onset of high-speed-stream-driven storms [Borovsky 

and Denton, 2008a], which boosts the local flux by a factor of 24/4 6. With the 3.5 factor 

increase in dn/dt and the factor 6 increase for effects, the electron flux into the 
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atmosphere is Fatm ..... 2xl05 cm'2 S-I. For n 2xlO-4 cm-3 and T = 170 keY, the thermal nux in 

the outer electron radiation belt in the magnetosphere is ..... 3.2x I 06 cm'2 S'I. Comparing 

these two numbers finds F atm/Fmag ..... 1116. The pitch-angle diffusion rate during relativistic-

electron dropouts is about 1 order of magnitude weaker than strong diffusion. If the 

precipitation of electrons from the outer radiation belt maps to only a portion of the 

plasmaspheric drainage plume during relativistic-electron dropouts, then the flux to the 

atmosphere is higher and the diffusion may be strong diffusion. 

During the relativistic-electron dropouts at storm onset, the energy flux into the 

atmosphere from the outer radiation belt is larger than the energy flux during calms before the 

storms. With dn/dt 5xlO-9 cm,3 s-l, T 170 keY, and a 5-hour wide plume, the estimated 

energy flux into the atmosphere is FE "" 0.9 erg cm'2 S·l, approximately the 1 erg cm·2 
S·l to 

produce visible airglow. 
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6. Summary 

There is a slow decay of the number density n of the outer electron radiation belt at 

geosynchronous orbit during calms before high-speed-stream-driven storms. The decay starts 

about 4 days prior to storm onset. When there is no calm before the storm, the decay in the 

number density is very slight. No calm, no loss. 

The decay of the number density is believed to be caused by electrons being pitch

angle scattered into the atmospheric loss cone by plasma waves in the outer plasmasphere, 

which grows during the calms. 

The number density decay rate during the calms before the storms is as n 

1.26x 10-4 e-t/3.40 day cm-3 (valid for t=-4 days to t= -0.5 day), which has an exponential e

folding decay time of 3.4 days. 

The rate of decay of the number density n of the outer electron radiation belt at 

geosynchronous orbit is similar at all local times. 

During calms before storms, as the number density n steadily decays, the temperature 

T of the outer electron radiation belt at geosynchronous orbit stays approximately constant. 

The temperature remaining constant as the electrons precipitate to the atmosphere indicates 

that the pitch-angle scattering into the loss cone acts equally at all energies. 

During calms before storms, as the number density of the outer electron radiation belt 

decreases the pressure P of the outer electron radiation belt decreases. 

During calms before storms, as the number density of the outer electron radiation belt 

decreases the specific entropy S of the outer electron radiation belt increases. 

The flux of outer-radiation-belt electrons into the atmosphere is 3 orders of magnitude 

less than the thermal flux of outer-radiation-belt electrons in the magnetosphere, indicating 

that the scattering into the loss cone is 3 orders of magnitude slower strong diffusion. 

http:e-t/3.40
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The deposition of energy the atmosphere by the precipitating outer-radiation-belt 

electrons at geosynchronous orbit during calms is too small to produce visible airglow. 

Relativistic-electron dropouts at stonn onset follow the decay of the outer electron 

radiation belt during calms before the stonns. If there is a calm before the storm, the 

relativistic-electron dropout is deeper. During relativistic-electron dropouts the local fluxes of 

electrons into the atmosphere are higher briefer) during calms before storms. 
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Table 1. Exponential fits for the range -4 days to -0.5 day before the onset of high-speed

stream-driven storms. 

Storms with Calms Storm without Calms 

number density n [cm-J 
] L26x 10-4 e-tiJAU day 3.43x 10-4 e-tl24 .:J day 

temperature T [ke V] 177 etlWJ . 8 day 150.4 e-1/48.8 day 

pressure P [nPa] 4.66x IO-J e-1/4.U 1 day 8.82x 10=3" e-t?TO:TOay 

specific entropy S [eV cm 2 
] 7.71 x 107e+tl5.5U day 3.37xI07 e+tIlM.1 day 

relativistic specific entropy 

Srel [eV cm2 
] 

9.11 x 10 1 e+tI).41 day 3.93xI07 e+17T85"]"j(fay 
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Figure 1. The base-1 0 logarithm of the number density of the outer electron radiation belt at 
geosynchronous orbit is plotted as functions of time (horizontal) and local time (vertical) for 
data superpositions triggered on storm onset. In the top panel the superposition is from 124 
high-speed-stream-driven storms. In the middle panel the superposition is from a subset of 41 
high-speed-stream-driven storms without calms beforehand. In the bottom panel the 
superposition is from 124 high-speed-stream-driven storms, In the middle panel the 

2.) ............,..... 

~ . ' , P ~I ! 

' S --I 12 II> 

, ..l 7. 

l()X 

" 
.....J. II 

Il 8 

Ep,)("h Tllnc ( [let) ' ! 




§ [fJ
 

o 
...... 
[fJ

 

c: 
Q

) 

>' ;:: 
-0

 

E
 

('j 
Q

) 
.... 

...... 
[fJ

 
I 

-0
 

Q
) 


Q
) 


0.. 
[fJ

 

...c: I 

O
J) 

:.c '<1" 
0

1
 

'-+o c: 
o 

:~
 

rJJ 
o 0.. 
.... Q

) 

0
.. 

:::s 
rJJ 



27 

5 10-4 i 

4 10-4 

310-4 


.--. 

<? 

E 
o...... 
t: 

4210.

1 10.4 

O ~__~____~__~-L__~____~__~-L______~~__~~__~__~~__~~__~__~~ __~~ 

Calms before the Storms 
(24 storms) 

i 

-5 -4 -3 -2 -1 o 
time from storm onset [days] 

Figure 2. The local-time averaged number density of the outer electron radiation belt at 
geosynchronous orbit is plotted as a function of time for data superpositions triggered on 
storm onset. The black curve is for 124 high-speed-stream-driven storms the blue curve is for 
a subset of 41 storms without calms beforehand; and the red curve is for a subset of 24 storms 
with cams beforehand. Exponential fits to the data in the time range t = -4 days to t = -0.5 
days are shown as the smooth curves. 
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Figure 3. For 24 stonns with calms beforehand (left panel) and for 41 storms without calms 
beforehand (right panel, exponential fits to the superposed data are shown, The blue curve is 
for a 3-hour-wide local time band around local noon, the green curve is for a 3-hr-wide band 
around local dawn, the red curve is for a 3-hour-wide band around local dusk, and the black 
curve is for a 3-hour-wide band around local midnight. 
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Figure 4. For a superposition of data from 24 high-speed-stream-driven storms with calms 
beforehand (left column) and for a superposition of data from 41 high-speed-stream-driven 
stonns without calms beforehand (right column), the number density (top row), temperature 
(second row), pressure (third row), and specific entropy (bottom row) are plotted. The time 
t=O is the onset of stonn convection. In the bottom row, the gray curves are the relativistic 
version of the specific entropy. 



30 

510~ rl'_~'~~----~~~--~~--~'-----~~--~'-----~~--~'-----~~--~ 

4 10~ 

3 10~ 

........ 

'? 
E o ........ 


c 

210-4 

1 10-4 

Confirmed Outer Plasmasphere 

(24 storms) 

(11 slorms) 

-t/3.4 day
e 

O'~~--~~--~-L--~~--~----~~--~~--~~--~~--~-----L--~--__~~~ 
-5 -4 -3 -2 -1 o 

time from storm onset [days] 
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beforehand and without built-up outer plasmaspheres. The red curve is for II storms with 
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