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Joseph E. Borovskyl and Michael H. Denton2 

1Los Alamos National Laboratory 
2Lancaster University 

Abstract. Using temperature and number-density measurements of the energetic-electron 

= T/n2/3 ofpopulation from multiple spacecraft in geosynchronous orbit, the specific entropy S 

the outer electron radiation belt is calculated. Then 955,527 half-hour-long data intervals are 

statistically analyzed. Local-time and solar-cycle variations in S are examined. The median value 

of the specific entropy (2.8x 107 e V cm2
) is much larger than the specific entropy of other particle 

populations in and around the magnetosphere. The evolution of the specific entropy through 

high-speed-stream-driven geomagnetic storms and through magnetic-cloud-driven geomagnetic 

storms is studied using superposed-epoch analysis. For high-speed-stream-driven storms, 

systematic variations in the entropy associated with electron loss and gain and with radiation-belt 

heating are observed in the various storm phases. For magnetic-cloud-driven storms, multiple 

trigger choices for the data superpositions reveal the effects of interplanetary shock arrival, 

sheath driving, cloud driving, and recovery phase. The specific entropy S T/n2/3 is algebraically 

expressed in terms of the first and second adiabatic invariants of the electrons: this allows a 

relativistic expression for S in terms of T and n to be derived. For the outer electron radiation 

belt at geosynchronous orbit, the relativistic corrections to the specific entropy expression are 

-15% 
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1. Introduction 

For an adiabatic equation of state for a gas with Polytropic index r ratio of specific 

heats), the specific entropy (entropy density) is conserved as the fluid advects: this is written 

dS/dt 0 [cf. Scindler and Birn, 1978; Goertz and Baumjohann, 1991]. The specific entropy S is 

S Pn-r where P is the particle pressure of the gas and n is the number density of gas particles. 

With P nks T, the specific entropy S can be redefined as S = T/nr-I. For an isotropic gas r 5/3 

and the specific entropy S is 

S = T/n2/3 (EE03) 

T/n2/3The concept that the specific entropy S of a plasma can be conserved under 

special conditions has been used to explore plasma-transport issues in the plasma sheet of the 

Earth's magnetotail [e.g. Schindler, 1975; Erickson and Wolf, 1980; Schindler and Birn, 1982; 

Birn and Schindler, 1983; Huang et al., 1989; Baumjohann and Paschmann, 1989; Spence and 

Kivelson, 1990; Zhu, 1990; Goertz and Baumjohann, 1991; Borovsky et al., 1998; Birn et ai., 

2008] and in the solar wind [e.g. Whang et al., 1989; Goldstein et al., 1994] and magnetic clouds 

in the solar wind [e.g. Osherovich et al., 1997; Gosling, 1999; Farrugia et aZ., 1999]. Examining 

the value of the specific entropy S T/n2!3 in time-series data is a powerful method of discerning 

different plasmas [Burlaga et al., 1990; Borovsky et ai., 1998; Burton et al., 1999; Osherovich et 

al., 1999; Lazarus et aI., 2003; Neugebauer et al., 2004; Pagel et al .. 2004; Borovsky, 2008]. 

Further, in a collisionless plasma S can be conserved separately for the ions and the electrons, 

preserving such quantities as the ion-to-electron temperature ratio of the plasma. 

In this study the specific entropy of the Earth's outer electron radiation belt as seen at 

geosynchronous orbit (6.6 RE) is examined. Statistics will be performed on 54.5 satellite years of 

measurements of the outer electron radiation belt and superposed-epoch analysis will be 

performed to study the evolution of the specific entropy during high-speed-stream-driven 

geomagnetic storms and magnetic-cloud-driven geomagnetic storms. It will be shown that the 

specific entropy is a good indicator of changes that occur to the outer electron radiation belt. 

This report is organized as follows. In Section 2 the specific entropy S expressed in terms 

of density and temperature for a collisionless plasma is algebraically shown to be expressible as 

a number density of first and second adiabatic invariants, and that reversing the algebraic 

derivation leads to a relativistically corrected expression for the specific entropy S in terms of 

density and temperature. In Section 3 the energetic-electron measurements that will be used is 

described. In Section 4 the energetic-electron measurements is analyzed to obtain statistics about 
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the specific entropy of the outer electron radiation belt. In Section 5 the evolution of the specific 

entropy of the outer electron radiation belt through geomagnetic storms is investigated via 

superposed-epoch-analysis techniques: CIR-driven storms in Section 5.A and CME-driven 

storms in Section 5.B. The findings are summarized in Section 6 and the usefulness of the 

entropy description for the outer electron radiation belt is discussed in Section 7. 
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2. Entropy Density and Particle Adiabatic Invariants 

T/n2/3The specific entropy S = as a conserved quantity is a concept for a gas that 

collisionally remains isotropic. The isotropy assumption is built into the selection of the adiabatic 

index r being r = 5/3. In this section it is shown that the specific entropy S of a colisionless 

plasma can also be expressed in terms of the first two adiabatic invariants of the particles plus 

two other conserved quantities, if the assumption is made that the particle distribution function is 

isotropic. (When a distribution of charged particles in a dipole magnetic field is (a) never 

isotropized or (b) constantly isotropized, then the behavior of the population is adiabatic [cf. 

Appendix 2 of Borovsky et al., 1981], otherwise the population undergoes nonadiabatic evolution 

[cf. Goertz, 1978]). The first adiabatic invariant !l is !l = p/IB [e.g. Alfven and Falthammar, 

1963; Borovsky and Hansen, 1991] where P-L = mV-L is the component of the (nonrelativisitic) 

momentum of a particle perpendicular to the magnetic field B. For an isotropic population of 

particles with temperature T, a thermal particle has v / = ksTim and the first adiabatic invariant 

can be redefined as !l = T/B. The second adiabatic invariant J is J = 2 JPII ds [e.g. Alfven and 

Falthammar, 1963; Northrop, 1963], where PII = mV11 is the component of the momentum of a 

particle parallel to the magnetic field B and the integral Jds is over the length of a flux tube. The 

integral JPII ds can be approximated as PII L where L is the length of a flux tube. Assuming 

isotropy, vII = (ksTim) 112 for a thermal particle and the second adiabatic invariant can be rewritten 

J = T 1/2L. The third conserved quantity for a population of particles in the magnetosphere is the 

number of particles N in a flux tube. This number can be written as N = nV where n is the 

number density of particles and V is the spatial volume of the flux tube. Writing the volume of 

the flux tube as V = AL where A is the cross sectional area of the flux tube and L is the length of 

the flux tube, the number of particles is expressed as N = nAL. The final conserved quantity is 

the total magnetic flux 13 in the flux tube, which can be written as 13 = BA where B is the 

magnetic induction and A is the cross sectional area of the flux tube. Collecting this information 

together, the four conserved quantities are: 

!l=T/B (EElla) 

J = TI/2 L (EEllb) 

N = nAL (EE llc) 

13 = B A (EEl1d) 
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Expressions (EElla) - (EElld) are four expressions in five unknowns: T, B, L, A, and n. 

Algebraically, using three of the expressions to eliminate the variables A, L, and B leaves one 

expression which has the two variables nand T: 

T3/2 1nN 1 'B !l J = (EEI2) 

The left-hand side of expression (EE 12) is comprised of conserved quantities, so both sides of 

expression (EE12) are conserved. Expression (EEI2) is interpreted as follows. NI'B is the 

number of particles per unit flux in the flux tube. Hence the left-hand side NI'B!lJ is the number 

density of (!lJyl in the flux tube, where the number density is the number of particles per unit 

flux instead of the number per unit volume. Taking both sides of expression (EE12) to the 2/3 

power and recognizing from expression (EE03) that T In2/3 S, expression (EE 12) becomes 

S (!lJ'BIN)2!3 (EEI3) 

where the specific entropy S is written in terms of single-particle motions in a collisionless 

plasma rather than fluid variables. 

To obtain an expression for the specific entropy S that is relativistically correct, the 

expression (EEI3) can be used with the relativistic expression of the invariants in the right-hand 

side. S is conserved if !l, J, 'B, and N are individually conserved. RelativisticallY!l p.L2/B is 

conserved [cf. Alfoen and Falthammar, 1963], where P.L = ymv.L is the relativistic momentum, 

with the Lorentz factor y. Relativistically the second adiabatic invariant is J = PUL, where PII = 

ymvil is the relativistic momentum. Relativistically, expression llc) forN and (EElld) for 'B 

hold. Using the relativistically correct expressions for !l, J, 'B, and N into the right-hand side of 

expression (EE13) and assuming isotropy of the particles, expression (EEI3) for S becomes 

S p2/n2!3 (EE 14) 

The relativistic momentum pis p = ymv; using the definition of the Lorentz factor y (1 - v 2/c2y 
2112 to eliminate v, the expression for p2 becomes p2 = m c2(l_ I). Relativistically, the kinetic 

energy Ek of a particle is Ek = (y-l )mc2. Using this relation to express y as y = I + (Ek/mc2
), the 

expression for p2 becomes p2 = 2mEk(1 + (Ek/2mc2». Using this expression for pl, expression 

(EE14) for the specific entropy S becomes 
2S 2mEd I + (Ek/2mcl ») 1n !3 (EE 15) 
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A thermal particle in a distribution has kBT; replacing Ek with ksT in expression (EE IS) and 

dropping the constant 2m, pulling Boltzmann's constant kB into the temperature (i.e. expressing 

the temperature in energy units), expression (EElS) for the specific entropy becomes 

S = T n-2f3 (1 + T/2mc2
) (EEI6) 

which is a conserved quantity. The relativistic expression for S (expression (EE 16)) varies by a 

correction factor of (1 + T/2mc2
) from the nonrelativistic expression (expression (EE03)). For 

electrons, 2mc2 = 1.022 MeV. For the temperatures of the outer electron radiation belt (T ... 0.15 

± 0.05 MeV), the relativistic correction to the expression for S is an increase of 10 to 20% over 

the nonrelativistic expression (EE03). 
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3. The Measurements 

The fluxes of energetic electrons are measured by the Synchronous Orbit Particle 

Analyzer (SOPA) [Belian et aI., 1992; Cayton and Belian, 2007] onboard 7 satellites in 

geosynchronous orbit (6.6 RE). The SOP As measure spin-averaged differential fluxes of electrons 

in the energy range ~30 keY to MeV. In the current study relativistic bi-Maxwellian fits to the 

measured electrons fluxes are used [cf. Cayton et al., 1989; Cayton and Belian, 2007]. The bi

Maxwellian fitting describes two populations of electrons: a "soft" population of electrons with a 

temperature of ~30 ke V and a "hard" population with a temperature of ~150 ke V. The "soft" 

population is the suprathermal tail of the electron plasma sheet whose appearance at 

geosynchronous orbit is associated with substorm injections [Lezniak et al., 1968; Birn et al., 

1998]. The hard component is the outer electron radiation belt [Cayton et aI., 1989; Behan et aI., 

1996]. 

From the measured fluxes the temperature and density is determined every 10 seconds 

from each satellite. To reduce the influence of outliers when the fits are noisy and to produce a 

more-manageable-sized data set, median values of the density and temperature are calculated for 

every 30 minutes of data [cf. Denton et al., 2009]. This results in 955,527 half-hour-median 

values of temperature and density, equivalent to 54.5 satellite years of data. 

The specific entropy S TIn2/3 of the outer electron radiation belt at geosynchronous 

orbit will be calculated from these temperature and density measurements. 
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4. Entropy Density Statistics for the Outer Electron Radiation Belt 

In Figure FFOI the density versus temperature is plotted for 955,527 measurement 

intervals of the outer electron radiation belt at geosynchronous orbit from 7 spacecraft. Each 

interval produces one nand T value from a half hour of measurements. In gray every 20th point 

is plotted. The black curves are contours of constant S T/n2
/
3 and the green dashed curves are 

contours of constant S = T/n2/3(l +T/2mc\ As can be seen from the figure, the value of S for the 

outer electron radiation belt typically lies between I x 107 e V cm2 and I x 108 e V cm2. Note in 

Figure FFO I that the density variations of the outer electron belt are greater than the temperature 

variations. 

In Figure FF02 the measured values of the specific entropy S of the outer electron 

radiation belt at geosynchronous orbit are binned. As indicated on the figure, the median value of 

the specific entropy is 2.79x 107 e V cm2 (the median value of the relativistically corrected specific 

entropy is 3.21x107 eVcm2). As can be seen in the figure, the distribution of S values has a 

strong tail at high S and has a very high kurtosis; the mean value of S (3.94x 107 eVcm2) is 1.4 

times as large as the median value of S. As can be discerned from Figure FF02, the high-S tail is 

associated with values of the outer-electron-radiation-belt number density that are very low. 

As measured at geosynchronous orbit, there is not a strong local-time dependence in the 

value of the specific entropy S of the outer electron radiation belt. This is shown in the bottom 

panel of Figure FF03. The gray points are the half-hour measurements of S (with every 20th 

point plotted) and the red point are 3000-point running logarithmic averages of the gray points. 

In the top two panels of Figure FF03 the number density n and the temperature T of the outer 

electron radiation belt are similarly plotted. Note that the number density of the outer electron 

radiation belt at geosynchronous orbit has a weak local-time dependence with a maximum in the 

pre-noon sector; the temperature has a similar but weaker local-time dependence. When the ratio 

T/n2/3 is taken to obtain S, these two local-time dependences tend to cancel, resulting in a local

time dependence for S that is weaker than the n dependence. 

In Figure FF04 the specific entropy of the outer electron radiation belt at geosynchronous 

orbit is plotted as a function of time for 18 years. The black points are 5,OOO-point logarithmic 

averages of the 955,527 half-hour measurements of S. Depending on the number of 

geosynchronous satellites in operation at the time, the 5000-point averaging represents about a 1

month smoothing. Plotted in green in Figure FF04 is the international sunspot number ISN 

multiplied by I x 105
. As can be seen by examining the black curve, there are peaks in the specific 



9 

entropy of the outer electron radiation belt at the two solar minima of 1995 and 2008. The red 

curve in Figure FF04 is a sine-function fit to the black points. A 13.5-year period for the sine 

function was found to produce the best fit. The peak-to-peak amplitude of the sine fit is about 

30% of the mean value. Note that the large upward excursions ofS (black points) from the fit (red 

curve) at solar minimum; these exceptionally high values of S are associated with exceptionally 

low number densities n of the outer electron radiation belt in the solar-minimum years 1995 and 

2007 [Denton et aI., 2009]. 
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5. Evolution of the Entropy Density during Geomagnetic Storms 

The specific entropy of the outer electron radiation belt at geosynchronous orbit is 

examined during geomagnetic storms with the use of superposed-epoch analysis following the 

methodology of Denton et al. [2006]. In Section 5.A high-speed-stream-driven (CIR-driven) 

storms are explored and in Section 5.B magnetic-cloud-driven (CME-driven) storms are 

examined. For a discussion of the major differences between CIR-driven and CME-driven 

storms, see Borovsky and Denton [2006]. 

5.A High-Speed-Stream-Driven (CIR-Driven) Storms 

To study the evolution of the specific entropy of the outer electron radiation belt during 

high-speed-stream-driven storms, superposed epoch analysis is performed on 124 high-speed

stream-driven storms between 1993 and 2006. These storm events have been used previously to 

study the workings of the solar-wind-driven magnetosphere [Denton et aI., 2008; Denton and 

Borovsky, 2008; Borovsky and Denton, 2008a,b]. The 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 (storm) of high Kp 

following the passage of the CIR. 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. 

For 124 superposed high-speed-stream-driven storms In the years 1993, 1994, 1995, 

1996, 2003, 2004, and 2005, the evolution of the specific entropy S of the outer electron 

radiation belt at geosynchronous orbit is shown in Figure FF05 as a function of time through the 

storms (horizontal axis) and observing-satellite local time (vertical axis). The time t=O is the 

onset of strong convection (the Kp index reaches approximately 4.3) where the storm begins. 

The time axis extends from 7 days prior to the storm onset to 7 days after storm onset. Typical 

high-speed-stream-driven storm lengths are of the order of 4 days [Borovsky and Denton, 

2008a]: in the data set of 124 storms used here, some storm are shorter than 4 days and some are 

longer. As can be seen in Figure FF05, the specific entropy of the outer electron radiation belt 

begins to slowly increase about 2 days prior to the storm onset in the superposed-epoch data set, 

then increases very strongly for about half of a day near the onset of the storm, then drops 

suddenly to low levels during the first day of the storm, and then slowly increases through the 

storm. These temporal trends in the specific entropy will be examined below and the discussion 

will return to the local-time dependences that can be seen in Figure FF05. 
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In Figure FF06 the specific entropy S of the outer electron radiation belt is plotted as a 

function of time for the superposition of a subset of 24 high-speed-stream-driven storms that had 

well-defined "calms before the storms" [e.g. Borovsky and Steinberg, 2006], which are intervals 

of exceptionally quiet geomagnetic activity that tend to occur just prior to high-speed-stream

driven storms. The time t=O is again the onset of storm levels of convection. In the top panel of 

Figure FF06 the number density n of the outer electron radiation belt is plotted and in the middle 

panel the temperature T of the outer electron radiation belt is plotted. In all three panels the 

quantities are averaged over local time. In the bottom panel of Figure FF06 the temporal trends 

in the specific entropy that were seen discussed for FF05 are clearly seen: the slow rise in 

entropy before the storm, the sudden increase near the storm onset, the sudden drop during the 

early phase of the storm, and the slow increase during the storm. The specific entropy S is S = 

T/n2l3. As can be seen in the top panel of Figure FF06, the slow increase in the specific entropy S 

before the storm is caused by a slow decay in the number density n of the outer electron radiation 

belt. This density decrease is caused by the build up of the outer plasmasphere during the "calm 

before the storm" [Borovsky and Steinberg, 2006; Borovsky and Denton, 2008a] and is believed 

to be pitch-angle scattering of radiation-belt electron into the atmospheric loss cone by plasma 

waves living in the high-density plasmasphere [e.g. Smith et aI., 1974; Thorne et aI., 1979; 

Summers et aI., 2004; Meredith et aI., 2004]. This is demonstrated in Figure FF07 where the 

specific entropy S is plotted prior to the storms for three sets of storms: storms without calms 

(green curve), storms with calms (blue curve), and storms with calms and with confirmed built

up outer plasmaspheres at geosynchronous orbit for 2 or more days prior to storm onset (red 

curve). For the third set of storms, the presence of a built-up outer plasmasphere is determined 

by an examination of the Magnetospheric Plasma Analyzer (MPA) data [Barne et aI., 1993] from 

the Los Alamos geosynchronous satellites. All three curves in Figure FF07 have been subjected 

to 6-hour running averages and linear-regression fits to the curves in the -84 hr to -18 hr range 

are shown as the dashed lines. As can be seen from the green curve and it's linear fit, where there 

is no calm before the storm and hence no built-up outer plasmasphere, there is no increase in the 

specific entropy of the outer electron radiation belt before the storm. Where there are calms 

before the storms (blue curve), the increase in the specific entropy before the storm is seen. And 

where outer plasmaspheres are seen at geosynchronous orbit appearing at least 2 days prior to 

storm onset (red curve), the increase of the specific entropy before the storm is even stronger 

than in the blue curve. Note in Figure FF07 that the magnitude of the relativistic-electron dropout 
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(peak in entropy near t=O) is more robust in storms with calms than it is in storms without calms 

[see also Borovsky and Denton, 2008b]. 

Comparing the top and bottom panels of Figure FF06 it is seen that the strong increase in 

the specific entropy S at the onset of the storms is associated (1) with a sudden drop in the 

already low density n of the outer electron radiation belt and (2) with a sudden decrease in the 

temperature of the outer electron radiation belt. This is the "relativistic-electron dropout" seen at 

the onset of high-speed-stream-driven storms [cf. Freeman, 1964; Nagai, 1988; Blake et al., 

2001; Onsager et af., 2002; Green et al., 2004,2007; Borovsky and Denton, 2008b]. As can be 

seen in Figure FF06, the sudden drop in the specific entropy early in the storm is associated with 

a sudden increase in the number density n of the outer electron radiation belt. This is the sudden 

"recovery from dropout" of the relativistic electrons [Borovsky and Denton, 2008b] where a 

fresh population of radiation-belt-electron seems to appear [Borovsky et aI., 1998]. Finally, as 

seen in Figure FF06, the slow increase with time of the specific entropy S with time during the 

high-speed-stream-driven storm is associated with a slow increase in the temperature of the outer 

electron radiation belt. 

These temporal trends in the specific entropy are summarized in Figure FF08, where the 

evolution of the specific entropy S at local midnight (red curve) and at local noon (blue curve) at 

geosynchronous orbit are compared. In Figure FF05 it can be seen that the high entropy during 

the relativistic-electron dropout (near time t=O) has a strong local-time dependence. In Figure 

FF08 it is seen that the specific entropy of the outer electron radiation belt is higher at local 

midnight during the dropout than at local noon. Further, the dropout has a longer temporal 

duration at local midnight than it does at local noon at geosynchronous orbit. This difference in 

the durations of the dropouts was noted previously [Borovsky and Denton, 2008b]. 

S.B Cloud-Driven (CME-Driven) Storms 

Owing to the significant differences in solar-wind drivers from one magnetic-cloud event 

to another [cf. Jian et af., 2006], cloud-driven storms are more difficult to study via superposed

epoch analysis than are high-speed-stream-driven storms. A typical (but not unique) temporal 

sequence for the solar-wind driver is interplanetary shock arrival, passage of the sheath, and 

passage of the southward-IMF portion of the cloud. The shock mayor may not be present, the 

sheath mayor may not drive the magnetosphere, and the cloud mayor may not have a 

southward-IMF portion. A standard trigger to take for the zero epoch of the event superposition 
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is the minimum value of the Dst index for the storm [e.g. Denton et al., 2005,2006; Zhang et aI., 

2005] , but that method mixes several cloud-driven storm phases together owing to the differing 

temporal durations of the phases from storm to storm. The method of analysis for cloud-driven 

storms that will be employed here is to use multiple triggers (e.g. beginning of sheath, beginning 

of southward-IMF portion of cloud, end of southward-IMF portion of cloud, ... ) to piecewise 

work through the evolution of the storms, being careful to restrict all interpretation the 

superposed results to the temporal vicinity of the trigger [see also Denton et aI., 2009]. 

The cloud-driven storms chosen are magnetic-cloud events that produced large negative

Dst perturbations each preceded by a clear positive-Dst storm sudden commencement (SSC). 

First the arrival of the interplanetary shock and compressed sheath plasma is examined. 

In Figure FF12 the zero epoch is taken to be the stormtime sudden commencement (SSC) at 

Earth, obtained from a collection 68 well-formed SSC events from the NOAA National 

Geophysical Data Center SSC list. In the bottom panel of Figure FF 12 the superposition of the 

specific entropy S of the outer electron radiation belt at geosynchronous orbit is plotted triggered 

on the SSC. As can be seen, the arrival of the interplanetary shock results in a sudden increase in 

the specific entropy of the outer electron radiation belt. In the top panel of Figure FF 12 it is seen 

that this sudden increase in S corresponds to a sudden decrease in the number density of the 

outer electron radiation belt at geosynchronous orbit. This density decrease is probably owed to a 

rapid compression of the magnetosphere by the increase in solar-wind ram pressure (higher 

velocity and higher density) behind the interplanetary shock, bringing more-tenuous outer

magnetospheric regions to geosynchronous orbit. As can be seen in the second panel of Figure 

FF 12, there is no sudden change in the temperature of the outer electron radiation belt at 

geosynchronous orbit as this tenuous outer material is compressed and delivered to 

geosynchronous orbit. After the shock passage at time t=O, the Earth is within the compressed 

magnetosheath plasma ahead of the coronal mass ejection. Depending on the orientation of the 

IMF in this sheat plasma, the sheath mayor may not drive activity in the Earth's magnetosphere. 

A set of SSC events wherein the IMF of the sheath plasma is distinctly southward was examined 

and the n, T, and S temporal profiles for those driving events were very similar to the profiles in 

Figure FFI2. 

Using ACE SWEPAM and MAG measurements to identify magnetic clouds (well 

ordered magnetic field, low ion temperatures, and bi-directional electron heat flux), a subset of 

13 well-defined magnetic clouds was extracted from the set of Dst storms that was utilized in the 
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study by Denton et al. [2005]. The southward-IMF (in GSM coordinates) portions of the 

magnetic clouds were noted. In Figure FF 11, a superposition of the measurements of the outer 

electron radiation belt at geosynchronous orbit is created triggering the zero epoch on the onset 

of the southward-IMF portions of these magnetic clouds. Note that immediately prior to the 

southward-IMF portions of clouds there can be (a) sheath plasma (which mayor may not drive 

geomagnetic activity) or (b) northward-IMF magnetic cloud (which will not drive geomagnetic 

activity). As can be seen in Figure FFl1, the specific entropy S of the outer electron radiation 

belt at geosynchronous orbit makes a transition from increasing entropy to decreasing entropy as 

the southward-IMF of the cloud turns on. As can be seen in the top panel of Figure FFll, this 

change in the temporal slope of the specific entropy is associated with a change from number 

density decreasing with time to number density increasing with time for the outer electron 

radiation belt at geosynchronous orbit. As can be seen in the second panel, the slow temporal 

decrease in the temperature of the outer electron radiation belt continues through this southward

turning time. 

Triggering on the minimum value of Ost (the end of the storm main phase and beginning 

of the storm recovery phase) probably represents the end of strong southward-IMF driving of the 

cloud-driven storm. In Figure FF 11 the number density n, temperature T, and specific entropy S 

of the outer electron radiation belt are plotted as functions of time using the minimum value of 

Ost of the storm as the zero epoch. As can be seen in the bottom panel of Figure FF 11 the specific 

entropy is rising prior to minimum Ost, peaks at Ost minimum, and then falls rapidly after 

minimum Ost is reached. The specific entropy is flat with time after minimum Ost. In the top 

panel of Figure FF 11 the number density is seen to strongly increase prior to Ost minimum, to fall 

strongly at about the time of Ost minimum, and to be constant with time as Ost recovers. The 

temperature of the outer electron radiation belt at geosynchronous orbit shows a steady decrease 

prior to Ost minimum and then a steady increase after Ost minimum. 
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6. Summary 

The specific entropy S has been found to be an indicator of non-adiabatic changes in te 

outer electron radiation belt: an indicator of loss or gain of electrons and an indicator of the 

heating or cooling of the electron population. Most of the specific-entropy changes seen at 

geosynchronous orbit are associated with number-density changes of the outer electron radiation 

belt, particularly the large increases in the specific entropy associated with large decreases in the 

number density. Some changes in specific entropy associated with temperature changes have 

been seen, e.g. the slow increase in specific entropy associated with the heating of the outer 

electron radiation belt during high-speed-stream-driven storms. 

In this report 54.5 satellite years of measurements from geosynchronous orbit were 

analyzed. The data set was comprised of 955,527 half-hour-averaged values of S obtained over 

1.5 solar cycles. 

6.A General Conclusions about the Specific Entropy 

The general properties of the specific entropy S of the outer electron radiation belt at 

geosynchronous orbit are the following. 

(1) The median value ofS of the outer electron radiation belt is S = 2.77xl07 eV cm2
. 

(2) There is very little local-time variation of the specific entropy S of the outer electron 

radiation belt around geosynchronous orbit. 

(3) The occurrence distribution of the specific entropy S has a large kurtosis and a 

significant high-S tail. This high-specific-entropy tail is associated with time intervals wherein 

the outer electron radiation belt has very low number densities. 

(4) The specific entropy S = T/n2/3 varies owing to variations in n (loss or gain of 

electrons) and to variations in T (heating or cooling of the electrons). In general, variations in n 

are are than variations in T. 

(5) There is an anomalously high specific entropy of the outer electron radiation belt at 

solar minimum owing to an anomalously low density of the outer electron radiation belt. 

(6) The value of the specific entropy S of the outer electron radiation belt is very different 

from the specific entropy values of other particle populations in and around the Earth's 

magnetosphere. 

6.8 The Specific Entropy during High-Speed-Stream-Driven Storms 
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124 high-speed-stream-driven storms were investigated with the use of superposed

epoch-analysis techniques. The findings about the specific entropy S of the outer electron 

radiation belt at geosynchronous orbit during high-speed-stream-driven storms are the following. 

(1) There is a few-day-long increase in the specific entropy S before the storm owing to 

the loss of density during the calm before the storm. This loss of outer electron radiation belt 

electrons is associated with the build up of the outer plasmasphere during the calm intervals. 

(2) Relativistic-electron dropouts at the onset of storms show up as rapid increases in the 

specific entropy (dropout of density) followed by rapid decreases in specific entropy (recovery of 

outer electron radiation belt from dropout). 

(3) There is a several-day-Iong increase in the specific entropy during the high-speed

stream-driven storm associated with the slow heating of the outer electron radiation belt. 

6.C The Specific Entropy during Cloud-Driven Storms 

Magnetic-cloud-driven geomagnetic storms were investigated with the use of 

superposed-epoch-analysis techniques with various choices for the t=O triggers. The findings 

about the specific entropy of the outer electron radiation belt at geosynchronous orbit are the 

following. 

(l) The specific entropy suddenly increases at the time of storm sudden commencement 

(SSe) as the solar wind behind the interplanetary shock compresses the magnetosphere, 

delivering low-density electron populations fro the outer magnetosphere to geosynchronous 

orbit. 

(2) When the southward-IMF portion of the magnetic cloud reaches Earth, the specific 

entropy of the outer electron radiation belt switches from temporally increasing to temporally 

decreasing. This switch is mainly owed to a change in the temporal slope of the number density 

from decreasing with time to increasing with time. The temperature slowly decreases with time 

in the as the magnetospheric activity is driven by the southward-IMF portion of the cloud. 

(3) At time of minimum Dst the specific entropy of the outer electron radiation belt is 

decreasing with time, mainly because the number density is increasing with time. 

(4) During the recovery phase of the cloud-driven storms the specific entropy ends its 

temporal decline and becomes constant with time. During this constant specific-entropy phase, 

the number density and the temperature of the outer electron radiation belt are both increasing 

with time. 
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6. The Future 

As the outer electron radiation belt undergoes changes, large changes in the electron 

differential fluxes are seen. Changes n the density and temperature of the outer radiation belt 

electrons are also seen. Fluxes are very useful quantities if the amount of penetrating-radiation 

damage to a spacecraft is of concern. The density-temperature description of the radiation belt, 

however, provides more intuition as to the reasons underlying the changes to the belt [cf. 

Borovsky et al., 1998]. 

An examination of this usefulness appears in Figure FF 13, where the propertoes of the 

outer electron radiation belt at geosynchronous orbit of a high-speed-stream-driven storm can be 

examined. The storm (commencing on April II, 2005) had a well-formed calm before the storm. 

The outer electron radiation belt was measured by 5 satellites during this storm. In the four 

panels of Figure FF 13 are plotted, as functions of time for 14 days, the multisatellite-averaged 

di fferential flux F of 1. I-I. 5 Me V electrons, the multi sate llite-averaged specific entropy S of the 

outer electron radiation belt, the multisatellite-averaged temperature T of the outer electron 

radiation belt, and the multisatellite-averaged number density n of the outer electron radiation 

belt. In each panel the time of storm commencement (convection reaching storm levels) is 

denoted. 
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