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Abstract.   The specific entropies (s = p/n�) and total entropies (S= p
1/�V) of the plasma sheet 6

during substorm are investigated with DMSP observations using a method that assumes ion 7

isotropy, as assumed in the derivation of p
1/�V.  During quasi-steady periods, i.e. growth phase, 8

(a) S and flux tube contents (N) decrease with decreasing distance from the Earth, commonly 9

known as pressure balance inconsistency; (b) s appears to be conserved in the X or convection 10

direction; and (c) there is a dawn-dusk heat flux consistent with curvature/gradient drift.  In the 11

early and late recovery phases, s has a minimum at postmidnight that can be associated with cold 12

dense ions.  During the phase transitions, S is reduced by an order of magnitude earthward of 20 13

Re.  This result is consistent with a recent MHD simulation that shows that after reconnection S 14

is reduced with the difference residing in the plasmoid that forms tailward of the X line.  15

Interestingly, s does not change before and after reconnection, suggesting that reconnection only 16

affects the small dissipation region, leaving most of the plasma unchanged and conserving s of 17

the system.18

19
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1.  Introduction19

The substorm is one of the most interesting and complex phenomena in space physics.  20

Its development has generally been categorized into three phases: growth, expansion, and 21

recovery.  The growth phase is typically defined as the quiescent period starting at the time of the 22

southward turning of the Interplanetary Magnetic Field (IMF) and ending at the onset of the 23

expansion phase (commonly referred to as the substorm onset).  During growth phase, the 24

auroral oval expands equatorward, the aurora and the electrojet gradually intensify, the plasma 25

sheet thins, and the magnetospheric magnetic field lines stretch (become tail-like), as the solar 26

wind energy is stored in the magnetotail.  The growth phase is followed by the expansion phase, 27

during which the auroral oval expands poleward, eastward, and westward, and the magnetic field 28

configuration in the inner plasma sheet changes rapidly from the stretched tail-like configuration29

to a more dipolar configuration.  The expansion phase is followed by the recovery phase, which 30

corresponds to the return of the magnetosphere to the undisturbed state.  A more detailed 31

description of substorm phases can be found in Lui [1991]. 32

In considering the dynamics of substorms [not necessarily the trigger(s)], it is useful to 33

identify conserved quantities, which place constraints on dynamical evolution.  Although 34

conserved quantities help simplify the description of the dynamics when they apply, it is often 35

useful to identify where and when the conservation law is broken because it typically requires a 36

more complex description of the dynamics. 37

One fundamental conserved quantity is the entropy, which is conserved when the plasma 38

response is adiabatic.  In the ideal MHD description, the pressure response is generally 39

prescribed as adiabatic such that the entropy per unit mass (also referred to as specific entropy), 40

s= p/��, is constant for a fluid element where p = the plasma pressure, B = magnetic field, � = the 41

polytropic index.   The specific entropy, s, should be rigorously conserved in an ideal MHD fluid 42
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element and is an intensive variable in that it does not depend on system size. The pressure 43

equation also implies an integral constraint on the total mass content of a flux tube, M = �� ds/B44

which is proportional to S= �p1/� ds/B. Although not precisely the entropy of the flux tube, this 45

quantity S is entropy-like in nature [Birn et al., 2006a] and we will refer to it as the total entropy.46

The total entropy is also an important parameter to identify when the interchange instability is 47

operable.48

Nonconservation of specific entropy is expected to occur when nonadiabatic processes 49

such as wave-particle interactions, heat flux, and dissipation are operating and when the fluid 50

element looses its integrity as occurs when hot particles and cold particles move differently (e.g. 51

cold particles move with ExB convection and hot particles move by curvature and gradient drift). 52

Nonconservation of the total entropy can occur under these same conditions and is generally 53

associated with the loss of plasma content from a flux tube.54

Several statistical studies have examined the properties of the specific and total entropy 55

in the plasma sheet. In the case of a single ion species, p/�� ~ p/n�.  If s is conserved along the 56

convection path, then, in the p – n space, plasma sheet ion p and n should follow lines having 57

constant slopes of �, termed adiabats.  Borovsky et al. [1998] shows that statistically this seems58

to be the case from midtail region (X = -22.5 Re) to geosynchronous orbit (X = - 6.6 Re) in their 59

p – n plots (see their Plate 1).  Borovsky et al. [1998] finds that � = 1.52, which is close to 5/3, 60

albeit the scatters are quite large.  Similar result has been obtained by Baumjohann [1993] that 61

reports that �  ~ 1.69 also with large scatters in its p – n plots.62

On the other hand, statistical studies have shown fairly definitively that in the 63

magnetotail, S is not conserved — S decreases with decreasing distance from Earth. Erickson 64

and Wolf [1980] first notes this phenomenon and names it pressure balance inconsistency (which 65

lately has been termed pressure crisis perhaps because since its formulation almost two decades 66
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ago, it remains a challenge to the contemporary space physics).  As formulated by Erickson and 67

Wolf [1980], if the flux tube is in pressure balance at distant tail, X ~ -60 Re, and the flux tube 68

convects earthward adiabatically (S is conserved), by the time it reaches the inner plasma sheet,69

X ~ -10 Re, the pressure would be too high to maintain pressure balance with a typical average 70

magnetic field obtained from observations or an empirically based time independent magnetic 71

field model.  Erickson and Wolf [1980] speculates that substorm process somehow 72

nonadiabatically ejects plasma tailward, reducing the pressure at the inner plasma sheet.  73

Recently, Birn et al. [2006a] simulates substorm where following near-Earth reconnection, 74

plasmoid formation in the tail leads to a decrease of S on the field lines attached to Earth.  In 75

other words, S is reduced by shedding the field line and entropy carried by the tailward travelling 76

plasmoid.  Other mechanisms to resolve the pressure balance inconsistency have been proposed 77

such as gradient/curavature drift [Tsyganenko, 1982; Kivelson and Spence, 1988; Wang et al. 78

[2001], non earthward ExB drift [e.g., Kaufmann, 2004], plasma bubbles or bursty bulk flows 79

[e.g., Pontius and Wolf,1990; Chen and Wolf, 1993]). 80

In the present paper, we will examine how the ion transport modifies or conserves s and S 81

in the plasma sheet during active time (substorm). The total entropy S is a global property that 82

cannot be obtained from local measurements while s can be obtained from local observations.  83

Furthermore, an increase or reduction in S does not necessarily mean a change in s [e.g., Birn et 84

al., 2004;2006; Wing et al.,2007].85

For purposes of this study, because the plasma sheet electron contribution to the total 86

pressure is much smaller, roughly 15% [e.g., Baumjohann et al., 1989; Spence et al., 1989], than 87

the ion pressure, it is possible to probe the plasma sheet entropy considering only ion data.  In the 88

plasma sheet, ions have been observed to be nearly isotropic irrespective of magnetic activities 89

[Kistler et al., 1992; Huang and Frank, 1994; Spence et al., 1989] due to strong (elastic) pitch 90
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angle scattering [e.g., Lyons and Speiser, 1982] and long drift time compared to the bounce 91

period [e.g., Wolf, 1983].  Fortunately, the isotropy of the ions makes it possible to remotely 92

probe the ion distributions by observing only precipitating particles in the ionosphere, as 93

discussed later.  Moreover, because the pressure is observed to be isotropic, the total entropy can 94

be simplified when the system is near equilibrium because the pressure is constant along field 95

lines and S= �p1/� ds/B ~ p
1/�V (V is flux tube volume) is conserved.  Interestingly, Usadi et al. 96

[2006] notes that even when the particle motion violates both first and second adiabatic 97

invariant, S is still conserved.  The value for � can range from 0 to �, depending on the 98

process(es) involved.  For example, for isobaric (constant pressure) system � = 0; for isothermal 99

(constant temperature) system � = 1; for isometric (constant density) system � = �; and for100

adiabatic (no heat loss) system and monoatomic gas � = 5/3.  S = p
1/�V is an extensive parameter 101

that is proportional to system size, e.g., flux tube volume V. 102

In the remainder of this paper, section 2 briefly discusses our substorm selection criteria;103

section 3 explains our technique to estimate the entropy of the plasma sheet using ionospheric 104

data from DMSP; section 4 presents substorm entropy profiles; section 5 discusses the 105

implications of our study for understanding substorm dynamics; and section 6 summarizes our 106

findings.107

108

2. Substorm event selections109

Wing et al. [2007] examines S and s near midnight meridian and finds that in the near-110

Earth region, S decreases dramatically after substorm onset while interestingly, s remains 111

roughly conserved.  The present study extends Wing et al. [2007] study to the entire plasma sheet 112

region in the equatorial plane.113
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The substorm events were selected using criteria described in Wing et al. [2007] and 114

Gjerloev et al. [2007].  Care has to be given to make sure that the substorm events are isolated 115

and not concurrent with other types of disturbances such as the shock or pressure pulse.  In all, a 116

total of 180 substorm events were selected for the present study.117

The substorm phases were normalized by the onset of brightening (T0) and the peak of 118

the substorm (T1).  The selection of these times was based purely on the global auroral images.  119

Utilizing both the Polar VIS Earth Camera and the Polar UVI enables us to determine the onset 120

time to within 1 min, which is sufficiently accurate for the present study.  The substorm 121

maximum or end of the expansion phase (T1) is based on a qualitative estimate of the time at 122

which the combined optical emission intensity and the poleward expansion of the aurora are or 123

near maximum.  The intensity often begins to fade before the expansion ceases, especially at the 124

end of the bulge [Gjerloev et al., 2007].  Thus the selection of the global aurora maximum or 125

peak incorporates optical characteristics.  In agreement with the more classical definition of the 126

peak, Gjerloev et al. [2007] shows that this technique results in the maximum substorm time that 127

coincides with the average minimum AL.  The duration of the expansion phase is defined as �t = 128

T1 – T0.  �t ranges from 7 to 92 min with a median of 32 min and a mean of 35 ± 18 min.  The 129

four phases analyzed in this study are:130

• (onset – �t) � growth phase < onset.131

• onset � expansion phase < (onset + �t)132

• (onset + �t) � early recovery phase < (onset + 2�t)133

• (onset + 2�t) � late recovery phase < (onset + 3�t)134

135

3.  Data and methodology136
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The DMSP SSJ4 instrument measures only highly field-aligned precipitating particles at 137

energy range of 32 eV to 30 keV at an altitude of roughly 835 km.  Plasma sheet ions have been 138

observed to be nearly isotropic irrespective of the activity levels [e. g., Kistler et al., 1992].  139

Taking advantage of these properties, Wing and Newell [1998; 2000; 2002] has developed a 140

method for inferring the plasma sheet ion temperature, density, and pressure from the DMSP 141

SSJ4 measurements.  The present study uses essentially the same method, which has been fully 142

described in Wing and Newell [1998], with the following modifications deemed necessary for 143

substorm studies.144

As noted in section 1, the topology of the magnetospheric magnetic field changes rapidly 145

during the evolution of the substorm loading-unloading cycle.  This complicates the ionosphere-146

plasma sheet mapping.  Instead of using the real values of b2i and Kp as inputs to the modified 147

T89 magnetic field model [Tsyganenko, 1989], as done by Wing and Newell [1998], we utilized 148

the original unmodified T89 with the following caveat.  The Kp input to the T89 was fixed to 4, 149

1, 2, and 2 for growth, expansion, early recovery, and late recovery phases, respectively.  We 150

believe that the resulting T89 magnetic field line would more closely resemble the well-known151

magnetic field configurations during these substorm phases.  Opgenoorth et al. [1994] compares 152

the disturbed-time ionosphere-to-equatorial plane mapping of the original T89, which does not 153

have field-aligned currents (FAC), with that of T89 + FAC.  The study finds that the two 154

methods result in locations that differ by a few RE in the equatorial plane (Figure 6 of 155

Opgenoorth et al. [1994]).  Pulkkinen and Tsyganenko [1996] also evaluates the ionosphere-to-156

equatorial plane mapping in T89, which is symmetrical with respect to midnight meridian, and 157

finds the errors for points originating in the auroral oval to be within a few RE in the X or Y158

direction (see also Wolf et al. [2006] for evaluating entropy with T89).  In light of these 159

estimated mapping uncertainties and the limited number of events, we averaged the pressures, 160
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densities, and temperatures in 3 � 3 RE
2
 bins.  The difficulty of accurate ionosphere-161

magnetosphere mapping is certainly a concern in the present study, which limits the results to 162

only the large-scale spatiotemporal behavior of the fundamental plasma sheet parameters.163

Another important aspect of this method is that instead of computing moments, which is 164

commonly done, each ion spectrum is fitted to distribution functions (one-component165

Maxwellian, two-component Maxwellian, and �), and the best fit is selected.  This takes into 166

account ions outside the detectors’ energy range.  Therefore, the densities obtained can be larger 167

than those calculated using moments.  Moments may also underestimate temperatures by 168

ignoring the hotter components (when they are significant), which may explain some of the 169

temperature differences resulting from using the two methods.  Electron acceleration (inverted 170

V) events, which usually indicate the presence of significant field-aligned electric field, were 171

eliminated from our database.172

Five DMSP satellites were operational in the 1997-2001 interval, F10, F11, F12, F13, and173

F14.  Out of the 180 substorm events, 132 events have simultaneous DMSP particle 174

observations.  Figure 1 shows an example from October 23, 1997 event.  The top row displays 175

the Polar VIS Earth Camera images obtained during the four above-defined substorm phases.  176

The DMSP passes are superposed onto the Polar VIS images, showing the locations of the ion 177

data used to infer the equatorial plasma sheet pressure shown at the bottom row.178

179

4. Substorm entropy profiles180

4.1.  Quasi-steady entropy profiles181

During periods of quasi-steady magnetospheric behavior without significant nonadiabatic 182

processes, such as particle heating or diffusion, it may be expected that plasma evolves in some 183

regions with near-laminar motion (or at least particles in a certain energy range evolve with near 184
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laminar motion).  Under these conditions (assuming steady plasma sources), it would be 185

expected that the total entropy and specific entropy both would be conserved along streamlines 186

(particle trajectories for a given energy range) and isoentropy contours would be an indicator of 187

drift paths.  We consider the behavior of S and s during the substorm phases assuming quasi-188

steady magnetospheric behavior has been reached.189

The pressure, temperature, and density profiles for substorm phases are shown in Figure 190

1 [from Figure 2 of Wing et al., 2007].  S (p
1/�V) and s (p/��) in the equatorial plane can be 191

calculated from these profiles.  Figure 2 panels a – d (the left panels) show s for growth, 192

expansion, early recovery, and late recovery periods respectively while panels e – h (the right 193

panels) show the same for S.194

During the growth phase, e.g., steady state convection, Figure 2e shows that S decreases 195

with decreasing radial distance from the Earth.  This result is qualitatively similar to the 196

statistical result obtained by Garner et al. [2003] (see their Figure 4).  This phenomenon has been 197

previously reported as the pressure balance inconsistency or pressure crisis [e. g., Erickson and 198

Wolf, 1980; Erickson, 1992; Garner et al., 2003; Kaufmann et al., 2004].  In contrast to the total 199

entropy, S, Figure 2a shows also that isocontours of specific entropy, s, tend to align in the X 200

direction suggestive that earthward convection could be organizing the plasma profiles in the tail.  201

However,  Figure 2a also shows that there is a dawn-dusk asymmetry in the s profile with the 202

duskside having higher entropy than the dawnside, which is more pronounced closer to Earth.  203

This asymmetry would be consistent with the duskward heat flux carried by the curvature and  204

gradient B drift which is in the duskward direction for ions and typically becomes more 205

dominant than earthward convection due to a dawn-dusk convection electric field closer to the 206

earth.207
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An interesting feature in the early and late recovery profiles is that there is an s minimum 208

at postmidnight at the inner edge of the plasma sheet as shown in Figure 2c and 2d.  This entropy 209

reduction is associated with the cold dense ions found in this region that as shown in Figure 1 210

panels g, k, h, and l.   These cold dense ions appear confined to a small region at the inner edge 211

of the plasma sheet in the early recovery phase, but spread tailward in the late recovery phase.  212

The origin of these cold dense ions is not clear, but studies have shown that the ion outflow rate 213

peaks about 20 to 30 min after substorm onset and remains at an elevated level up to 70 min or 214

even beyond 90 min, depending on the methodology [e.g., Wilson et al., 2004; Tung et al., 215

2001].  In the plasma sheet, the ion outflow would arrive first at the inner edge of the plasma 216

sheet and spread tailward because of the time of flight effect, consistent with the observations.  217

Assuming that the average energy of 1 keV and direct paths from nightside ionosphere, O+ will 218

arrive in the equatorial plane at 10 Re at about 14 min and at 30 Re at about x min.  Of course, in 219

the plasma sheet, the ionospheric ions are mixed with the plasma sheet ions and hence the mean 220

ion temperatures are higher than ionospheric temperatures but lower than plasma sheet221

temperatures.  It is expected that the effect of the ion outflow in the plasma sheet is cumulative 222

such that the number of ionospheric ions continuously increases in the immediate aftermath of 223

the onset.  The loading of cold material onto magnetospheric field lines can also increase the 224

mass content and S.  Typically S increases tailward, however, if enough material were loaded 225

locally onto a flux tube the S profile could be expected to decrease tailward of that flux tube 226

leading to the possibility of interchange.  However, statistically this was not observed in the 227

present study.  Figure 2 panels c and d show that S increases tailward.  This perhaps suggests that 228

the cold ions may not contribute significantly to the pressure, but it needs to be investigated229

further.230

231
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4.2. Phase Transitions and Entropy Profiles232

233

At the substorm onset, there is a large-scale dynamic transition in the magnetospheric 234

state as energy stored in the tail is released and the magnetic field dipolarizes.  To gain insight 235

regarding the dynamic process leading to the new state, we consider entropy prior to and after 236

substorm onset.  Nonconservation of entropy results from nonadiabatic processes, e.g., turbulent 237

transport, thermal energy transport due to nonadiabatic particle drifts, or precipitation, and may 238

indicate which processes are most important in the transition to the new state of the system.  239

Although such comparisons may not necessarily identify a substorm trigger, they do raise some 240

important issues.241

To compare the entropy change in the transition from the growth phase to the expansion 242

phase, we consider the flux tube volumes for field lines that share the same footpoint (point B) as 243

shown in Figure 3.  In doing so, we ignore the slow slippage of the footpoints on a convective244

timescale.  Using T89, point B is traced along the field line for Kp = 4 (growth phase; more 245

stretched field lines) and Kp = 1 (expansion phase; more dipolarized field lines) to points A and 246

C, respectively, on the equatorial plane (minimum |B|), as sketched in Figure 3.  Wing et al. 247

[2007] compares the entropy at these two different locations in the midnight meridian: at midtail 248

region (A = –30 RE, C = –20 RE) and at near-Earth region (A = –20 RE, C = –7 RE) and finds that 249

after onset, S decreases by a factor of 8 in the depolarized region near the Earth, but S slightly 250

increases at the midtail region as tabulated in Table 1 (from Wing et al., [2007]).  Interestingly, s 251

does not appear to change much after onset for the field lines in the midnight meridian.252

The present study expands the Wing et al. [2007] study by comparing changes in S and s 253

between the growth, expansion, and recovery phases over the entire 2D equatorial plane.  The 254

results are shown in Figure 4.  Panel 4a shows log10(Se/Sg) where Se = S expansion phase and 255
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Sg = S growth phase.  The panel shows that in the region earthward of 20 Re between |Y| < 10 256

Re, S is reduced by an order of magnitude, log10(Se/Sg) ~ -1, consistent to the midnight profile 257

shown in Table 1.  In contrast, as shown in panel 4a, s appears to remain roughly the same after 258

onset.  We have also compared s from early and late recovery phases to those from growth 259

phase, as shown in Figure 4 panels b and c respectively.  These panels again reinforce the notion 260

that s does not appear to change much throughout the substorm phases.  In the recovery phase, 261

the plasma state appears to be moving closer to the growth phase state.  Figure 4 panels e and f 262

compare Ser = S early recovery phase and Slr = S late recovery phase to the Sg, respectively.  In 263

the region earthward of 20 Re and |Y| < 10 Re, log10 (Ser/Sg) and log10(Slr/Sg) are still 264

negative, indicating that the early and late recovery phases, Ser and Slr, are still at a reduced 265

level compared to growth phase Sg.  However, Sr appears to be closer to Sg than Se to Sg, as 266

evidenced by the lighter blue color in panels e and f than in panel d.  Moreover, in the region 267

tailward of 20 Re, the region which has similar S as in the growth phase (whitish region in 268

Figure 4d) has expanded.269

It should be noted that several assumptions are made in this comparison.  First, in order to 270

compute S, we assume that a particular flux tube is in quasi-steady equilibrium.  We also assume 271

that the pressure is isotropic, which is at least more or less consistent with observations and our 272

mapping technique.  With that assumption, we can compute S = p 
1/� V.  However, the flux tube 273

volume is computed from the Tsganenko field, which is not really in equilibrium, but it is at least274

consistent with our mapping technique.  Given that we are computing profiles for a statistical 275

ensemble of magnetospheric configurations anyway, the errors involved are probably secondary 276

to the question of whether there is a quasi-steady equilibrium.  To consider the statistical277

ensemble of measurements taken on a flux tube during the entire expansion period to be useful, 278

that flux tube should be in a quasi-steady equilibrium state during most of the expansion period.  279
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From the MHD perspective, the simulations of Birn et al. [2006a] suggest that once a field-line280

has reconnected that it behaves as if it were a slowly varying equilibrium field.  Proceeding with 281

the assumption that S is conserved and MHD is valid, it is therefore useful to consider the total 282

entropy on field lines that reconnect early in the expansion phase.  Field lines that reconnect later 283

in the expansion phase will (1) not map properly and (2) provide two different values of S 284

depending on whether it is early or late expansion phase.  We therefore add the proviso that only 285

the “near earth” mapping results for the expansion phase are meaningful.   As S is typically 286

reduced during the substorm it would be expected that the statistical average more likely 287

overestimates the value of S in the expansion phase.  The important point is that the near-earth288

mapping field lines do show a loss of entropy by a factor of about 10 relative to the growth phase 289

value, i.e. most of the plasma has been lost from those flux tubes.290

291

5.  Discussion292

As discussed in Section 4, S is reduced by about an order of magnitude after substorm 293

onset, as shown in Figure 4d.  The entropy reduction after onset is consistent with previous 294

Geotail observations [e.g., Wolf et al., 2006].  It has been attributed to the combined effect of the 295

plasma pressure (and density) decrease and dipolarization in the near-Earth region [e.g., Lyons et 296

al., 2003a].  Entropy reduction is also found in the simulation of Birn et al. [2006a], where 297

plasmoid formation in the tail leads to a decrease of S on field lines attached to Earth following 298

reconnection (essentially by shedding the entropy carried in the plasmoid).  The MHD and PIC 299

simulations  performed by Birn et al. [2006a] suggest that the dissipation region in reconnection 300

simulations is small (s is conserved away from the dissipation region) and hardly affects the total 301

entropy which is an integral constraint over an entire flux.  Consequently, for a closed system the 302

total entropy, S, is essentially conserved, but for the magnetotail simulation, conservation of S 303
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means that the total entropy (of the field connected to earth and the plasmoid) would be 304

conserved. Additionally, total entropy of the flux tube attached to earth and the total entropy of 305

the plasma are each individually conserved following the topological change caused by 306

reconnection.  To illustrate, we consider the evolution of the field line and entropy during the 307

substorm is depicted in Figure 5 (from Figures 2 and 3 in Birn et al. [2006a]).  The left panels 308

show the magnetic field line configuration in the X - Z plane as a function of time, from t = 0 to t 309

= 100 (each field line is a constant value of vector potential, A, shown in the right panels).  For 310

the discussion herein, it is illustrative to follow the evolution of the field line colored in red (at a 311

fixed value of A as indicated by the dashed red line in panel b) as it evolves.  We will also follow 312

the entropy evolution of the system, which is given in panel b.  Panel b tracks the evolution of 313

the entropy at t = 0, t = 50, t = 70, and t = 100, corresponding to Figure 5a panels from top to 314

bottom. Here, it suffices to focus only at t = 0 (yellow), t = 50 (green), and t = 100 (blue).   315

Initially, at t = 0, the field line is stretched, e.g., the growth phase and its entropy is given by the 316

intersection of the dashed red and yellow lines in plot 5b.  At t = 50, the field line stretches 317

around the ejected plasmoid from an earlier reconnection, resulting in a slight increase of S 318

(intersection of dashed red and green lines) in panel b.  Reconnection occurs between t = 50 and t 319

= 70.  After reconnection, the stretched field line depolarizes and sheds field line which forms 320

plasmoid tailward of the X line.  This can be seen at the bottom most panel for t = 100, which 321

shows that the red field line now has splintered into two: one that is still attached to the Earth 322

(closed field line) and the other which forms the red plasmoid.  In panel b, we can see that S of 323

the field line that is still attached to the Earth at t = 100 (intersection of the dashed red and blue 324

lines) is much reduced from its original value at t = 0 or t = 50 with the difference is now 325

residing in the plasmoid (not shown).  The entropy is reduced because of a topological change in 326

the flux tube volume.  Once the field line has reconnected, it is clear that the value of S is 327
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conserved because it remains at the same value at later stages of the simulation.  Interestingly, 328

subsequent field-lines that reconnect also reduce to basically the same value of S even though 329

their initial S was significantly different.  Because of this conservation of S after reconnection, it 330

is possible to consider the statistical ensemble average over the expansion phase of near-earth331

field-lines that have reconnected early in the expansion phase to obtain a meaningful comparison 332

with growth phase entropies.333

The fact that s remains roughly (but not exactly) conserved after substorm onset is 334

suggestive that whatever process is responsible for the reduction in S is leading to mass loss 335

without significant dissipation.  The simulations of Birn et al., [2006b] were performed to 336

investigate how the entropy changes on magnetic field lines during the reconnection process 337

(Harris type current sheet).  Both resistive 2D MHD and PIC simulations were performed.  It was 338

found that s was conserved except in the dissipation region and therefore S was conserved in 339

either the MHD or PIC simulations.  Hence, reconnection does not alter the entropy except in the 340

diffusion region, which is very small.  Simply stated, the fact that a field line reconnects does not 341

change the local plasma properties along most of the field line, but it does change its 342

connectivity and therefore the length of the field line (which can alter S).343

It is also of interest to consider the relevance of our results on the convection model 344

within each phase of the substorm.  The growth phase might be expected to exhibit a steady-state345

convection.  When comparing the entropy at two locations during the growth phase (–30 and –20346

RE), a decrease of S by a factor of 1.5 is found.  This is to be contrasted with the decrease of S by 347

a factor of 8 – 10 in the transition from growth phase to expansion phase.  This result suggests348

that there may be a decrease of S during the growth phase, consistent with the finding of Goertz349

and Baumjohann [1991].  This phenomenon is known as the pressure balance inconsistency or 350

pressure crisis [e. g., Erickson and Wolf, 1980; Erickson, 1992; Garner et al., 2003; Kaufmann et 351
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al., 2004].  The decrease of S by a factor of 1.5 from X = -30 Re to X = -20 Re, i.e., a reduction 352

of 1/1.5 or 67%, is consistent with Kaufmann et al. [2004] statistical study with Geotail data that 353

suggests that the average earthward convection losses S by about 15% for every 2.5 Re.354

Over the years, a number of studies have suggested several different mechanisms that can 355

relieve the pressure at the inner edge of the plasma sheet and hence explain the pressure 356

inconsistency problem.  Pontius and Wolf [1990] suggests that bubbles of underpopulated flux 357

tubes in the plasma sheet would help to resolve the pressure balance inconsistency through 358

differential drift of flux tubes.  The bubbles or flux tubes with smaller pressure and density 359

would drift earthward of the adjacent flux tubes with higher pressure and density, resulting in net 360

reduction of S compared to the adjacent flux tubes.  However, observations of BBFs (a kind of 361

bubble) show that the average pressure inside the high-speed bursts is slightly higher than in the 362

surrounding plasma, apparently contradicting one of the bubble model’s predictions. 363

Nevertheless, it must be pointed out that even though pressure can be slightly larger than that of 364

its neighbors, S could be still be smaller because the more dipolar field line configuration results 365

in a smaller flux tube volume [see for example Wing et al., [2007] in regard to the substorm 366

dipolarization].  Erickson [1992], however, raises another issue namely that substorm is preceded 367

by growth phase and hence Pontius-Wolf bubbles are not sufficient to remove the catastrophic368

consequences of the pressure balance inconsistence at all times.369

In the same paper that introduces pressure balance inconsistency, Erickson and Wolf 370

[1980] suggests that a substorm can reduce S.  Our result shows that substorm certainly reduces 371

S significantly.  However, the result here suggests that there is a substantial difference between 372

the S reduction during the steady steady convection, e.g., growth phase, than during the 373

transition from growth to expansion phases, i.e. before and after onset.  The S reduction by a 374
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factor of 1.5 during the growth phase is considerably smaller than S reduction by a factor of 8 375

after the substorm onset.376

Other studies suggest that the pressure reduction can be achieved through reconnection 377

[e.g., Borovsky et al., 1998; Nagai et al., 1998], resulting in the losses of the detached flux tubes 378

and particles in the plasmoids and hence S.  Kaufmann et al. [2004] considers this mechanism 379

and claims that there is a scarcity of reconnection evidence earthward of X = -15 Re in the 380

Geotail dataset created for all conditions, which makes it hard to explain the loss of S earthward 381

of this location.  Although their study rules out direct reconnection, it cannot rule out the 382

possibility of reconnection tailward of X ~ -20 Re that leads to the bubble or plasmoid formation,383

which in turn leads to the losses of S.  However, our result here suggests that S reduction from 384

reconnection should be much larger (an order of magnitude) than S reduction during quasi-385

steady state (a factor of ~1.5).386

After the onset and reconnection, it is not clear if the closed field line (left of the 387

reconnection point in Figure 5b) would convect earthward adiabatically or non-adiabatically,388

e.g., if Pontius-Wolf bubbles would form and then convect earthward.  S would be conserved in 389

the former but S would decrease in the latter.  Our expansion phase S profile, Figure 2f, shows 390

that earthward of X = -20 Re, S decreases with decreasing distance in the X direction, suggesting 391

that after reconnection, the flux tube loses S as it convects earthward.  However, caution should 392

be taken with this result during the expansion phase because statistical averaging of S on field 393

lines that reconnect later in the expansion will overestimate S.  The amount of overestimate394

would generally increase tailward---therefore the decrease of S earthward of 20.  However, 395

results may be believable earthward of the onset location.  Our method and observations also 396

cannot reveal if Pontius-Wolf bubbles actually form and/or if S is reduced by other 397

mechanism(s).398
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Ion precipitation and auroral processes can also be the source of S reduction.  However, 399

the precipitation loss times are in the order of hours even for strong pitch angle scattering 400

[Kennel, 1969].  Furthermore, Borovsky et al. [1998b] estimates that only about 10% of the ions 401

of the plasma sheet are eventually lost to the atmosphere.  As will be discussed later, this is much 402

smaller than the 70% - 80% loss found in the flux tube from X = -30 Re to X = -10 Re.403

Other studies suggest that this reduction in S during steady convection may be related to 404

flux across field lines, e.g., ion gradient and curvature duskward drifts, that may also be related 405

to the buildup in the pressure gradient, resulting in entropy loading of the duskside [e.g.,406

Tsyganenko, 1982; Kivelson and Spence,1988; Lyons et al., 2003b].  Ion duskward drift, which 407

has been observed in several observational studies [e.g., Wang et al., 2006; 2007; Angelopoulos 408

et al., 1993; Paterson et al., 1998; Hori et al., 2000] can lead to higher temperatures on the 409

duskside at the inner plasma sheet and at geosynchronous orbit because of the drift temperature 410

dependence [e.g., Korth et al., 1999; Wing and Newell, 1998; 2002; 2007].  Moreover, the 411

duskward curvature and gradient drift of ions, which carry ~85% of the pressure [e.g., 412

Baumjohann et al., 1989; Spence et al., 1989]), should carry a dawn to dusk heat flux in the 413

entropy profiles.  Indeed, this can be seen in the near earth region of the specific entropy (s) 414

profiles shown in Figure 2a.  In fact, dawn-dusk heat flux is seen in the substorm profiles for all 415

substorm profiles in Figure 2 panels a – d, suggesting that gradient/curvature drift plays a 416

significant role before and after the onset.  Modeling works have shown that curvature and 417

gradient drift is adequate to resolve the pressure balance inconsistency [e.g., Kivelson and 418

Spence, 1988, Wang et al., 2001].  Nonetheless, other studies suggest that curvature and gradient 419

drift may not be sufficient and that cross-tail diffusive and ExB drifts may also play significant 420

roles [e.g., Angelopoulos et al., 2002; Ashour-Abdalla et al., 1998; Hori et al., 2000; Kaufmann 421

et al., 2001; Erickson, 1992].  The latter relies on an earthward component of E, which would 422
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lead to drifts in the Y or Z direction.  However, the signature of cross-tail ExB or isothermic 423

diffusive drifts would not be readily detected in the s profile such as the one shown in Figure 2a.  424

Interestingly, in contrast to s profile, S profile does not exhibit noticeable dawn-dusk heat flux as 425

can be seen in Figure 2e.  The absence of strong dawn-dusk heat flux can also be found in 426

previous studies using in situ measurements [e.g., Garner et al., 2003; Kaufman et al., 2004].  427

The main feature in the S profile in Figure 2e and in other S profiles is the radial reduction in S. 428

The lack of dawn-dusk feature perhaps suggests that the reduction in V and/or equivalently the 429

content of the flux tube volume, N, play a more significant role in determining the overall S 430

contour.  In principle, this difference in S and s also probably suggests that curvature and 431

gradient drifts may not be sufficient to explain the loss of S.  In particular, one might expect to at 432

least see an azimuthal gradient in S.433

If curvature/gradient, cross-tail ExB, and/or cross-tail diffusive drifts play significant 434

role(s) in entropy reduction during earthward convection, then it would be expected that the total 435

content of the flux tube, N, would also be significantly reduced. In the MHD approximation, N is 436

proportional to S and therefore the loss of S could be interpreted as a loss of N (particularly in a 437

region where s is conserved).  However, in the case where s is not conserved across field lines, 438

the constant of proportionality changes across field lines and the relative entropy loss may be 439

somewhat different from the total particle content of a flux tube.  Kaufman et al. [2004] finds 440

that stastically in Geotail data, from X = -30 Re to X = -10 Re N is reduced by a factor of 70% 441

while S is reduced 80 – 85%. Garner et al. [2003] finds N is reduced by a factor of 4 or about 442

75% from X = -27.7 Re to X = -11.5 Re.  However, Borovsky et al. [1998b] finds the loss is 443

smaller, about 30% but for X = -20 Re to X = -14 Re.  In our data, during the growth phase, near444

the midnight meridian, from X = -30 Re to X = -10 Re, N is reduced by 70%, which is similar to 445

the results reported by Kaufman et al. [2004] and Garner et al. [2003].  However, what is 446
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interesting here is that most of the losses occur closer to Earth.  From X = -30 Re to X = -20 Re, 447

N is reduced only by ~20%, leaving 50% reduction between X = -20 Re to X = -10 Re.  This 448

strongly suggests that curvature and gradient drift, which becomes more dominant closer to 449

Earth, at least partly, can play a role in the N and hence S reduction.  In the recovery phase, the 450

gradient in S is mostly in the –x direction at far distances down the tail, but the gradient becomes 451

more radial closer to the earth suggestive that much plasma is carried azimuthally around the 452

earth by curvature and gradient drift and cannot access the near earth region.453

Due to their high speeds, and in frequent cases lower temperature (in the case of blobs; 454

herein bubles refer to both bubbles and blobs) [e.g., Nakamura et al., 2001a; Sergeev et al., 1996; 455

Kauffman and Paterson, 2006], it is expected that ExB convection would play a more significant 456

role than curvature and gradient drift in the transport of the bubbles.  Thus, the suggestion that 457

curvature and gradient drift leads to the pressure reduction at the inner edge of the plasma sheet 458

may be less of a factor.  Hence, the low temperature bubbles (blobs) provide an ideal setting for 459

testing this scenario, which will be investigated in a future study.460

Unlike the total entropy, the specific entropy, s = p/��, is an intensive variable of the 461

system and should not depend on the system size.  Specific entropy, has been reported to be 462

nearly conserved in the plasma sheet during quiet or average magnetic conditions [Huang et al., 463

1989; Baumjohann, 1993; Goertz and Baumjohann, 1991].  This average property can be seen in 464

Figure 6, which shows that distant tail, mid-tail, and near Earth plasma sheet have nearly similar 465

adiabats (lie on the same line in Figure 6), albeit with noticeable scatter [Borovsky, GEM 466

presentation, 2005].  Similar large scatter can also be observed in Baumjohann [1993] study.  467

These large scatters can partly account for the observations that S is not exactly proportional to 468

N, as discussed earlier.  Some of these scatter may be due to the particles having a wide range of 469

energies that curvature and gradient drift in and out of flux tube, violating the frozen in 470
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assumption.  The extent of the s conservation violation during the substorm growth phase can be 471

seen in Figure 2a. There are several items of interest in this figure.  First, it does appear that there 472

are low entropy populations along the flanks, which appear to be related to lower temperature 473

populations with higher density.  The entropy appears to be about the same along the flank.  474

They could have a source at the magentopause (perhaps akin to the cold, dense plasma sheet) or 475

the tail where they convect earthward, but it remains an open question whether it is the remnant 476

of cold, dense plasma from sustained northward IMF conditions or a population that enters 477

during the growth phase.  In any case, the entropy appears to vary only slightly along the X 478

direction consistent also with earthward convection in a dawn-dusk electric field.  Because the 479

population is cold, it would be expected that curvature and gradient drifts are not as important.  480

In the center of the plasma sheet is a high entropy population dominated by hot particles.  As 481

expected, the isoentropy contours for that population has a significant duskward component 482

consistent with curvature and gradient drift.  On the other hand, Figure 4 panels a – c, which 483

examine se/sg, ser/sg, and slr/sg respectively, suggest that s appears to be approximately or 484

roughly (not exactly) conserved through out the substorm phases.  This result would be 485

consistent with S or volume or mass reduction during the onset without significant plasma 486

heating or heat flux, e.g., plasmoid.487

Another view of substorm expansion is that it occurs when field lines diffuse through a 488

turbulent region.  In this case, the particles/fluid are not frozen to the field lines and a decrease in 489

entropy may be expected as the flux tube volume decreases and plasma is lost.  However, it is 490

uncertain whether the specific entropy would be conserved through such particle transport.  491

Estimating how S would change for various candidate transport models, and whether specific 492

entropy would remain relatively invariant compared with the significant loss of S, would be 493

useful.494
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495

6.  Summary and conclusion496

The entropy properties of the plasma sheet during substorm are investigated during (a) 497

quasi-steady state and (b) phase transitions.498

499

Quasi-steady state entropy profiles500

• The total entropy, S, increases with increasing radial distance from the Earth, a phenomenon 501

commonly known as pressure balance inconsistentency.  The loss of S is accompanied by a 502

huge loss of the flux tube content, N.  The loss of N increases more rapidly closer to Earth, 503

which suggests that curvature and gradient drift can, at least partly, play a role in the504

reduction of N and hence S. 505

• The specific entropy, s, is conserved in the X direction or convection direction.506

• There is a dawn-dusk asymmetry in s profile in the near-Earth region that is consistent with 507

the duskward heat flux carried by the curvature/gradient drift.508

• In the early and late recovery phases, s has a minimum at postmidnight that is associated with 509

cold dense ions, which may be associated with ion outflow.510

511

Substorm transition phase entropy profiles512

• After substorm onset, earthward of 20 Re, |Y| < 10 Re, S is reduced by an order of 513

magnitude.  The loss of S is consistent with Birn et al. [2006a] simulation, which suggests 514

that after reconnection, the flux tube volume and its contents are lost to the plasmoid ejected 515

tailward of the X line.  The order of magnitude S reduction is significantly higher than S 516

reduction (a factor ~ 1.5) during the quasi-steady state, e.g., growth phase.517
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• In contrast, s does not change much before and after substorm onset, which suggests that 518

reconnection only affects the plasma in a small dissipation region, leaving much of the 519

plasma in the flux tube unchanged.  Hence, s and S of the entire closed system that includes 520

the plasmoid should be approximately conserved.  However, as far as S is concerned, if one 521

were to consider only the closed field line, reconnection does change the field line 522

connectivity and topology, which can significantly reduce S on the field line that is still 523

attached to the Earth (the closed field line).524
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Table691

692

substorm
phase

location
(X,Y,Z) RE

flux tube
volume

ion
pressure (nPa)

S = 
p

1/� V
density
(cm

-3
)

s = p/n�

midtail:
growth

expansion
A = (–30,0,0)
C = (–20,0,0)

8724
7899

0.31
0.55

4320
5518

0.49
0.83

1.0
0.75

near-Earth:
growth

expansion
A = (–20,0,0)
C = (–7,0,0)

3976
379

0.53
0.90

2717
356

0.89
1.2

0.65
0.66

Table 1.  Flux tube volumes, ion pressure, density, entropy, and specific entropy (p/n�) for 693

growth and expansion phases in the midnight meridian.  Pressures and densities from Figure 2 694

are averaged in 6 � 6 RE bin.  See the schematic for the magnetic field line configurations in 695

Figure 3.696

697

698
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698

Figure Caption699

700

Figure 1.  An example substorm occurring on October 23, 1997.  Top panels show VIS Earth 701

Camera images (124–149 nm) obtained during the four substorm phases with DMSP passes 702

superposed.  Noon is at the top and midnight at the bottom.  Bottom panels show the equatorial 703

pressure inferred from the measured DMSP particle precipitation observations. 704

705

Figure 2.  Panels (a–d) average equatorial pressure profiles inferred from all DMSP observations 706

during growth, expansion, early recovery, and late recovery phases, respectively, and their 707

corresponding (e – h) density and (i – l) temperature profiles. 708

709

Figure 3. Schematics depicting the field line configurations for growth and expansion phases.  710

See text for full explanations.711

712

Figure 4.  Comparisons of equatorial plane s and S profiles from expansion; early and late 713

recovery phases to those from growth phase.  Panels (a – c) and (d – f) are for specific entropies 714

and total entropies, respectively.  The subscript g = growth phase, e = expansion phase, er = early 715

recovery phase, and lr = late recovery phase. 716

717

Figure 5.  Evolutions of MHD simulation magnetic field lines and their entropies during 718

substorm phases (from Figures 2 an 3 in Birn et al. [2006a]).  Panel (a) shows the evolution of 719

magnetic field lines (denoted by constant value of vector potential A) while panel (b) shows the 720

evolution of the entropy as a function of field line.  We consider the evolution of a particular 721
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field line shown in red in panel (a) with a value of A indicated by the dashed red line in panel 722

(b).  The simulation begins from a stretched magnetotail configuration.  As the simulation 723

proceeds a thin current sheet forms leading to reconnection.  Initially field lines at smaller value 724

of A (than the red line) reconnect and the red field line stretches around the ejected plasmoid 725

material (t=50).  Eventually, the red field line reconnects and develops two flux systems---one726

connected to the left boundary of the simulation and the other as part of the plasmoid.  As the 727

simulation proceeds the entropy first slightly increases (because the field line stretches around 728

the plasmoid) and then following reconnection the entropy drops to a constant value for the 729

remainder of the simulation.  The entropy here is computed only for the part of the flux system 730

connected to the left boundary and does not include the plasmoid entropy.  It should be noted 731

that all subsequent field lines that reconnect drop to the same value of entropy.732

733

Figure 6.  Entropy density of plasma sheet, LLBL, and magnetosheath ions in the n – T semi log 734

space.  The ions in the distant, mid-tail, and near-Earth plasma sheet tend to have the same 735

adiabats, indicated by the diagonal lines with � = 5/3 (from Joseph Borovsky, GEM presentation 736

2005).737

738
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Figure 1.740
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Figure 4.746
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Figure 5748
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749

Figure 6.750


