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Magnetotail Energy Storage and Release During the CDAW 6 

Substorm Analysis Intervals 

D. N. BAKER, • T. A. FRITZ, • R. L. MCPHERRON, 2 D. H. FAIRFIELD, 3 Y. KAMIDE, 4 AND W. BAUMJOHANN 5 

A primary goal of the Coordinated Data Analysis Workshop (CDAW) 6 has been to study the flow of 
energy from the solar wind through the magnetosphere and in so doing to examine the role of mag- 
netotail storage and rapid dissipation of this energy during magnetospheric substorms. The chosen 
intervals for CDAW 6 analysis (March 22 and March 31 to April 1, 1979) are well suited for such studies 
since spacecraft were situated upstream (IMP 8 and ISLE 3) to measure magnetospheric energy input 
from the solar wind and spacecraft were also located in the magnetotail (ISLE 1, 2) and the midnight 
sector at geostationary orbit (76-059, 77-007, GEOS 2, GOES 3) during several of the substorm periods. 
Using solar wind, magnetotail, and geostationary particle and field data, as well as ground-based infor- 
mation, we present the evidence for enhanced solar wind-magnetosphere coupling and concomitant 
increases of stored magnetotail energy. Clear examples of energy storage are found prior to the 1055 and 
1435 UT substorms of March 22, as well as the 0250 UT and 2250 UT substorms on April 1 and March 
31, respectively. In these cases we estimate the total energy increase in the tail prior to the substorm 
onsets, and we estimate the dissipation rate of this energy during the substorms themselves. Typical total 
energy increases in the tail (•>5 x 1022 ergs) appear to be more than adequate to supply the substorm 
energy dissipation inferred from ground-based and spacecraft observations. 

INTRODUCTION 

The Coordinated Data Analysis Workshop (CDAW) is a 

concept that grew out of the International Magnetospheric 

Study (IMS) program. The fundamental notion underlying the 

CDAW has been to pool data from a wide variety of space- 

craft and ground-based sources for limited time intervals and 

to then perform very detailed correlative analyses of these 

data, usually with fairly limited physical problems in mind. 

Several of the CDAW efforts have investigated localized re- 

gions or else have dealt primarily with microphysical aspects 

of space physics. 

The CDAW 6 effort established quite ambitious and truly 
global goals from its outset [McPherron and Manka, this 

issue]. The primary expressed goal of CDAW 6 can be stated 

as follows: to trace the flow of energy from the solar wind 

through the magnetosphere to its ultimate dissipation by sub- 

storm processes. It is obvious that this undertaking would 

require a large observational data base both in space and on 

the ground. Fortuitously, the combinations of spacecraft and 

ground arrays available during the IMS have been admirably 
suited to this task. 

Our specific goal in the present study is to examine the 

evidence for the storage of solar wind energy in the mag- 

netotail prior to substorm expansion phase onsets. We also 

wish to examine the details of the release and dissipation of 

this stored energy subsequent to substorm expansion onset. Of 
particular interest is the determination, in individual substorm 

cases, of the time delays between the loading of energy into 

the magnetospheric system and the subsequent unloading of 

this energy. The objective of such analyses is to determine 

characteristic magnetospheric time scales in the case of the 
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several more or less arbitrarily chosen CDAW 6 substorm 

events for which virtually no disagreement exists as to sub- 

storm characteristics, onset times, the maximum epoch, etc. 

In the process of examining the evidence for storage and 

sudden release of energy throughout the selected CDAW 6 

intervals, we must nearly of necessity follow energy flow from 

the solar wind through the outer magnetosphere and into the 

ionosphere and/or ring current. Thus our present study sub- 

sumes many of the overall objectives of the CDAW 6 pro- 
gram. 

Considerable prior work has established that enhanced 

solar wind-magnetosphere energy coupling occurs during epi- 

sodes of southward interplanetary field and increased solar 

wind speed [e.g., Nishida, 1983, and references therein]. Fol- 

lowing increased energy coupling, many observables can be 

invoked as qualitative and quantitative measures of increased 

energy storage in the earth's magnetotail. Among these are 

increased magnetic energy density in the magnetotail lobes, 
increasingly taillike field near geostationary orbit, and system- 

atic changes in energetic particle distributions at ,--6.6 Re [cf. 

McPherron, 1972; Baker et al., 1981; Fairfield et al., 1981]. 

The dissipation of energy during substorms can be directly 

adduced by the examination of ionospheric and ring current 

parameters and by the in situ observation of hot plasmas and 

energetic particle populations accelerated by substorm pro- 
cesses. 

The observational tools employed here include spacecraft in 

the upstream solar wind (IMP 8, ISLE 3), spacecraft in the 

magnetotail (ISLE 1, 2), and several geostationary spacecraft 
(1976-059, 1977-007, GEOS 2, GOES 2, GOES 3, GMS, and 

SCATHA). Of particular further importance are ground-based 
data (magnetograms) and ionospheric parameters derived 

from these data. As will be seen below, we rely particularly 

upon the results of CDAW 6 modeling efforts which provide 

some of the best available estimates of energy dissipation 
terms such as the ionospheric Joule heating rate and total 

magnetospheric "energy output" (UT). 

OVERVIEW OF CDAW 6 ANALYSIS INTERV^I•S 

As discussed by McPherron and Manka [this issue], the two 

intervals chosen for analysis in CDAW 6 (0600-2000 UT on 

March 22 and 1200-0600 UT on March 31 to April 1, 1979) 

1205 
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Fig. 1. The A U and AL indices computed for the CDAW 6 analysis intervals. (a) The A U(57) and AL(57) indices for 
0600-1800 UT on March 22, 1979. (b) The AU(58) and AL(58) indices for 1200-0600 UT on March 31 to April 1, 1979. 

were very different in the nature of their geomagnetic activity. 
The March 22 interval, although encompassing a moderate 
geomagnetic storm (Dst • -70 nT), basically consisted of two 
discrete, "isolated" substorm events. By way of contrast, the 
March 31 to April 1 interval was characterized by nearly con- 
tinuous geomagnetic disturbance, and identification of indi- 
vidual substorm onsets in this interval is much more difficult. 

As mentioned in the introduction, the CDAW 6 analysis 
effort relied heavily on observational data base resources ob- 

tained under the auspices of the IMS. As a result, unpreceden- 
ted degrees of geophysical coverage were available both in 
space and on the ground. In particular, large numbers of 
ground-based magnetometer chains were available [Kamide et 
al., 1983; Kroehl and Kamide, this issue], from which greatly 
improved geomagnetic indices were derived. Figure 1, for ex- 
ample, shows the AU and AL indices derived from 57 and 58 

different auroral magnetometer stations for March 22 and 

March 31, repsectively [Kroehl and Kamide, this issue]. 
Figure 1 illustrates the distinctly different geomagnetic ac- 

tivity character of March 22 and March 31 discussed above. 
In the upper part of the figure, two major substorm intervals 
were seen commencing around 1100 UT and 1430 UT on 

March 22 which are characterized by sudden increases in the 
AL intensity. As described by McPherron and Manka [this 
issue], the wealth of CDAW 6 data available (Pi 2 records, 
particle data in the tail, magnetic signatures at 6.6 RE, etc.) 
allow very precise and unambiguous determination of the sub- 
storm onsets: 1055 UT and 1436 UT. 

The lower part of Figure 1 shows the continuously dis- 
turbed conditions on March 31. This second interval has been 
examined in many respects, but it has not received the ex- 
tremely close scruitiny that has been accorded to the March 

22 interval. Nonetheless, several substorm onsets (or, more 
properly, intensifications) can be discerned in the AL trace of 
Figure 1, and we will discuss several of these substorm events 
in some detail later in this paper. 

Of special note for our purposes here will be numerous 
geostationary platforms, and relevant positional information 



BAKER ET AL.' MAGNETOTAIL ENERGY STORAGE--CDAW 6 1207 

for these spacecraft is summarized in Table 1. In addition to 

these measurements at 6.6 Re, we utilize data from ISEE 1, 2, 

and 3 plus IMP 8. Figure 2 shows the positions of these latter 

high-altitude spacecraft in an x-y plane projection for the in- 

tervals of interest: March 22 (day 81), 0600-2000 UT, and 

March 31 to April 1 (day 90-91), 1200-0600 UT. Nominal 

magnetopause and bow shock positions are also illustrated, 

but these boundary positions are highly variable, in reality, for 

the CDAW time periods (B. Wilken et al., unpublished manu- 

script, 1984). 

In addition to the traditional indices of geomagnetic activity 

(AE. Dst, ASYM), several other parameters have also proven 

very valuable for our present analyses. As described by 

Karnide and Baurnjohann [this issue], the extensive set of 

CDAW magnetometer chain data has allowed excellent deter- 

minations of global ionospheric electric fields and currents, 

field-aligned currents, and Joule heat production rates at high 

latitudes. The latter quantity, namely, the Joule heat rate, in 

particular has proven useful and convenient for our correla- 

tive work here. We also utilize many of the deep-space param- 
eters described in the introduction to enhance our correlative 

capabilities (e.g., particle injections at 6.6 Re). Finally, in an 
attempt to consider the entire magnetospheric energy output, 

we also examine the Ur parameter [Akasofu, 1981; Baker et 

al., 1983], which considers both auroral and ring current dissi- 

pation terms. This parameter was computed for the CDAW 6 

data intervals and was placed on the data base in the form of 

5-min average values. 

OBSERVATIONS 

In this section we will discuss separately the March 22 and 
March 31 intervals. Several discrete substorm intervals will be 

examined in order to discern the nature of the magnetotail 

energy loading-unloading characteristics. 

The March 22, 1979, Interval 

Figure 3 presents an overview of the period from 0600 to 

1800 UT on March 22, 1979. The upper two panels show 

interplanetary data from IMP 8, specifically the solar wind 

speed Vsw and the interplanetary magnetic field (IMF) B: 

component. These parameters have been discussed in some 

detail by McPherron and Manka [this issue], and these au- 

thors also show the variation of other parameters such as 

solar wind density and total IMF magnitude. The primary 
features to note in the upper panels of Figure 3 are (1) the 

large increases in Fsw and B: at ,-,0826 UT, when an inter- 

planetary shock wave passed the magnetosphere (B. Wilken et 

al., unpublished manuscript, 1984) and then initiated a storm 

sudden commencement, and (2) the strong southward turnings 

of B z at ,-, 1010 UT and • 1310 UT following long periods of 

strong northward B:. 

As seen in the third panel of Figure 3, each southward 

turning of Bz initiated strong substorm activity as measured 

TABLE 1. Geostationary Orbit Spacecraft Examined in Study 

Longitude Latitude 

Spacecraft (Geographical) (Magnetic) 

1976-059 70 øW 11 ø 

1977-007 135øW 4.5 ø 

GOES 3 135øW 4.5 ø 

GEOS 2 30øE - 2.0 ø 
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Fig. 2. The X-Y plane projections of the positions of ISEE 1, 2, and 
3 and IMP 8 for (a) March 22 and (b) March 31 to April 1, 1979. 

by AE(57). We will further examine the variations of AE 
below. 

The bottom two panels of Figure 3 show near-magnetotail 

data from ISEE 2. As is evident from the low tail field strength 

(fourth panel) and relatively high plasma number density (fifth 

panel) prior to 1055 UT, ISEE 2 was predominantly in the 

plasma sheet before the first substorm expansion onset. At the 

time of the 1055 UT substorm, ISEE 2 generally observed 

large field increases and density decreases indicative of en- 
trance into the tail lobes. 

Specific treatments of the ISEE 1 and 2 observations in the 

tail around 1100 UT are given elsewhere [McPherron and 

Manka, this issue; T. A. Fritz et al., unpublished manuscript, 

1984; Paschrnann et al., this issue]. The point to be gleaned 

from Figure 3 is that events in the tail in this case were well 

correlated with substorm onset and followed the beginning of 

enhanced energy input to the magnetosphere by ,-•45 min. 

Note the relatively smooth, rapid increase of lB[ at ISEE 2 
after ,-• 1200 UT. This trend, of course, is due to the inward 

trajectory of ISEE 2 which took it to low geocentric radial 

distances toward the end of the CDAW 6 interval (cf. Figure 

2). Nonetheless, a plasma sheet "thinning" event appeared to 

be present between 1400 and 1500 UT in association with the 
second substorm event, and we will examine this feature fur- 
ther below. 
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Fig. 3. Overview of observed conditions between 0600 and 1800 
UT on March 22, 1979. From top to bottom panels: solar wind speed 
(IMP 8); IMF B z component (IMP 8); the AE(57) index; tail field 
strength (ISEE 2); and the plasma number density in the magnetotail 
(ISEE 2). 

Figure 4 shows more specific observations for the 1055 UT 

substorm event. The upper panel repeats the IMF Bz profile 

(as a measure of solar wind-magnetosphere coupling), the 

AE(57) plot is shown in the middle panel as a measure of 

geomagnetic activity, and the counting rate for > 30-keV elec- 

trons at 6.6 Re is shown in the third panel. The evident re- 

lationships seen in the data are that Bz turned southward at 

• 1010 UT. Approximately 10-15 min later (• 1020 UT) the 

AE(57) index began to increase greatly and reached values in 
excess of 700 nT shortly before the identified substorm ex- 

pansion onset. The energetic particle fluxes at 6.6 Re showed a 

weak decrease at • 1030 UT and at • 1035 UT began a rapid, 

and nearly total, dropout that persisted until the substorm 

expansion at 1055 UT (T. A. Fritz et al., unpublished manu- 

script, 1984). 

Note several features in Figure 4. First, the IMF was exhi- 

biting a significant "northward turning" at the time of ex- 

pansion onset. The role of this feature in the possible trigger- 

ing of the substorm onset [cf. Rostoker, 1983] has yet to be 
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Fig. 4. Detailed observations surrounding the March 22, 1055 
UT, substorm expansion onset. (a) The IMF Bz component (cf. Figure 
3) for 0900-1300 UT. (b) The AE(57) index for 0900-1300 UT. (c) The 
counting rate for > 30-keV electrons measured at spacecraft 1977-007 
(6.6 R e, ,.. 135øW). 

assessed. Second, the AE index was nearly constant, or even 

decreasing, at the time of the expansion onset. This is due to a 
dramatic decrease in AU at the onset of the substorm, which 

is characterized by the sudden increase in the westward elec- 

trojet in the midnight sector [Clauer and Kamide, this issue]. 
Third, we note that in association with this feature in AE, 

however, the energetic particle fluxes recovered to their pre- 

dropout level at ~ 1055 UT and did not increase above that 

level [cf. Baker et al., 1982a, b] until ~ 1104 UT. Interestingly, 
it was at this latter time that AE(57) exhibited a further large 
increase. 

Past convention would identify the increase in AE (between 

1020 and 1055 UT) and the electron flux dropout at 6.6 R• as 

substorm growth phase features [McPherron, 1972; Baker et 

al., 1981]. During this period, energy is extracted from the 

solar wind and is added to the magnetotail in the form of 
enhanced magnetic field energy density in the tail lobes. The 

increased magnetic field is due to greatly increased cross-tail 

currents in the near-tail midplane. Thus it would be expected 

in this picture that very taillike magnetic fields would be seen 

in the plasma sheet at near-earth, local midnight positions 

during the growth phase interval. Figure 5 shows explicitly the 

development of the magnetic field inclination 0B measured at 

GOES 3. The angle 0B is defined as the field colatitude in a 

dipolar coordinate system. A dipole field at the location of 

GOES 3 would have 0a ,-, 10 ø (i.e., twice the magnetic latitude 
of the spacecraft). A taillike field, that is, a field more nearly 

parallel to the magnetic equatorial plane, would have 0a---+ 
90 ø . 

Figure 5 shows that 0a at GOES 3 (,--0130 LT) began to 

increase markedly at ,-, 1020 UT. It reached values •>60 ø at 

-• 1050 UT and rapidly diminished back to nearly dipolar 

values at precisely the substorm onset time, indicating that the 

GOES data confirm the expectation of very taillike field at 6.6 

Re between 1020 and 1055 UT. The rapid dipolarization of 
the field at GOES 3 between 1055 and 1105 UT is consistent 

with the rapid dissipation, i.e., unloading, of tail lobe energy 
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Fig. 5. A comparison of a solar wind-magnetosphere coupling 
function (- VB•, dashed line) with the magnetic field inclination angle 
(06, solid line) at geostationary orbit for the period 0900-1300 UT on 
March 22. The 06 parameter shows a very taillike field development 
from 1020 to 1055. This is a classic substorm growth phase signature 
and is indicative of the dominance of loading of energy into the 
magnetotail. 
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and the diversion of the cross-tail currents through the auroral 

ionosphere. 

The dotted line in Figure 5 shows a measure of solar wind 

energy input to the magnetosphere, namely -VB z (see, for 
example, Nishida [1983]). In the "half-wave rectifier" picture 

of magnetospheric response to the solar wind, energy coupling 
would have greatly increased (due to dayside reconnection) at 

~ 1010 UT, i.e., when -VBz went to positive values. This is 

well supported by the data, since 0B began to increase greatly 

(as did AE(57) in Figure 4) at a time ~ 10 min following the 
"turn-on" of the rectified solar wind energy input. Figure 5 

also shows the relationship of the decrease in -VBz and the 

substorm expansion onset, although -VBz increased again at 
1105 UT. 

Neither 0B nor AE is a true measure of magnetospheric 

energy dissipation, and thus to carry out our objectives we 

need to examine parameters explicitly related to ionospheric 

and ring current dissipation terms. Figure 6 shows the total 

Joule heat production rate (solid line) for the period 0900- 

1300 UT on March 22; see Kamide et al. [1983] for a descrip- 

tion of the derivation. The dotted line is again the mag- 

netospheric energy coupling function - VB:. 

A relatively modest increase in the total Joule heat pro- 
duction rate was seen from ~ 1020 UT to ~ 1105 UT, and a 

similar level was again seen after ~ 1240 UT. In contrast, a 

huge increase in the Joule heat rate was seen between 1105 

and ~ 1230 UT. Clauer and Kamide [this issue] and Kroehl 

and Kamide [this issue] have shown that the period prior to 

~ 1055 UT on March 22 was characterized by the DP 2-type 

current system, i.e., a twin-cell polar cap convection pattern. 

After ~ 1055 UT an intense DP 1 current system, centered at 

approximately the 0200 LT meridian, dominated the iono- 

spheric current and the Joule heat production pattern. Thus 

the conclusion in this case is rather clear (cf., for example, 

Baumjohann [1983]): energy was added to the magnetosphere 

during the interval ~ 1015-1055 UT via coupling to the solar 

wind. The enhanced DP 2 polar cap current system was the 
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Fig. 7. A comparison of the total magnetospheric energy output 
(UT, smoothed by a 15-min running average) and the total Joule heat 
production rate. The Joule heat is only a small fraction of the esti- 
mated U r as discussed in the text. 

"agent" of this coupling. Relatively small (in absolute mag- 
nitude), but global in spatial extent, dissipation was associated 
with this period preceding the major expansion of the sub- 
storm. Then, following 1100 UT, very large, intense dissi- 

pation of energy took place, and this dissipation was quite 
localized in the postmidnight sector of the magnetosphere- 
ionosphere system. 

Figure 6 presents a remarkably clear demonstration of the 
relative roles of "directly driven" and "unloading" processes. 

The dotted curve in the figure is again the solar wind coupling 

function. Note that -VB z, VB s, s, etc., all look virtually iden- 

o 
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Fig. 6. A comparison of the solar wind coupling function (-- VB:, 
dashed line) with the computed total Joule heat production rate (solid 
line) for 0900-1300 UT on March 22. Note that -VBz was positive 
between 1010 UT and -•1110 UT while the Joule heat rate was 

largest after --• 1110 UT. 
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Fig. 8. A comparison o• the total Joule heat rate (solid line) and 
the > 30-EcV electron counting rate at geostationary orbit. The elec- 
tron flux dropout and other growth phase •caturcs at 6.6 R• are well 
correlated with a low-level Joule heat dissipation rate while the large 
flux injection event (steplike increase at • ] ] ]0 UT) is associated with 
a very large Joule heat peak. 
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Fig. 9. A detailed plot of Fsw, B: (IMF) and Aœ(57) for the inter- 
val 1200-1600 UT, on March 22, 1979. This period encompasses the 
1436 UT substorm expansion onset. 

tical in this case (see, for example, Tsurutani et al. [this issue]). 

The solid curve (Joule heat rate) can be regarded as a measure 

of the magnetospheric energy output rate. Figure 6 shows a 
nearly square wave energy input pulse from -• 1010 UT to 

-• 1110 UT after which energy input was turned off. With little 

delay (-• 10 min) the weak dissipation associated with loading 

the magnetospheric systom was seen in the Joule heat curve. 
After the energy input was completely turned off, by far the 

largest Joule heat production rate was recorded (-• 1110-1230 
UT). Based on these data, it is virtually beyond doubt that the 

energy for this intense phase of dissipation came from the 

magnetotail, not directly from the solar wind, and was of the 
classic DP 1 pattern usually associated with a localized night- 

side substorm "current wedge." 

We have integrated the area under the Joule heat curve for 

the period 1010-1110 UT and from 1110 UT to 1230 UT. For 
the former, energy-loading interval the total dissipated Joule 

heat was -•3.7 x 102x ergs. During the latter, energy- 
unloading interval the total dissipated Joule heat was -•2.0 
x 102• ergs. Thus the tail-unloaded energy dissipation during 

this event was over 5 times as much as the directly driven 

(loading) energy dissipation part. 
It should be recognized that the Joule heat production rate 

is not the only form of substorm dissipation. Thus, as noted in 
the introduction, we have used another available CDAW 6 

parameter, the "total" magnetospheric energy output function 
Ur [Akasofu, 1981]. It should be noted at the outset that Ur 
is only a rough estimate of ionospheric and ring current dissi- 

pation terms, and it has very definite limitations [see Baker et 
al., 1983]. However, with these caveats in mind, Figure 7 

shows a comparison of U r (dotted line) with the Joule heat 
production rate (solid line). The figure shows that, indeed, the 
Joule heat rate is only about 10-50% of the estimated value of 

U r. Nonetheless, Ur behaves in roughly the same way as the 
Joule heat curve and in fact looks almost identical to the AE 

profile in this period of time. Thus our conclusions drawn in 
the preceding part of this paper generally apply equally well 
whether AE, Joule heat, or Ur is used as a measure of mag- 
netospheric "output." 

Figure 8 illustrates the energetic particle measurements 
from spacecraft 1977-007 versus the Joule heat production 

rate. As seen in the figure, the particle fluxes recovered to their 

predropout value at the identified substorm onset time, but 
neither the > 30-keV electron fluxes nor the Joule heat rate 

rose to very large values (above baseline levels) until several 
minutes after 1100 UT. The reason for these delays relative to 

the substorm onset time remains unclear (see T. A. Fritz et al., 

unpublished manuscript, 1984). 
We now examine the second substorm on March 22. Figure 

9 shows solar wind data (upper two panels) and AE(57) in an 

expanded fashion for the interval 1200-1600 UT. The sub- 
storm expansion onset has been well identified [McPherron 

and Manka, this issue] to be at 1436 UT. The IMF B: went 

strongly and persistently southward at -• 1310 UT as demon- 

strated in Figure 9; note again here, as in the 1055 UT sub- 

storm case, that B: turned strongly positive just before the 
substorm onset and this may have played a role in the trigger- 

ing of the substorm energy release [Caan et al., 1978; Ros- 
toker, 1983]. 

As is evident in Figure 9, AE(57) again rose gradually, but 

strongly, to values in excess of 800 nT after the IMF turned 
southward at 1310 UT. AE remained nearly constant at -• 800 

nT for about an hour (1340-1440 UT) before the substorm 

expansion phase began. At the expansion onset, AE increased 

rapidly and dramatically once more, reaching values at times 
in excess of 2000 nT. 

Figure 10 is analogous to Figure 6 and compares the com- 

puted total Joule heat production rate (solid line) to a measure 

of the solar wind energy input, -VB•. Figure 10 shows that 

the Joule heat rate increased gradually from a relatively low 

level at -• 1325 UT. This increase began -• 10-15 min after 

-VB• went strongly positive. The Joule heat rate then re- 
mained relatively constant at -• 3 x 10 TM W for about 1 hour 
(1340-1440 UT), and it increased very strongly after the iden- 
tified substorm onset to a peak rate of nearly 18 x 10 TM W 
(1.8 x 1019 ergs/s). 

We identify the interval from -• 1325 UT to 1436 UT as the 

traditional substorm growth phase. During this interval, solar 

wind energy was strongly coupled into the magnetosphere, 

and polar cap convective patterns were strongly enhanced 

[Clauer and Karnide, this issue]. The Joule heat rate of -• 3 

x 10 TM W during this period is regarded as the dissipation 
associated with direct driving of the magnetosphere accom- 

panying the loading of energy into the magnetotail. 
The large enhancement of Joule heat dissipation after 1436 

UT again represents the unloading of stored magnetotail 
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energy. In terms of a magnetotail substorm model, it repre- 
sents the unloading of energy from the tail via a substorm 

current wedge which maps to a limited width of the plasma 
sheet. Although a substorm neutral line is likely the agent of 
production of this current wedge as in the case of the 1055 UT 

substorm [McPherron and Manka, this issue; T. A. Fritz et al., 
unpublished manuscript, 1984], ISEE 1 and 2 were not well 
situated to make in situ measurements of the neutral line 

properties in the 1436 UT substorm case (cf. Figure 2). 

Note in Figure 10, in contrast to Figure 6, that -VB z 
remained strongly positive throughout most of this substorm 

interval rather than going negative at substorm expansion 
onset (as for the 1055 UT substorm). Thus energy continued 
to be supplied continuously to the magnetosphere even as 
energy was being rapidly unloaded from the tail during the 
interval 1435-1600 UT. This is consistent with the suggestion 
of Clauer and Kamide [this issue] and Kamide and Baum- 

johann [this issue] that during this second substorm on March 
22, two current components, DP 1 and DP 2 types, coexisted. 

As in the 1055 UT substorm case, it is instructive to make 

some estimates of the energy budget for the 1436 UT sub- 

storm. First, we estimate the rate of energy input from the 
solar wind. Many types of solar wind energy coupling esti- 
mates have been made in the past. Most of these suffer funda- 

mentally from the problem of determining an "absolute" cali- 
bration. One of the more recent such parameters is s [Akasofu, 
1981], which has units of ergs per second and is given by 
• = VB 2 sin '• (0/2)lo •. Using lo = 7 Re and using the measured 
interplanetary data, a value of e ranging between •2 and 
• 5 x 10 • 9 ergs/s from 1310 UT until • 1620 UT is obtained 
[Tsurutani et al., this issue], and we use these estimates here 

recognizing the potential uncertainty in the values. To a good 
approximation, e can be regarded as being •4 x 10 •9 ergs/s 
throughout this whole interval, a very large energy input rate 
indeed. 

Now let us consider energy dissipation rates. In Figure 10 
the Joule heat rate appears relatively constant at • 3 x 10 TM 
W (3 x 10 •8 ergs/s)for the intervals 1340-1440 UT and 1600- 

1630 UT. This was about 10% of the inferred energy input 
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Fig. 12. A plot similar to Figure 3 for the second CDAW 6 analy- 
sis interval' 1200-0600 UT on March 31 to April 1, 1979. Note that 
the time-shifted ISEE 3 data have been used for interplanetary 
measurements and ISEE 1 tail field data are used. 

rate and corresponds to the direct dissipation associated with 
the loading of solar wind energy into the magnetosphere. One 
possible assumption is that such a rate of dissipation (in Joule 
heating) went on throughout the interval • 1340-1630 UT 

and was the baseline rate of Joule heat dissipation. Integrating 
this Joule heat rate over time (1340-1630) gives a total of 
3 x 10 :: ergs of dissipated energy. 

The Joule heat dissipated in the DP 1 current wedge (from 
energy stored in the tail) can be estimated from the Joule heat 

peak in Figure 10. We have integrated the area under the 
curve (in excess of 3 x 10 TM W) for the interval 1435 to 1600 
UT. This integrated Joule heat is • 5 x 1022 ergs. There are 
indications (C. R. Clauer, personal communication, 1983) that 
the DP 2 currents became very large during the period of 
maximum dissipation shown in Figure 10. Thus we should be 

cautious in interpreting all of the dissipation in the peak of 
that figure as being due to DP 1 (unloading)effects. If we 
make such an assumption, however, then even for this case of 

strong, continuous driving of the magnetospheric system for 
several hours, the unloaded energy from the tail exceeded the 
"directly" dissipated ionospheric heat by a factor of • 2. 

Again, with the Joule heat rate of Figure 10 we have not 
determined the entire magnetospheric energy output. In 
Figure 11 we plot (analogously to Figure 7) the estimated Ur 
for the period 1300-1700 UT. The values of Ur and the Joule 
heat rate again increase and decrease together reasonably well 
but, as in the 1055 substorm case, the Joule heat rate was only 
• 10-30% of U T. Note in Figure 11 that Ur tended to resem- 
ble AE or AL (Figure 1) in its time profile more than the Joule 
heat curve alone. 

Recall that U r became relatively large in Figure 7, as well 
as Figure 11, during the periods that we have identified as 

primarily energy storage intervals. As noted previously, be- 
cause of limited magnetometer input, we do not have nearly 
the level of confidence in Ur that we have in the Joule heat 
curves, but nonetheless it is worthwhile to examine the vari- 
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ations of Ur in the overall context of solar wind- 
magnetosphere coupling. As we have described above, Ur 
tends to track the AE profile rather closely and therefore has a 

strong relationship to, and correlation with, auroral dissi- 
pation. Although Ur apparently greatly exceeds the Joule heat 
rate, considerable work remains to obtain the final intercali- 

bration between the two quantities. Furthermore, it is highly 
likely that Ur, which is obtained from Dst and its time deriva- 
tive, contains significant effects of the partial ring current, 
which in turn is due at least in part to the buildup of cross-tail 

currents (P. H. Reiff, personal communication, 1983). Thus the 

Ur increase during the energy storage phase of the March 22, 
1979, substorms may result largely from the tail current 

(growth phase) contribution to the partial ring current. A very 
useful theoretical discussion of the relationship between the 

tail current systems and the asymmetric ring current is given 

by Spiro and Wolf [1984]. They show, for example, how the 
storm time compression of the magnetosphere contributes im- 

portantly to the ring current injection on March 22. 

If we add up the energy input and energy output in the case 
of the 1435 substorm, we obtain some interesting numbers. 

Assuming a possible energy input given by e for the period 

1310-1630 UT gives 

W• = 4.5 x 1023 ergs 

Adding up just the Joule heat (JH) dissipations determined 

above, we get 

Wo(JH: driven)= 3 x 1022 ergs 

Wo(JH: unloading)= 5 x 1022 ergs 

giving a total Joule heat dissipation of Wo(JH),-, 8 x 1022 
ergs; this is a small fraction of the total W•. 

Even if we integrate the entire Ur curve from 1310 to 1630 

UT, we get Wo(Ur)•, 2.5 x 1023 ergs. Although these are 
rough numbers, we find with reasonable confidence that 

Wo(JH) << W• Wo(Ur) "' « W• 

As discussed, for example, by Baker et al. [1981], the "miss- 

ing" energy added to the magnetosphere must go into forms 

other than those accounted for in the ionospheric and ring 

current terms of Ur. Very likely, much of the input energy 
escapes down the tail in the form of plasmoid structures. 

The March 31 to April 1, 1979, Interval 

This second CDAW 6 interval was very different in 

character from the March 22 period. Figure 12 is analogous to 

Figure 3 and provides an overview of interplanetary, ground- 

based geomagnetic, and tail data for the period 1200 UT on 

March 31 to 0600 UT on April 1. The upper two panels show 

ISEE 3 data taken at ,-,240 Re upstream of the earth (cf. 

Figure 2). The data have been time-shifted by 1 hour in order 
to account for solar wind propagation delays. This time shift, 

determined empirically to give the best correlation with IMP 

8 near the earth, is roughly consistent with the observed solar 

wind speed of 400 km/s (At = Ax/Vsw -' (240 RE)/(400' km/s)) 
shown in the top panel of Figure 12. 

Note that for the most part the IMF was strongly and 

persistently southward from ,-,1400 UT until ,-,0300 UT. 

Some notable periods of northward field, as at ,-, 2100 UT and 
0045-0145 UT, were seen in the data, however. It was very 

likely this continually southward Bz which gave rise to the 
intense, continuous disturbance of auroral activity shown in 

Figure 12 by the AE(58) index. The times of several identified 
substorm expansion onsets are indicated at the top of the 

figure by the vertical arrows. 

The lower two panels show ISEE field and plasma data, 

respectively, in the magnetotail. ISEE 1 and 2 were close to 
one another during this time, and in order to illustrate data of 

superior quality we plot magnetic field data from ISEE 1 and 

plasma number density from ISEE 2. Particularly between 
1800 UT and ,-, 2300 UT, numerous entrances and exits of the 

ISEE pair between the tail lobe and plasma sheet were seen. 

Since those lobe-plasma sheet transitions were substorm re- 
lated in several cases, we will examine some of these data 

more closely below. 

Note in Figure 12 that a general increase in the IMF B: 
occurred late in the CDAW interval. Associated with this, 

AE(58) diminished and appeared to exhibit a more "isolated" 

substorm behavior. In Figure 13 we show an expanded ver- 

sion of the Vsw, B:, and AE(58) data for 0000-0600 UT on 
April 1. Close examination of the ground-based data, in fact, 

shows a double onset substorm expansion phase with onset 
times of ,-,0220 UT and ,-,0250 UT. These times are shown in 

Figure 13. 

Note in Figure 13 that the IMF had been northward for 

nearly 1 hour (0045-0145 UT) prior to the substorm ex- 

pansions. During this interval, AE(58) diminished substan- 

tially, and geomagnetic conditions quieted. B: then went 
strongly southward again after ,-,0145 UT, and AE(58) again 

SUBSTORM 

EXPANSION ONSETS 

STORAGE I',•L,z•'•,.• 

4 l I I I I I 
> 30 key ELECTRONS 

S/C 1976-059 

(,-• 700W, 6.6RE ) • !?'", •; - 
•,"• .,/•, 

3 } :• . •,;'•' :2 '., 
•'• ::• "--",.- ..................... 

a", 
[A - • ' / vl JOULE - 

-2 
0 0100 0200 0300 0400 0500 0600 UT 

I APRIL 1979 

Fig. 14. Same as Figure 8 for 0000-0600 UT on April 1, 1979. 



BAKER ET AL.' MAGNETOTAIL ENERGY STORAGE--CDAW 6 1213 

increased. A peak of AE activity was reached at ~0315 UT, 
well after the second substorm intensification at 0250 UT and 

at a time when B: was northward. 

Figure 14 illustrates >30-keV electron counting rates 
(dotted line) at geostationary orbit for the interval 0000-0600 

UT. These data, from spacecraft 1976-059 at ~ 70øW, were 

taken in the premidnight sector at 6.6 Re, a region ideally 

suited for the observance of substorm growth phase effects 

[e.g., Baker et al., 1981]. As seen in the figure, shortly after 

0100 UT the > 30-keV electron fluxes began a rapid decrease. 

As in the 1055 UT substorm of March 22, this effect on April 

1 can be taken as a growth phase signature. The flux drop was 

accompanied by an increasingly taillike field and other fea- 

tures indicative of strongly increased magnetotail energy stor- 
age. The hatched bar at the top of the figure shows the period 

of these growth phase effects. 

A double step function increase in the energetic electron 

count rate was observed. The first at ~0220 UT corresponded 

to the first substorm expansion onset: an increase of flux by a 

factor of 2-3 over the predropout flux level was seen in this 

first step. The second increase in particle flux was also very 

sharp and occurred at ~0250 UT. This compared very well to 

the second identified expansion onset time, and this flux in- 

creased much higher in absolute intensity than the first event. 

The solid line in Figure 14 shows the calculated total Joule 

heat rate. Prior to ~0130 UT the Joule heat rate appeared to 

be diminishing from prior periods of strong activity. The 

lowest levels of Joule heat production were seen early in the 

growth phase interval. Interestingly, only a relatively small 
increase in the Joule heat rate was seen in association with the 

first expansion onset (and particle injection) at 0220 UT. A 

very large peak in the Joule heat rate occurred in good time 

coincidence with the second injection event at 6.6 Re following 

the 0250 UT expansion onset. 

Figure 15 shows the relationship between solar wind energy 
input -VB: and magnetospheric energy dissipation (Joule 

heat rate). The plot is analogous to Figures 6 and 10. As in the 

March 22, 1055 UT, substorm example of Figure 6, the Joule 
heat dissipation rate was low between ~0130 UT and ~0300 

UT on April 1 when the solar wind coupling parameter - VB• 

was high. Only after -VB: went negative (or near zero) was 
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Fig. 16. An expanded portion of Figure 12 showing details of 
observations for substorm expansions at •2150 and •2250 UT on 
March 31, 1979. 

the Joule heat rate large. Thus we again see a clear and dis- 

tinct difference in the size, shape, and timing of the energy 
input function and the energy output function, thereby sug- 

gesting the very important role of magnetotail energy storage 
and subsequent sudden release. 

As a final example of the importance of magnetotail energy 
storage in the CDAW 6 substorm events, we consider the 

period from 2000 to 2400 UT on March 31. A blowup of a 

section of Figure 12 for this period is shown here as Figure 16. 

Two extensive periods of strong southward IMF were seen in 

this interval, namely, 2010-2050 UT and 2125-2350 UT. A 

brief northward turning of the IMF occurred (without too 
much obvious effect) at ~ 2215 UT. Identification of substorm 

expansion onsets from the AE(58) time profile alone would be 

difficult, but the AL(58) (Figure lb) and further ground-based 
data show much more evident onset features around 2150 and 

2250 UT. 

For our present purposes we concentrate on the •ubstorm 
onset at 2250 UT. As seen in Figure 16, this onset was preced- 
ed by a long interval of southward IMF and, also, it occurred 

while ISEE 1 and 2 were in the magnetotail lobe (N.B. the low 

plasma number density and high tail field strength). In partic- 
ular, note the large, rapid increase of tail field strength mea- 
sured by ISEE 1 from •2220 UT until •2250 UT. At the 

time of the substorm expansion onset (i.e., 2250 UT), Btail 
diminished rapidly from its peak value of • 50 nT back to its 
"baseline" lobe value of • 35 nT. 

As seen in Figure 16, the variation of Btail at ISEE 1 was not 
related to any variation of the solar wind speed (upper panel). 
We have also examined the solar wind density and find no 

correlated changes with the increase and decrease of Btail. 
Therefore the solar wind dynamic pressure did not cause this 
change in the tail field, and we conclude that it was due to 

increased energy storage in the magnetotail lobes. 

Having "clean" measurements of the lobe magnetic field 

strengths, we can conveniently make estimates of the energy 
storage and dissipation rates (see, for example, Baker et al. 

[1981] and Fairfield et al. [1981]). First of all we can estimate 
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Fig. 17. A comparison of the total Joule heat production rate 
(solid line) and the magnetotail field strength (dashed line) between 

2000 and 2400 UT on March 31. A large increase in Btail was seen 
during a substorm growth phase in the interval 2215 to 2250 UT. The 
tail field rapidly diminished following the expansion phase onset at 
2250 UT. The tail field rapidly diminished following the expansion 
phase onset at 2250 UT. 

the change in magnetic energy density from the spacecraft 
data: 

6w = 6(B2/8•) = 2(B)6B/8n 

For the case at hand, 

6B = 15 nT (B) ~ 42 nT 

for which 

6W "• 5 X 10 -9 erg/cm 3 

In order to make additional estimates we must estimate the 

effective tail volume involved. Assuming a cylindrical volume, 

V = •r 2L 

and with very rough (and quite debatable) assumptions of 

r~ 15 Re L•50Re 

we have 

V ~ 9 x 1030 cm 3 

Using the above results, we find that the total tail energy 

gain for the period 2220-2250 UT was 

Wr •- 6w. V ~ 4.6 x 1022 ergs 

Note in Figure 16 that Btail rapidly decreased from 50 to 

•35 nT between 2250 and 2315 UT. Thus we get that the 

power extracted from the stored magnetotail energy was 

Ptail = WT/At • 3.1 x 10 •9 ergs/s 

For the period 2130-2330 UT, the power input e from the 

solar wind was typically ~3 x 10 •s ergs/s. Thus for a short 
period (2250-2315) after the substorm expansion the mag- 

netotail gave up energy at a rate roughly 10 times the input 

rate. We thus conclude that magnetotail storage and sudden 

release must be considered as a very important effect under 
such circumstances. 

Figure 17 shows the total Joule heat production rate (solid 

line) for the period 2000-2400 UT, while the dotted line shows 

the magnetotail field Btail measured by ISEE 1. Based on our 

discussion above, we identify the period 2220-2250 UT as the 

period during which the storage process is dominant. 
Between 2000 UT and ~2250 UT the total Jøule heat rate 

averaged ~ 1.5 x 10 •8 ergs/s, which was about one half of the 
energy input rate s which was ~ 3 x 10 •8 ergs/s. The Joule 
heat rate diminished considerably around 2100 UT when B z 
went northward and e dropped to near zero. A large peak in 

the Joule heat rate occurred following the substorm expansion 

onset at 2250 UT, and this was superimposed on the persisting 

background Joule heat curve. The peak Joule heat rate at 

2315 UT of ~3.5 x 10 •8 ergs/s was comparable to the value 
of e, and this does not even consider other contributions to Ur 

beside the Joule heating. Note the striking relationship be- 
tween the decrease in Btail and the increase in the Joule heat 

rate. These data make a strong further case for the role of 

magnetotail storage-sudden release in substorms. 

SUMMARY AND CONCLUSIONS 

In this paper we have examined on a case-by-case basis the 

relationship between energy input from the solar wind to the 

magnetosphere and, subsequently, the dissipation of this 

energy by substorm processes. The very clear pattern which 

emerges in each instance is that energy input was substantially 
enhanced when the IMF orientation turned southward. In 

clean north-to-south IMF transition examples of the sort 

studied here, the magnetosphere responded to this enhanced 

energy coupling in a very short time (10-15 min) with there 

then being a period of 30-60 min of relatively low level energy 

dissipation. This «- to 1-hour interval of Joule heating, en- 
hanced convection, etc., followed the classic pattern of the 

substorm growth phase [McPherron, 1972] and in every case 

examined corresponded to the "loading" of energy into the 
magnetotail. 

By virtue of the extensive spacecraft and ground-based 

arrays available in the CDAW 6 analysis effort, we had very 
precise substorm expansion onset timing available for each of 

our case studies. We were thus able to distinguish clearly be- 

tween preexpansion onset dissipation and postexpansion onset 
dissipation. In all cases, the dissipation after the expansive 
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Fig. 18. An idealized illustration of the directly driven (left) and 

unloading (right) models of the relationship between magnetospheric 
energy input Wi, and energy output Wou t. As discussed in the text, the 
unloading model, with the allowance of a relatively low level of dissi- 
pation during the growth phase interval, fits the observations present- 
ed in this paper. 



BAKER ET AL.: MAGNETOTAIL ENERGY STORAGE--CDAW 6 1215 

phase onset was substantially larger than during the period of 
primary energy storage. 

Much of the controversy in substorm studies of late has 
been related to whether substorms are a driven or an unload- 

ing process. Recent thinking [e.g., Baker et al., 1984] has em- 

phasized that both driven and unloading processes must be 
considered. In Figure 18 we illustrate the two extreme view- 

points. The solid and long-dashed curves in this figure are 
taken from the paper by Baker et al. [1982b-I and were adapt.- 

ed from Akasofu [1981]. In the extreme "driven" scenario the 

energy output of the magnetosphere, Wout, tracks the solar 

wind energy input V•n with great faithfulness (with perhaps a 

slight time delay). In this model there is no significant role of 

tail energy storage. In the extreme "unloading" model on the 

right, as shown by the solid and dashed lines, there is no 
significant dissipation of energy, Wout, until after energy has 
been loaded into the system, Win, for of the order of 1 hour. 

The results of the present study show that in fact neither 

extreme model is totally correct. However, every case exam- 
ined here showed that magnetotail storage of energy was quite 

important to the substorm development. Furthermore, in none 
of the cases examined in our high time resolution analysis was 

there any detailed resemblance between the solar wind input 

profile and the magnetospheric output profile (cf. Figures 6, 
10, 15, and 16). In all of these cases, energy was added to the 

magnetosphere for a substantial period (30-60 min) before the 
substorm onset occurred and very intense, localized dissi- 

pation began (DP 1 current system). 

This study also demonstrates quite clearly, however, that 

magnetospheric energy dissipation is not negligible during the 

"growth phase" (energy loading) interval. Lower level, but 
very global, dissipation in DP 2 kinds of current systems ac- 

company the increase of stored magnetotail energy. Our quan- 
titative estimates indicate that the time-integrated total dissi- 

pation during the loading process is usually less (by a factor of 
2-5) than the total dissipation during the unloading process. 
This ratio is highly variable. 

The results of this study are most supportive of a model 

which modifies the unloading model of Figure 18 as shown by 

the short-dashed line. During the growth phase there is a long 

interval of low level, but significant, energy dissipation. This is 

a (DP 2) energy output that accompanies the global convec- 
tion (in the polar cap) which loads energy into the magnetotail 

lobes. At substorm expansive phase onset there is a large in- 

tensification of the dissipation rate, and this corresponds to 

the unloading of energy from the tail. Thus both directly 

driven loading (growth phase) and nondriven unloading (ex- 

pansive phase) processes play an important role in substorms 

depending on the different phases. As shown, for example, by 
the 1436 UT substorm case presented here (Figure 10), both 

the driven and unloading processes can, and do, go on con- 

currently in many instances. 

The present study again illustrates in a very concrete way 

the important characteristic time constants of the mag- 

netospheric substorm response to solar wind input. In nearly 

all the cases studied in this paper, there was a rapid, sharp 

southward IMF turning that initiated the substorm activity. 
About 10-20 min later, growth phase effects were seen in the 

AE index, in the field inclination at 6.6 Re, in particle distri- 
bution functions, in total Joule heat, etc. Then, about one 

hour after the southward IMF turning, the substorm expan- 

sive phase itself occurred with strong enhancement of Joule 

heat production, particle injection events at 6.6 Re, near-tail 

magnetic field dipolarization, etc. These results provide strong 

case study support for the statistical result of L. F. Bargatze et 

al. (unpublished manuscript, 1984) which showed two peaks in 
the impulse response function of the magnetosphere: one at 

,-, 20 min and one at ,-, 60 min. Bargatze et al. suggested that 

the 20-min peak was the response time scale for directly 

driven substorm processes while the 60-min peak was the re- 

sponse time scale for magnetotail energy unloading processes. 
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