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Abstract. Ion densities Ni and electron temperatures Te measured on board Cosmos 900 
satellite (launched at March 30, 1977, into near-polar circular orbit: i = 83 ø, h = 500 
km, orbital period = 94 min) are used to study the behavior of the ionosphere during the 
prestorm, initial, and main phases of the magnetic storm of December 1-2, 1977. The 
spatial resolution of the measurement was <0.3 ø latitude for Te and <0.1 ø latitude for Ni. 
During this period, 27 orbits were recorded in the onboard large-storage memory. This 
enabled detailed study of the positions and latitude profiles of midlatitude ionospheric 
trough and subauroral electron temperature enhancement (SETE) in the midnight local 
time sector. Simultaneous proton density data measured on the high-altitude satellites 
"Prognoz 5" and "Prognoz 6" confirm that the poleward boundary of the Te peak 
corresponds to the ionospheric magnetic field projection of the high-altitude plasmapause 
density "knee." During the main phase of a geomagnetic storm the polar edge of the 
SETE becomes very steep. It coincides with an equally steep poleward edge of the 
midlatitude ionospheric trough and with the position of the newly forming density gradient 
of the high-altitude plasmapause. The sequence of Cosmos 900 observations clearly shows 
how the nighttime midlatitude ionospheric trough fills up as well as how the subauroral 
electron temperature enhancement and the outer layers of the plasmasphere are eroded 
during a geomagnetic storm. These results shed new light on the formation of the 
plasmapause in the postmidnight sector and on the time-dependent electric field 
distribution in the nightside sector before and during a geomagnetic storm. 

1. Introduction 

More than 2 decades ago, Muldrew [1965], Thomas and 
Andrews [1968], Rycrofi and Thomas [1970], Rycroft and Bumell 
[1970], and Tulunay and Sayers [1971] found midlatitude ion- 
ospheric troughs (MIT) in the electron density Ne at F region 
altitudes and above. They attempted to relate these MIT to the 
high-altitude plasmapause as determined by Gringauz [1961] 
from the Soviet Lunik observations and by early whistler mea- 
surements of Carpenter [1966] and others. 

The correlation has been reasonably good on the nightside 
where the MIT is most clearly identified. Indeed, statistically, 
the invariant latitude of this trough varies with Kp in a manner 
quite similar to the equatorial plasmapause density gradient. 
However, in the subsequent years, until 1986, this interpreta- 
tion had been questioned since at times, and especially in the 
afternoon-dusk sector, the magnetic field lines corresponding 
to the high-altitude plasmapause are located poleward of the 
ionospheric MIT in most cases when this feature could be 
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identified [Grebowsky et al., 1976, 1978; Titheridge, 1976; Foster 
et al., 1978]. 

On the other hand, using ISIS 1 observations, Brace and 
Theis [1974] noted a distinct peak in the electron temperature 
Te located within the steep Ne gradient of the middle-latitude 
plasmapause on the nightside. They suggested that this subau- 
roral electron temperature enhancement (SETE) corresponds 
to the field-aligned projection of the high-altitude plasmapause 
(PP) and that this temperature peak which is clearly identifi- 
able at all local times down to at least 600 km altitude might be 
used to trace the movements of the plasmapause under vari- 
able geomagnetic conditions. However, they noted that the 
magnetic local time (MLT) distribution of the SETE did not 
exhibit the bulge in the dusk sector that is characteristic of the 
equatorial plasmapause as measured by whistler propagation 
[Carpenter, 1970] and by in situ satellite measurements [Chap- 
pellet al., 1971; Taylor et al., 1970]. 

The midlatitude peak in Te was not a new feature. Brace and 
Reddy [1965] and Brace et al. [1967] reported it as a nighttime 
phenomenon, already observed a decade earlier with an elec- 
trostatic probe on board of Explorer 22 at an altitude of 1000 
km. Other independent thermospheric electron temperatures 
measurements by a Langmuir probe on the polar-orbiting sat- 
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ellite ESRO 1 made before, during, and after a geomagnetic 
storm, between October 31 and November 1, 1968, clearly 
confirmed the existence of a peak in the latitudinal electron 
temperature profiles in the subauroral region. This midlatitude 
peak was observed at conjugated points in both hemispheres, 
in the altitude range 280-1500 km, and has been associated by 
Raitt [1974] with stable auroral red arcs (SAR arcs) observed in 
the midnight local time sector. The position of this electron 
temperature peak shifted to lower invariant latitude when Kp 
increased during the main phase of the geomagnetic storm. It 
moved slowly back to higher latitude during the recovery phase 
when Kp decreased. This equatorward and poleward shift of 
the SETE temperature peak was found to be very similar to the 
inward and outward motion of the equatorial plasmapause 
position, as observed by whistlers, and to the position of SAR 
arcs. Similar results were reported by Brace et al. [1974] based 
on ISIS 2 polar satellite measurements (at 1400 km altitude). 
They traced the latitudinal shifts of the midlatitude electron 
and ion temperatures peaks during the magnetic storm of 
August 4-6, 1972, with a time resolution of 2 hours universal 
time (UT), corresponding to the orbital period of ISIS 2. The 
occurrence frequency of well-identified SETEs versus altitude 
was studied by Biichner et al. [1983] based on observations of 
Intercosmos 18. They found that the occurrence frequency 
between 400 and 800 km depends more strongly on altitude in 
the dayside local time (LT) sector than in the nightside one. 

Although these low-altitude observations tended to indicate 
an association between the SAR arcs, the midlatitude electron 
temperature peak, and the midlatitude ionospheric trough, the 
question remained as to how the subauroral electron temper- 
ature peak observed on average at an invariant latitude of 60 ø 
(L --- 4) was really related to the location of the equatorial 
plasmapause. The answer to this question came more than a 
decade later from coordinated measurements of DE 2 and DE 

1 satellites launched in August 1981. DE 1 traversed the plas- 
mapause at altitudes of the order of 10,000 km, while DE 2 
crossed the plasmapause L shells at altitudes below 1000 km. 
Green et al. [1986] and Horwitz et al. [1986] found that the 
subauroral electron temperature enhancement in the 1900- 
2000 LT sector occurs on field lines which thread the equator- 
ward edge of a steep density gradient, which is located inside 
the plasmasphere closer to the Earth than the "whistler knee," 
at least in this MLT sector. To distinguish both steep plasma 
density gradients, the former has been called the "inner plas- 
mapause," while the latter is called the "outer plasmapause." 
The inner plasmapause has an almost circular MLT distribu- 
tion unlike the outer plasmapause which may have a bulge in 
the afternoon-dusk sector. Brace et al. [1988] showed that this 
sharp internal gradient in plasmaspheric H + density marks the 
field lines of the F region T e ledge, that is, that both features 
are physically associated and statistically lie on the same L 
shells, near L = 4 at magnetically quiet times. 

Therefore most of the contradicting results were based on 
observations in the afternoon local time where it is now rec- 

ognized that there are multiple plasmapause knees in the 
equatorial density profiles [see Carpenter et al., 1993]. At night 
when, according to the classification of Horwitz et al. [1986], 
featureless plasmapause are observed most of the time the 
correspondence between the MIT and equatorial plasmapause 
is most obvious. 

In section 2 we examine simultaneous high time resolution 
measurements from the low-altitude Cosmos 900 satellite on 

polar orbit and from the high-altitude Prognoz 5 and 6 satel- 

lites, to confirm the close association between the subauroral 
electron temperature enhancement (SETE) and the high- 
altitude PP. In section 3 we describe how the profile and 
location of the SETE changes in the postmidnight sector dur- 
ing a large geomagnetic storm event. As a result of their high 
time resolution these Cosmos 900 observations shed new light 
on the sequence of events during the erosion of the nightside 
plasmasphere. They also unravel earlier views on the penetra- 
tion of magnetospheric convection electric fields in the night- 
side plasmasphere. 

2. Physical Association Between MIT, 
SETE, and the PP Ion Density Gradient 
2.1. Description of the ObserVations and Spacecraft Orbits 

Cosmos 900 was launched on March 30, 1977, on a near- 
polar orbit with inclination of 83 ø, altitude of 500 kin, and 
orbital period of 1.5 hours. It operated for more than 2.5 years. 
During this time, span Prognoz 5 and 6 were operating on 
high-altitude orbits with inclination of 65 ø and apogees of 
about 200,000 km altitudes. Prognoz 5 and 6 made plasma 
measurements at high altitudes over a wide range of invariant 
latitudes up to _65 ø (L • 5.6), like those of DE 1 which was 
launched 4 years later. 

Cosmos 900 provided plasma observations in 1977 in the 
topside ionosphere, along an orbit similar to the DE 2 satellite, 
which was launched in 1981. The instrumentation on board of 

Cosmos 900 was designed to measure the electron temperature 
(Te) and the ion density (N•). The temperature T e was mea- 
sured by the method of RF electron temperature probe, which 
is known as "rectification probe" and described byAfonin et al. 
[1973]. This method was originally proposed by Aono et al. 
[1961]. The N• was determined both by planar and spherical 
retarding potential analyzers (RPA). The time resolution of T e 
measurements was quite high: 4 s. The spherical RPA operated 
in "floating mode" of the outer grid so that the time resolution 
for Ni measurements was equal to the telemetry rate, that is, 
1 s in the 1-day storage memory mode. Hence the spatial 
resolution was better than 0.3 ø and 0.1 ø in latitude, respectively, 
for T e and N• (i.e., 36 and 12 kin, respectively). Thus these high 
time resolution data are suitable to study ionospheric features 
such as the midlatitude ionospheric trough and the subauroral 
electron temperature enhancement. 

Note that the time resolution and consequently the spatial 
resolution of Cosmos 900 electron temperature measurements 
were more than a factor of 3 higher than those of the ESRO 1 
measurements of 1968 reported by Raitt [1974] and 30 times 
better than the ISIS 1 and 2 electron temperature observations 
of 1972 reported by Brace and Theis [1974] and Brace et al. 
[1974]. The electron temperature measurements of 1981 made 
by DE 2 [Brace et al., 1988] had a spatial resolution of 40 km 
which was comparable to Cosmos 900 (36 km). Therefore 
Cosmos 900 enabled to resolve for the first time in 1977 the 

extremely steep temperature gradient sometimes observed at 
the poleward edge of SETEs. 

The RPA on board of Prognoz 5 and 6 are described in the 
work of Gringauz et al. [1981] and Gringauz [1983]. The high- 
altitude measurements of the ion density (N•) and ion tem- 
perature (Ti) have been obtained with a time resolution of 
80 s. 

2.2. Quiet Time Observations 

During the periods of time considered below, the high- and 
low-altitude satellites traversed the plasmapause and MIT/ 
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SETE regions in the same local time sector. Figure 1 shows the 
relevant parts of the orbits of Cosmos 900 and Prognoz 5 in L, 
MLT coordinates on April 13, 1977, which was a quiet day with 
Kp values of 2+, 0+, 2-, 1, 1 +, 1 +, 1, and 2. 

It can be seen that the orbit segments of both spacecraft are 
close to each other in the 2200-2400 MLT sector. Cosmos 900 

traversed the magnetic shell L = 4 at 0257 UT and again 1.5 
hours later at 0430 UT at an altitude of 510 km. The crossings 
of this magnetic shell by Cosmos 900 occur almost 2 hours in 
local time later than that of Prognoz 5. 

The ion densities and electron temperatures measured dur- 
ing these two consecutive traversals of the MIT are shown in 
Figure 2 as a function of L along Cosmos 900 orbits 217 (solid 
lines) and 218 (dashed lines), respectively. These measure- 
ments were made during quiet conditions (Kp = O+) along 
Cosmos 900 orbits 217 and 218. 

The Prognoz 5 ion density and ion temperature also shown 
in Figure 2 are measured at high altitudes between 8200 and 
14,000 km. The altitudes of Prognoz 5 are given by the lower 
scale; the corresponding L is also given. Prognoz 5 traversed 
the magnetic shell L = 4 at 0354 UT, that is, 1 hour after 
Cosmos 900 did traverse this shell during orbit 217 and almost 
a half an hour before it did so again during orbit 218. 

It can be seen that under these quiet conditions the subau- 
roral electron temperature enhancements have nearly symmet- 
rical slopes on both sides of the T e peak. Note also that the 
SETE is consistently located at the outer edge of the ion 
density gradient forming the equatorward boundary of the 
MIT. These results agree with those obtained by Brace and 
Theis [1974] using ISIS 1 Langmuir probe measurements at 
altitudes between 600 and 3000 km. 

From the dotted line (Ni) in Figure 2 it can also be seen that 
the steep ion density gradient observed above 10,000 km alti- 
tude by Prognoz 5 is located at L = 4.8, that is, precisely 
between the L shells where the SETE was observed by Cosmos 
900, respectively, 1 hour earlier (L = 4.3) and a half an hour 
later (L = 5). This is consistent with an outward motion of the 
nightside plasmapause at a rate of 0.5 R E/h and a simultaneous 
poleward motion of the SETE under quiet conditions or when 
Kp is decreasing. This outward motion of the nightside plas- 
mapause during quiet conditions is supporting the existence of 
a continuous, slow expansion of the plasmasphere [Lemaire 
and Schunk, 1994]. 

Prognoz 5 was located in a local time sector more than 1 
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Figure 1. Projections of three orbits of Cosmos 900 on a 
magnetic local time (MLT) versus invariant latitude map in the 
northern hemisphere. 
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Figure 2. Low-altitude ion densities (Ni) and electron tem- 
peratures (Te) observed on April 13, 1977, along two consec- 
utive orbits of Cosmos 900 as a function of L. The dotted lines 

with open symbols give the ion density and ion temperature 
(ri) measured almost simultaneously at high altitude in the 
same MLT sector along Prognoz 5 orbit. The altitude of Prog- 
noz 5 is shown on the scale at the bottom of the figure. These 
data correspond to quiet geomagnetic conditions. 

hour MLT closer to the duskside region than Cosmos 900. 
Therefore one may argue that the universal time variations of 
the three plasmapause crossings is biased by a possible local 
time variation of the position of the plasmapause. However, 
this is not likely to be the case according to the observations of 
Carpenter and Anderson [1992]. Indeed, their ISEE measure- 
ments indicate that the equatorial plasmapause is closely cir- 
cular in this LT sector, at least in a statistical sense. 

The correspondence between the positions of SETE and of 
the high-altitude plasmapause is consistent with DE 1/DE 2 
observations, indicating that both features are indeed related 
to each other and physically connected [Green et al., 1986; 
Kozyra et al., 1986, 1987; Brace et al., 1988]. Horwitz et al. [1986] 
found evidence in the DE 2 measurements that the Te en- 
hancement in the F region occurs on field lines which map into 
the plasmasphere or plasmapause region at a point where the 
density is about 10 3 cm -3. 

The dotted lines (Ti) in Figure 2 give the ion temperature 
measured by Prognoz 5 at high altitude. It can be seen that the 
value of Ti increases in the outer region of the plasmasphere, 
which has been called the "hot zone" by Gringauz and 
Bezrukikh [1976]. 
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Figure 3. Low-altitude ion densities and electron tempera- 
tures observed on December 2, 1977, along two consecutive 
orbits of Cosmos 900 as a function of L. The dotted line with 

open circles gives the ion density (Ni) measured almost simul- 
taneously in the same MLT sector along Prognoz 6 orbit at 
high altitude (see altitude scale at the bottom of the figure). 
These data sets are obtained during a period of increasing 
geomagnetic activity. Note the equatorward shift of the sub- 
auroral electron temperature enhancement (SETE) when Kp 
increases. 

This enhancement of the high-altitude ion temperature in 
the vicinity of the plasmapause is generally attributed to wave 
particle interactions. There are many papers dealing with this 
suggestion. However, other plasma kinetic effects have also 
been proposed, for example, the velocity filtration effect lead- 
ing to positive ion temperature gradients in the outermost 
layer of the plasmasphere when the velocity distribution func- 
tions of the ions have an enhanced non-Maxwellian tail [Pier- 
rard and Lemaire, 1996]. It is not the scope of this paper to 
discuss these heating mechanisms of the outer plasmasphere. 

Since the peak of the high-altitude ion temperature is lo- 
cated at a different (lower) L than the peaks of the low-altitude 
SETE, we are tempted to conclude that both features are not 
on the same set of magnetic field lines and therefore are not 
directly related to each other, that is, the SETE is not a direct 
consequence of field-aligned heat transferred from the high- 
altitude hot ions to the ionospheric electrons. As already indi- 
cated above, we do not consider that the 1-hour difference in 
MLT of the Cosmos 900 and Prognoz 5 is likely to explain such 
an offset in the L values of both temperature peaks. 

2.3. Simultaneous Observations at High and Low Altitudes 
During Disturbed Conditions 

In the previous section we discussed simultaneous high- and 
low-altitude data obtained during quieting geomagnetic con- 
ditions. Figure 3 illustrates observations obtained during dis- 
turbed conditions on December 2, 1977 (see the Kp and Dst 
indexes for this period of time in Figure 5a). 

The high-altitude measurements of Ni were collected be- 
tween 0240 and 0324 UT with Prognoz 6 in the altitude range 
3700-8400 km in the 23 MLT sector and for L ranging be- 
tween 1.7 and 4.2. The high-altitude plasmapause density gra- 
dient is observed at L = 3.1. 

Corresponding Cosmos 900 data (Te and Ni) were collecte d 
at a lower altitude (480 km) in the 5-6 MLT sector. The solid 
and dashed lines in Figure 3 show the density and temperature 
profiles obtained respectively along two consecutive orbits 
(3771 and 3772) of Cosmos 900 when it moved from high 
latitudes to low latitudes across the MIT. The SETE was tra- 

versed at L = 3.2 (0156 UT) and at L = 2.9 (0331 UT). The 
MLT and invariant latitudes of the relevant portion of Cosmos 
900 orbits 3764-3773 are shown in Figure 4. 

Note that the Te peaks have a much steeper poleward edge 
than in Figure 2. One might again consider that this is due to 
the variation of steepness of the electron temperature profile 
with local time, since the Cosmos 900 measurements shown in 
Figure 2 were obtained near-midnight MLT, while those of 
Figure 3 refer to the dawn local time sector. However, in the 
light of Carpenter and Anderson [1992], observations indicating 
that the steepness of the equatorial plasmapause is an increas- 
ing function of MLT, such an explanation does not hold. The 
most likely explanation is therefore that the midnight temper- 
ature profiles of Figure 2 were obtained during much quieter 
geomagnetic conditions than the steeper ones observed near 
dawn and shown in Figure 3. These conclusions are confirmed 
by the results shown below in Figure 6. 

It is the sharp poleward edge of the SETE that has been 
used by Brace et al. [1988] in their statistical analysis of DE 2 
to identify the location of the "inner plasmapause projection" 
at ionospheric heights. This characteristic signature of SETE 
can be identified in Cosmos 900 and DE 2 observations with an 

accuracy of a few tenths of a degree in latitude. Note that the 
maximum of Te is usually located at a lower L value than this 
sharp poleward edge of the SETE. Note also that the slope of 
the equatorward wing of the SETE is not significantly steeper 
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Figure 4. Projection of three orbits of Cosmos 900 in the 
MLT versus invariant latitude map. 
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during disturbed conditions than it was during quiet times, as 
shown in Figure 2. Of course, this is not the case for its pole- 
ward wing. The extreme sharpness of the poleward edge could 
not be resolved by the earlier Explorer 22, ISIS 1 and 2, and 
ESRO 1 probes because of their lower time/spatial resolutions. 

The steep plasmapause density gradient in the high-altitude 
ion density was observed at 0250 UT when Prognoz 6 traversed 
the shell L = 3.1. The near simultaneity in UT as well as the 
near coincidence in L of the plasmapause and SETE again 
confirm that there is a close physical relation between both 
features, even during disturbed geomagnetic conditions. This 
conclusion is based on the assumption that the shape of the 
plasmapause is nearly circular (i.e., independent on MLT) in 
the postmidnight sector. According to Carpenter and Ander- 
son's [1992] statistical study of the plasmapause positions, this 
is a reasonable assumption. 

Between orbits 3771 and 3772, Kp has increased from 5 to 
7-. As a consequence of this enhanced geomagnetic activity, 
the nightside plasmapause is expected to form at smaller L, 
that is, closer to Earth [Chappell et al., 1970], and the SETE is 
therefore expected to shift closer to the equator, as shown in 
Figure 3. 

The magnitude of the electron temperature peak increases 
with increasing values of the magnetic activity index Dst. This 
was already mentioned by Bgchner et al. [1983] and by Kozyra 
et al. [1986]. It can be verified from Figure 3 that the width of 
the SETE at half peak value shrank from 0.4L to 0.3L during 
its equatorward shift between the two consecutive orbits of 
Cosmos 900. This observation confirms again that the width of 
the SETE (at half peak height) is more narrow during dis- 
turbed conditions than during very quiet times. The reduction 
of this width is also consistent with the decrease of thickness of 

the equatorial plasmapause region when Kp increases [Chap- 
pellet al., 1970]. 

Having set the stage by describing in this first part the format 
of the Cosmos 900 observations and having also confirmed 
with independent data sets that the SETE is a reliable low- 
altitude signature of the nightside equatorial plasmapause, we 
will now describe in detail the evolution of the position and 
shape of the SETE during the development of a geomagnetic 
storm. A number of statistical studies of the SETE locations 

and maximum peak temperatures have been published (see 
references already quoted above), but so far event studies of 
the SETE during a geomagnetic storm have not yet been pub- 
lished with spatial and time resolutions as high as those of 
Cosmos 900. Section 3 of this article aims to fill in this gap. 

3. Evolution of the Subauroral Electron 

Temperature Enhancement During a 
Geomagnetic Storm 

The data (N i and Te) presented below were collected along 
a set of consecutive orbits of Cosmos 900 (from orbit 3748 to 
3776) including the period of the geomagnetic storm of De- 
cember 1-2, 1977. The invariant latitudes and magnetic local 
times along three of these orbits are shown in Figure 4. The 
data displayed in Figure 6 are all collected in the postmidnight 
local time sector. Figure 5a shows the values of the Kp and Dst 
magnetic indexes during the time of observation. Before the 
geomagnetic storm started, Kp has been smaller than 2- for 
more than 12 consecutive hours. 

At 1500 UT December 1, Cosmos 900 is on its orbit 3764. 
The ion density and electron temperature measured during 

this orbit, under quiet (prestorm) conditions, are shown as 
reference profiles in Figure 6 by light solid lines. On the fol- 
lowing orbit (3765), geomagnetic conditions are still quiet. This 
profile will correspond here to time t = 0, that is, the begin- 
ning of the geomagnetic storm. 

The density and temperature profiles shown by heavy solid 
lines in Figure 6a are almost the same as during the preceeding 
reference orbit (3764). The equatorward wing of the density 
trough did not change and has an exponentially decreasing 
slope. The subauroral electron temperature enhancement ex- 
tends over 10 ø invariant latitude with a maximum r e value of 
5000-6000 K at 580-62 ø. Small-scale structures are present on 
the poleward side of the temperature peak. 

It can also be seen that the poleward side of the ion density 
trough has an extremely steep gradient forming a "wall" or 
ledge on the equatorward side of the auroral region. In the 
time period of 1.5 hours, between orbit 3764 and 3765, this wall 
has shifted equatorward from 64 ø to 63 ø invariant latitude. This 
shift is a result of the slight increase of geomagnetic activity: 
indeed, Kp has increased from 1- to 2- during that period of 
time (see Figure 5a). 

An additional increase of Kp to a value of 3+ occurred 
during the following orbits (3766 and 3767) of Cosmos 900, 
respectively, at t - 1.5 and 3 hours. The result is an additional 
shift of the sharp auroral density wall down to 60 ø invariant 
latitude as can be seen in Figures 6b and 6c. It can also be seen 
in these panels that the poleward wing of the subauroral elec- 
tron temperature enhancement has changed from a rather 
irregular slope of about 1000 K/degree latitude to a steep 
negative gradient larger than 40,000 K/degree latitude. This 
ledge in the temperature profile is precisely located at the same 
latitude as the positive density wall: the ledge of the SETE 
moves equatorward with the same speed as the auroral density 
wall. However, so far the equatorward wing of the temperature 
enhancement remains unchanged during this initial period of 
time. Only the poleward wing of the SETE is modified as a 
result of the equatorward propagation of the auroral ionization 
density front. 

The trend outlined above continues during the following 
orbits of Cosmos 900 for 12 hours since (i.e., until orbit 3773 
shown in Figure 6h), while Kp increased progressively up to a 
maximum value of 7- on December 2, 1977, between 0300 and 
0600 UT. By that time, Dst has reached its minimum value and 
the density wall has reached an invariant latitude as low as 51 ø 
(L • 2.5 2). However, note that it is only 3 or 4 hours after the 
beginning of the storm that the wing of the temperature profile 
equatorward of the peak starts moving southward (see Figure 
6d corresponding to orbit 3768 at t = 4.5 hours). It is impor- 
tant to emphasize that during the first 3 or 4 hours the invari- 
ant latitude of the temperature peak did not change. The 
temperature and density distributions on the equatorward wing 
of the SETE did not change either during these first 3 or 4 
hours after the onset of the geomagnetic storm. 

The existence of SETEs with extremely sharp poleward 
edges was also found in the observations of DE 2, which had a 
time resolution similar to those of Cosmos 900 [Brace et al., 
1988]. However, as emphasized above, during very quiet con- 
ditions this sharp ledge is absent and becomes a rather irreg- 
ular temperature profile as shown in Figure 6a. The irregular 
small-scale structures of Te are attributed to irregular magne- 
tospheric particle precipitation patterns. 

The solid dots in Figure 5b indicate the positions (L) of the 
subauroral electron temperature enhancement well before the 
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geomagnetic storm commencement (orbit 3748), up to orbit 
3776, after the main phase. The vertical line segments corre- 
spond to the latitudinal extent of the SETE. During November 
30 and early December 1, the position of the equatorial plas- 
mapause (as identified by the SETE in the ionosphere) moves 
to higher L, while Kp decreased during this period of time. 
This is in agreement with the relationship 

Lpp = 5.6 - 0.46 gpmax (1) 

where gpmax is the maximum Kp value in the preceding 24 
hours. This relation was first proposed by Carpenter and Park 
[1973] and recently confirmed by Carpenter and Anderson 
[1992]. 

From their statistical study based on DE 2 observations, 
Brace et al. [1988] found similar relationships depending on the 
value of Kp' which is a modified Kp index defined as the 
following: Kp' is the highest 3-hour Kp value which occurred 
during the 12-hour period preceding the measurements. This 
magnetic parameter was also adopted by Kozyra et al. [1986] 
because it provided the best ordering of the T e signatures. The 
use of Kpmax or Kp' rather than the 3-hour Kp recognizes that 
the expansion of the plasmapause following substorm activity is 
slow because the refilling process has a time constant of several 
days. 

Brace et al. [1988] found that the locations of the T e maxi- 
mum at nightside fit the linear relation 

L' = 6.06 - 0.6 Kp' (2) 

This relation was deduced from DE 2 data during solar 
maximum conditions (i.e., in 1981). From AE-C measurements 
during solar minimum (1976-1977), Brace [1990] finds a dif- 
ferent relation for the nightside SETE location 

L"= 5.40 - 0.34 Kp' (3) 

Figure 7 shows the values of L', L", and Lpp predicted by 
(1), (2), and (3). These predictions are compared to the T e 
peak positions (dots) observed by Cosmos 900 which were 
obtained during solar minimum conditions. It can be seen that 
the relationship of Brace et al. [1988] approximately fits the 
Cosmos 900 observations. However, as already shown in Fig- 
ure 6, it is only 3 hours after the storm commencement that the 
position of the T e maximum begins to shift to more innerward 
magnetic shells. This time lag of 3 hours can hardly be appre- 
ciated in Figure 7 since the time resolution of Kpmax and Kp' 

Figure 5. (Opposite) (a) Values of the geomagnetic in- 
dexes Kp and Dst for a series of days in November and De- 
cember 1977, including a large geomagnetic storm. The times 
corresponding to the relevant portions of orbits of Cosmos 900 
are given by the orbit numbers from 3748 to 3776. (b) Values 
of L corresponding to the peak electron temperature (solid 
dots) and width at half of the peak height (vertical bars) of the 
SETE as measured by long successive orbits of Cosmos 900 at 
low altitude (480 km) in the northern hemisphere in the post- 
midnight MLT sector. (c) Values of the peak electron tempera- 
ture measured in the SETE by Cosmos 900. The temperature in 
the auroral region poleward of the midlatitude ionospheric 
trough is also shown. (d) Values of the effective temperature of 
the electrons at L = 2 (solid line) and L = 1.5 (dashed line) 
on the equatorward side of the SETE. These effective temper- 
ature measurements are obtained from the determination of 

the slope of current-voltage characteristics over an interval 
centered around the floating potential of the spacecraft. 

indexes is equal to 3 hours. However, this time lag is clearly 
evident in Figure 6. 

In other words, the location of plasmapause as derived from 
the position of the SETE in the postmidnight sector does not 
shift to lower L values immediately after the onset of a geo- 
magnetic storm or substorm. It takes a certain lapse of time 
(3-4 hours) before the erosion or peeling of the nightside 
plasmasphere takes place at lower magnetic shells. This delay 
corresponds to the time which is needed for the auroral ion- 
ization front to drift from high invariant latitudes (>65 ø ) across 
the midlatitude ionospheric trough. 

F region signatures, including zonal ion velocities associated 
with dc electric fields in a different (dusk) sector, have shown 
a similar time delay of 3-6 hours for a geoelectric disturbance 
to propagate from high latitude to lower latitudes [Miller et al., 
1990]. 

4. Interpretation of the Results and Discussion 
4.1. Nonuniform Enhancement of the Electric Field 

Our results indicate that the erosion of the plasmasphere 
takes place in the postmidnight local time sector, when and 
where the equatorward edge of the auroral region is shifting 
closer to the equator and reaching magnetic field lines corre- 
sponding to the location of the quiet time SETE maximum. At 
high altitude in the magnetosphere this should be associated 
with the sunward motion of a cloud of plasmasheet particles. If 
this interpretation is correct, the convection electric field 
within this plasma cloud must have an enhanced westward 
component. The existence of a westward E field is supported 
by the observed equatorward shift of the auroral ionization 
front shown in Figure 6. 

Equatorward to this propagating ionization front the latitu- 
dinal distribution of the ionospheric plasma density is unper- 
turbed during the first 3 or 4 hours following the beginning of 
the geomagnetic strom in the early phase of the storm. This 
implies that the convection velocity is unchanged there. This 
implies also that the convection electric field (as measured in a 
frame of reference corotating with the Earth) has a nearly 
zero-westward component on the equatorward side of the 
propagating ionization wall, while this westward E field com- 
ponent is nonzero on its poleward side. In other words, during 
the inital phase of a magnetic storm, the convection electric 
field distribution may correspond to that of a finger-like 
plasma cloud intruding into an almost unperturbed 
plasmatrough and eventually into the nightside plasmasphere. 
This tentative interpretation needs to be checked with future 
global imaging missions to the magnetosphere. 

At a fixed instant of time the westward electric field com- 

ponent is not enhanced at all magnetic shells, contrary to what 
is currently assumed in Kp-dependent convection electric field 
models, like for instance the shielded Volland-Stern models 
[Volland, 1973, 1975, 1978; Stem, 1977]. Indeed, in these elec- 
tric field models the dawn-dusk component of the E field is 
assumed to change in phase with Kp simultaneously at all 
locations in the magnetosphere. The results illustrated in Fig- 
ure 6 indicate that this was not the case on December 1, 1977: 
the time-dependent convection electric field associated with 
the magnetic storm was not a uniformly distributed enhance- 
ment of the dawn-dusk component. The effects of the inward 
propagating electric field enhancement were observed first on 
the more distant magnetic shells and only later on those closer 
to Earth. 
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Figure 6. Illustration of the evolution of the ion density and electron temperature profiles versus L, before 
and during the main phase of the geomagnetic storm of December 1-2, 1977. The high spatial resolution (12 
km of the ion measurements and 36 km of the electron temperature measurements) helped to determine (for 
the first time in 1977) the extreme steepness of these density and temperature profiles. The equatorward shift 
of the auroral ionization is shown. The associated erosion of the poleward wing of the SETE (and of the 
corresponding high-altitude plasmasphere) are also evidenced in this unique series of observations. The 
orbital period of Cosmos 900 is 1.5 hours. This governs the time recurrence of each set of observations. In each 
of the eight panels the density and temperature profiles corresponding to the prestorm orbit (3764) have been 
given for comparison. Note that it takes 3-4 hours after the beginning of the geomagnetic storm before the 
ionization front and the steepened poleward ledge of the SETE has moved to invariant latitudes lower than 
that of the peak temperature of the prestorm SETE. 

More general and structured dynamical electric field models 
of the magnetosphere taking into account this effect are re- 
quired in the future to interpret high-resolution observations 
like illustrated in Figure 6 [see also Carpenter, 1995]. Indeed, 
important effects have been included in earlier quasi-static and 
time-dependent magnetospheric convection electric fields, for 

example, (1) large induced electric fields which, recently, have 
been shown to be of paramount importance during geomag- 
netic storm [Li et al., 1993, 1994; Hudson et al., 1995] and (2) 
finite gyroradius effects resulting from the different mass and 
momentum of electrons and ions (J. F. Lemaire et al., unpub- 
lished manuscript, 1996). The latter effects are ignored in 
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MHD models as well as in kinetic models based on the guiding 
center approximation. This leads to the general conclusion that 
space weather models of the magnetosphere cannot exclusively 
be built on a global/large-scale magnetospheric convection 
flow pattern. As in meteorology, they will have to take into 
account the existence and the effects of sharp "fronts" sepa- 
rating cold and hot air masses or plasma volumes in the mag- 
netosphere. 

Present-day magnetospheric convection models are unable 
to explain the observations reported in Figure 6, that is, the 
sharpness of the plasma density wall, the sharpness of the 
poleward edge of the SERE, and the time evolution of its 
erosion during the geomagnetic storm of December 1, 1977. 

4.2. Interface Between Hot and Colder Plasma Clouds 

The ionization wall at the equatorward edge of the auroral 
region is considered to be the projection of the inner edge of 
the plasma sheet. We propose that it corresponds to the field- 
aligned projection of a sharp surface separating, on one side, 
hot plasma of the plasma sheet, and on the other side, the 
colder plasma in the plasmatrough or plasmapause region. 
This interpretation is supported by a quantitative kinetic model 
recently developed by J. F. Lemaire eta!. (unpublished manu- 
script, 1996). 

4.3. Asymmetric Erosion of SErE 

The widths of the SErE wings on both sides of the Te 
maximum are indicated by vertical lines in Figure 5b. It can be 
seen that during quiet geomagnetic conditions (prestorm) the 
SErE extends in a symmetrical way on both sides. 

Furthermore, during the first 3-4 hours corresponding to 
orbits 3765-3766, Figure 5b indicates that the low-latitude 
wing of the SErE remains unperturbed, while the poleward 
wing is rapidly eroded. There is no additional heat deposition 
equatorward of the SErE maximum during this initial phase. It 
is only 3-4 hours after the storm commencement that this part 
of the midlatitude ionosphere is gradually heated. The iono- 
spheric temperature at A = 400-45 ø remains unchanged for 
almost 10 hours. The first indication of a temperature increase 
is seen in Figure 6g (at t = 10.5 hours). Twelve hours after the 
storm commencement the maximum peak temperature has 
moved down to A = 51 ø (L = 2.5), but the width of the 
propagating temperature enhancement has remained approx- 
imately constant (see Figure 5b and Figure 6d-6h). 

4.4. Association Between Ni and T e Ledges 

The peaks in electron temperature are known to coincide 
with SAR arcs when the latter are observable. They are con- 
sidered to be caused by plasmaspheric electron heated by Cou- 
lomb collisions with ring current protons [Cole, 1965] and O + 
ions [Kozyra et al., 1987]. Cornwall et al. [1971] proposed 
Landa u damping of ions cyclotron waves as an alternate way of 
heating the cold plasmaspheric electrons (<1 eV). These heat- 
ing mechanisms take place in the plasmapause region where 
cold plasma is overlapping with the ring current region. In all 
cases the electron heat is conducted from the high-altitude 
plasmapause region into the underlying F region, where par- 
ticles forming the tail of the electron velocity distribution ex- 
cite the O(•D) state of neutral atomic oxygen. Later deexcita- 
tion of the oxygen atoms produces the emission at 630 nm that 
is observed as a red arc (SAR arc) observed from ground. 

Kozyra et al. [1987] found also that rather symmetric profiles 
of Te associate with SAR arcs, which are generally observed 
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Figure 7. Values of L ', the location of the SErE peak tem- 
perature in the nightside versus universal time as predicted by 
the relation (2) determined by Brace et al. [1988] from DE 2 
Langmuir probe electron temperature measurements (re,cold) 
for solar maximum conditions. The modified Kp' index giving 
the highest Kp value during the 12-hour period preceding the 
measurements, has been used to determine L' and L" given by 
(3) for solar minimum conditions from AE-C observations. 
The equatorial plasmapause positions (mpp) predicted by (1) 
determined by Carpenter and Park [1973] from whistler obser- 
vations are also shown for the period corresponding to the 
December 1-2 geomagnetic storm. The solid dots give the L 
values corresponding to the SErE peak temperature as mea- 
sured by Cosmos 900 during this period of time. 

during the storm recovery phase, are consistent with the equa- 
torial density profiles of ring current O + ions of energies of 
10-20 keV. However, no explanation has yet been proposed 
for the steep temperature gradient formed during the initial 
and main phase of a magnetic storm on the poleward wing of 
SETE. By now all of what the sequence of Ni and Te profiles 
of Figure 6 are able to tell us is that the sharp ionospheric 
temperature gradient is closely associated with the propagating 
auroral ionization wall during the main phase of the storm. 
This association between Ni and T• ledges is not yet under- 
stood and needs more investigations. This issue is beyond the 
grasp Of this paper, and our observations, of course, are unable 
to resolve this question. 

4.5. Variation of the Electron Temperature Peak With 
Magnetic Activity 

The upper solid lines in Figure 5c show the value of the peak 
temperature measured by Cosmos 900 before and during the 
storm. These peak values vary between 3000 and 6000 K. From 
DE 2 observations in the altitude range 350-600 km, Kozyra et 
al. [1986] found a linear variation of the nightside T•,m•x as a 
function of Kp' 

re,ma x = 1570 + 318 Kp' (4) 

The predictions of this linear fit are shown by the dotted line in 
Figure 5c. It can be seen that the maximum temperature values 
predicted by this relation (dotted line) are much lower than 
those measured by Cosmos 900 in 1977 (upper solid lines). 
This difference may be accounted for by the large scatter of DE 
2 data around the statistical relation (4) (see Figure 8 of Kozyra 
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et al. [1986]), but it is more likely due to the different methods 
used to determine the electron temperature, respectively, from 
Cosmos 900 and DE 2 measurements. 

Indeed, from the DE 2 Langmuir probe measurements a 
temperature, T .... ld, for the cold MaxwellJan ionospheric elec- 
trons was deduced; indeed, these cold electrons contribute to 
most of the total flux measured by Langmuir probes. On the 
contrary, the electron temperature obtained from the Cosmos 
900 measurements were determined by the slope of the cur- 
rent-voltage characteristics (I-V curves) averaged over an elec- 
tric potential interval A V • k Te/e, which is centered around 
the floating potential of the probe. The electrons were as- 
sumed to have a MaxwellJan velocity distribution function. 
However, if the electrons have a non-Maxwellian velocity dis- 
tribution (e.g., Lorentzian velocity distribution) with a popu- 
lation of suprathermal electron forming an extended tail, the 
values of the effective electron temperature (re,eft) deduced 
from the slope of the current voltage characteristic are system- 
atically larger than T .... ld obtained from Langmuir probe flux 
measurements. 

Direct comparison of RF probe measurements and spherical 
Langmuir probe measurements of electron energy spectra 
have been compared by Afonin et al. [1975] using Cosmos 378 
data between 240 and 1750 km altitude. The presence of non- 
MaxwellJan electron velocity distributions may explain that the 
peak temperature values (re,eft) shown in Figure 5c are sig- 
nificantly higher than the values of T .... ld predicted by (4), 
which was deduced from DE 2 Langmuir probe average elec- 
tron temperature measurements. 

Since the definitions of T .... ld and re,eft are different for the 
reasons indicated above, they cannot be directly compared to 
each other, and their variation need not necessarily follow the 
same trend during geomagnetic storms, as indeed shown in 
Figure 5c. 

Kozyra et al. [1986] deduced from their statistical study of 
SErE that the magnitude of the electron temperature peak 
T .... increases with increasing value of the Dst magnetic 
activity index. For altitudes below 600 km on the nightside they 
found 

re,ma x = 2513 - 8 Dst (5) 

Similar results were obtained by Btichner et al. [1983] from 
Intercosmos 18 Langmuir-probe observations. The Cosmos 
900 results shown in Figure 5c do not support this statistical 
prediction well (not shown). The lack of agreement may be due 
to (1) the large scatter of DE 2 (as shown in Figure 9 of Kozyra 
et al. [1986]) and (2) the different method used to determine 
the electron temperatures from DE 2 and Cosmos 900 data, 
respectively. 

4.6. Electron Temperature on the Poleward Side of SErE 

The ionospheric electron temperature on the polar side of 
the SETE is shown by the lower solid line of Figure 5c. This 
background temperature on the poleward side does not change 
during the storm, except after orbit 3770 (after 2400 UT on 
December 1, 1977), that is, well within the main phase of the 
geomagnetic storm. This implies that nearly no energy is trans- 
fered from the ring current particles except in the plasmapause 
region where the distribution of ring current particles overlaps 
with the cold plasmaspheric electrons. 

4.7. Electron Temperature on the Equatorside of SErE 

Figure 5d shows the change of the electron temperature in 
the postmidnight sector at low latitudes: at L - 1.5 (dashed 

line) and at L = 2.0 (solid line). Note the reduced tempera- 
ture scale compared to FigUre 5c. It can be seen that the 
low-latitude temperatures do not exceed 3000 K, even during 
the main phase of the geomagnetic storm. 
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