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I INTRODUCTION

A unique feature found to play a major role in the physics of

equatorial spread-F (ESF) phenomena is the plasma "bubble". Plasma

bubbles are localized depletions in plasma density with spatial dimen-

sions (transverse to the geomagnetic field) on the order of tens to a

few hundred km. These dimensions correspond to the outer scale of a

spatial irregularity spectrum that falls under the general category of

ESF. Because the outer scale of ESF structure (i.e., bubbles) appears

to govern the subsequent development and characteristics of the irregu-

larity spectrum, a full description of plasma bubbles can lead to a

better understanding of ESF processes.

Plasma bubbles were first discovered by in-situ satellite measure-

ments [Hanson and Sanatani, 1973; McClure et al., 1977], and have since

been detected by rocket [Kelley et al., 1976; Morse et al., 1977;

Szuszczewicz et al., 1980] and by incoherent-scatter radar [Towle, 1980;

Tsunoda, 1980a,b]. The plasma density within bubbles was found to be

as much as three orders of magnitude less than the peak plasma density

in the F layer (i.e., the depletion can approach 99.9 percent).

Although we now have some idea of bubble size and its percentage

depletion, we are less certain about bubble shape. Most direct measure-

ments of plasma bubbles have been one dimensional; e.g., satellite

passes through plasma-depleted regions are essentially horizontal, and

rocket trajectories are essentially vertical. The only two-dimensional

mapping of a bubble to date was made in the meridian plane, i.e., as a

function of altitude and geomagnetic latitude, by incoherent-scatter

radar [Tsunoda, 1980a]. The mapping of a bubble in that plane supported

our expectation that plasma-depleted regions involved whole geomagnetic

flux tubes. What is not yet known is the two-dimensional shape of a

plasma bubble in the plane transverse to the geomagnetic field.

5m mPz m"4o



The two-dimensional shape of plasma bubbles has been predicted by

theoretical models of the Rayleigh-Taylor instability. Numerical

simulations of the collisional Rayleigh-Taylor instability all show a

vertically elongated, plasma-depleted region that extends upward from

the bottomside into the topside of the F layer [Scannapieco and Ossakow,

1976; Ossakow et al., 1979; Zalesak and Ossakow, 19801. The time

evolution of bubbles differed, however, depending on the initial pertur-

bation form and possibly other parameters. In some cases, the elongated

bubbles "pinched off" into closed depleted regions [Scannapieco and

Ossakow, 1976; Zalesak and Ossakow, 1980]. Analyses of the dominant

two-dimensional nonlinearity in the Rayleigh-Taylor instability also

indicate the development of vertically elongated structures [Chaturvedi

and Ossakow, 1977; Hudson, 1978].

shape has been provided in the form of "plumes" observed by backscatter

radars [e.g., Woodman and LaHoz, 1976; Tsunoda et al., 1979]. Plumes

are regions of strong backscatter (from field-aligned irregularities)

that extend upward from the bottomside into the topside of the F layer.

The shape of plumes closely resembles the shaoe of the numerically

simulated bubbles. Moreover, plumes have been found to be generally

collocated with plasma-depleted regions [Tsunoda and Towle, 1979; Towle,

1980; Tsunoda, 1980a,b; Szuszczewicz et al., 1980].

Although the above evidence favors the existence of highly elon-

gated bubbles, in the form of wedges, that may be "open" in the bottom-

side F layer (i.e., plasma-density contours in the bubble connect to

contours in the bottomside F layer), arguments can be made that suggest

the existence of more isotropically shaped bubbles (e.g., circular in

the transverse plane) that are "closed" from the bottomside F layer.

For example, inferences have been made regarding the shape of bubbles

from observed vertical bubble velocities. 8ubble velocity is basically

proportional to the percentage plasma-density depletion within the

bubble, and to its geometric shape [e.g., Ossakow and Chaturvedi, 1978].
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Theoretical results of bubble velocity [Ossakow and Chaturvedi, 1978;

Ott, 1978; Ossakow et al., 19791 indicate that the vertical bubble

velocity computed using more isotropic shapes is in closer agreement

with observations [e.g., McClure et al., 19771.

The existence of closed plasma bubbles was made more plausible by

Kelley and Ott [1978], who suggested that rising (closed) bubbles

leave a trail of turbulent plasma in its wake. Turbulent mixing of

inhomogeneous plasma (i.e., with a mean gradient) produces irregulari-

ties in plasma de- 'ity. A backscatter plume can then be interpreted as

consisting of a 'head" (top portion of plume) that is collocated with

a closed bubble and a "neck" (the region connecting the plume head to

the bottomside F layer) that is collocated with the turbulent wake of

the rising bubble. On the basis of this model, a primary difference

between an open and closed bubble model is in the structure of the neck

region. In the open bubble model, a large percentage depletion in

plasma density is associated with the neck region. But in a closed

bubble model, the neck region should be structured (to produce radar

backscatter), but should not be significantly depleted in plasma density.

In this paper, we present results that address the question whether

the plasma is significantly depleted in the neck region of backscatter

plumes. The experiment consisted of comparing plumes as mapped by the

ALTAIR radar [Tsunoda et al., 1979; Towle, 1980] with bubbles as

measured by an ion-drift meter aboard the NASA Atmospheric Explorer-E

(AE-E) satellite. The AE-E satellite was in a low-inclination orbit

at an altitude of about 375 km that allowed east-west measurements of

bubble characteristics in the neck region of plumes. The results

extracted from data collected during July and August 1978 show that

the neck reqion of plumes are indeed highly depleted in plasma density

and probably open to the bottomside of the F layer. The results also

show that the west wall of large-scale upwellings in the bottomside F

layer that produced the primary plumes and bubbles, continues to struc-

ture in the form of secondary plumes and bubbles.

7



II EXPERIMENT

During late July and early August 1978, a coordinated experiment

was conducted in the Kwajalein sector to investigate the spatial

relationship of plasma bubbles as measured by the AE-E satellite, and

backscatter plumes as measured by the ALTAIR radar. ALTAIR is a fully

steerable backscatter radar that operates simultaneously at 155.5 MHz

(VH1F) and 415 MHZ (UHF). We review only the VHF characteristics

because only VHF data were used for this analysis. (A brief descrip-

tion of both VHF and UHF system characteristics can be found in

Tsunoda et al. [1979] and Towle [19801.) The pulsewidth and beamwidth

at VHF were 30 us and 2.80, respectively, which gives a range resolu-

tion of 4.5 km and a transverse resolution of about 20 km at a range

of 400 km. ALTAIR was operated in a "field-perpendicular" scan mode,

from west to east in 25 discrete steps that covered a 720 angular

sector centered over the radar. In the field-perpendicular mode, the

radar beam is directed orthogonally with the geomagnetic field lines

at F-region altitudes. Field-perpendicular scans were made successively

to map the eastward progression of plumes during the AE-E passes.

The AE-E satellite was in a low inclination orbit so that in-situ

measurements aboard AE-E provided information on the east-west (or

longitudinal) characteristics of plasma bubbles. During these series

of passes over Kwajalein, the AE-E altitude ranged from 372.5 to

374.5 km. The in-situ data used in this analysis consisted of ion-

density measurements obtained from the ion-drift meter, log-amplifier

output [Hanson and Heelis, 19751. These data are available with an

effective 3-Hz sample rate, which at a satellite velocity of - 7.7 km/s

amounts to a sample every , 2.6 km along the satellite pass. By

comparison, the high spatial resolution data from the retarding

potential analyzer [e.g., McClure et al., 1977] are sampled approxi-

mately every 35 m. But for our purposes, the coarse-resolution data

are adequate.
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The basic procedure used to compare AE-E data to ALTAIR data was to

determine the locations of bubbles relative to the ESF backscatter

features, in particular, plumes. Because the AE-E and ALTAIR data

were not taken simultaneously, nor instantaneously over the spatial

sector containing the bubbles and plumes, temporal and spatial extra-

polations were required to compare the data sets. The largest errors

are introduced into the estimates of bubble and plurie locations by the

temporal extrapolation. The spatial extrapolation, along geomagnetic

field lines, essentially amounted to a change in the effective altitude

of the in-situ measurement through plume features. (The spatial extra-

polation is described in more detail in the following section.)

Estimates of the errors introduced by the temporal extrapolation

, can be made. The references used in the extrapolation are the time

of crossing of the ALTAIR magnetic meridian and the eastward drift

velocity of plumes and bubbles. For example, AlTAT2 completes its scan

in about eight min. The scan, centered on the ALTAiR magnetic meridian,

therefore, maps ESF backscatter features, e.g., plumes, in east-west

direction, which were observed up to 4 min from the time of the

meridian crossing. A plume drifting at 12 km/min (maximum velocity

obscrvd in the data sets) will have changed its east-wtst position

by - 48 km when referenced to the time of meridian crossing. The AE-E

satellite, on the other hand, covers the 560-km east-west sector (at

400-km altitude) over ALTAIR in slightly over a minute. A bubble drift-

ing at 12 km/min will have changed its east-west position bv ' 6 km

when referenced to the ALTAIR meridian cross;ing. Because both AE-E

and ALTAIR scan from west-to-east, the errors subtract resulting in a

net, maximum scan error of about , 40 km.

q9



III RESULTS

Three selected data sets are presented. The in-situ ion dens ity

measurements for all three cases contain depletions that Will he

interpreted as tvp ical bubble signatures, with maximum percentage

depletions of about 99 percent. The results are presented in order

of local solar time (LST); the earliest event occurred around 2150 LST

[1040 Uni versal Time (UT)1 and the latest event occurred around

2-310 EST (1200) UT). The ordering by local time also resulted in the

ordering of the pltmes that corrcspond to the plasma bubbles by back-

scatter strength. The strongtst and most altitude-extended p1lume

oc c iirrod c'arIv in th even i ng followed b.% plumes that were weaker in

baksc. att cr strkngth and 1tss altitude-extended. Note that tilt, plume

chara'tcri.st ic rctflect thek growth and decay of i.ndividual plumes

rathc.r than ovt.rall ESF activity on a given night [Tsunoda, 1980c].

A. It Auiiui t 1978 (1041 to 1043 UT)

ulhn iont-phric condit ions on this night were characterized by

modtratt' ESF ict ivitv. ALTAIR was operated in east-west field-perpendi-

Cul ar scans during two periods, from 1910 to 2010 EST (0800 to 0900 UT)

and from 2110 to 2310 IoST (10 to 1200 TT). During the first period,

tilt radar dete cted only ottomside ESF hackscatter associated with the

bottomsidte of tilt F laver, which rose from around 250-km to 300-km

al t Lud,. When ALTAIR was tturned back on at 2110 LST (1000 UT) , a

strong backscatter plume was observed overhead. The second period was

characterized by the jassage of only two plumes over ALTAIR, the second

coinciding with tht, passage of AE-E through tht, ALTAIR magnetic

meridian. The eastward drift of the backscatter plume around this time

(estimated from displacements in ESF backscatter features in successive

ALTAIR maps) was approximately 12 kin/min (200 m/s), the largest among

10



the plume drifts found in the three data sets. By 1120 UT, the F layer

had returned to 250-km altitude, accompanied only by bottomside ESF

backscat ter.

The radar-satellite geometry during the AE-E pass (Orbit No. 15199)

is shown in Figure 1. The subsatellite track is drawn with circles

connected by a solid curve. The circles, given at 16-s intervals,

are labeled with the times for those satellite positions. From the

times shown, we see that the AE-E pass followed a west-to-east path

that was nearly parallel to the zero magnetic-aspect (Bi) curve for

ALTAIR, but was displaced about 350 km poleward). The local time

corresponding to the AE-E crossing of the ALTAIR magnetic meridian

(8.50 true azimuth) was 2151:57 LST (1041:57 UT). The ALTAIR scan,

closest in time to the AE-E pass, crossed the magnetic meridian at

2152:19 LST (1042:19 UT) only 22 s after the satellite pass, thus

requiring almost no time extrapolation for the data comparison.

To compare the in-situ ion-density and radar backscatter measure-

ments, we spatially extrapolated the variations in ion density along

geomagnetic field lines into the plane scanned by ALTAIR. The

latitudinal extrapolation (along the dashed lines in Figure 1) amounted

to about 30. Structure in ion density variations with a scale size of

greater than a few kilometers should map along geomagnetic field lines

with virtually no distortion, because field lines at those scale sizes

can be considered as equipotentials [e.g., Farleyv, 19601. Tsunoda

[1980a], for example, showed that a plasma bubble mapped over at least

100 of latitude. The primary effect of the spatial extrapolation, then,

was to raise the effective altitude of the in-situ measurements by

60 to 75 km.

The ion-density data, after spatial extrapolation, is shown

plotted along the ALTAIR zero magnetic aspect curve in Figure 1. Note

(as shown by the ordinate scale) that depletions or decreasing ion

density is plotted upward. Two major disturbed regions are seen: one

centered in the vicinity of Kwajalein, and another to the east of

11
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Kwajalein. For the comparison, we are only interested in the distur-

bance that extends over a 330-km east-west distance near Kwajalein.

We have identified ion-density variations of interest in terms of four

depletions, or bubbles, labeled A through D. A distinquishing charac-

teristic of these bubbles is the monotonically increasing depth of

depletion associated with the bubble sequence, A through D. Bubble D

is depleted by more than two orders of magnitude from the ambient

plasma density, much more than the other adjacent bubbles.

The plume-bubble comparison is presented in Figure 2. The ion-

density variations are shown in the upper panel (inverted from those

presented in Figure 1), and the corresponding ALTAIR backscatter map

is shown in the lower panel. The extrapolated altitude of AE-E, as a

function of east-west distance from ALTAIR, is shown superimposed on

the backscatter map. The map in Figure 2 was constructed by overlap-

ping three maps, each displaced in east-west distance from one another

by using a time-to-space conversion based on an estimated drift veloc-

ity of the plume seen in the maps. The start time of each map is given

along its left (west) edge. The maps are drawn with contours of constant

backscatter strength (after range-squared correction) that are refer-

enced to incoherent-scatter (IS) levels. That is, zero dB corresponds

to equivalent IS returns from an electron density of 106 el/cm 3.

Two backscatter plumes are seen over ALTAIR at the time of the

AE-E pass: a major plume that extends upward in altitude to greater

than 700 km, and a minor plume that appears next to the west side of

the major plume. Bottomside backscatter, which occurs on both sides

of the plume pair, tilt; upward in the direction of the plumes. Because

bottomside backscatter occurs along the bottomside -radient of the F

layer [e.g., Szuszczewicz et al., 1980; Tsunoda, 1930b], the shape

of the bottomside backscatter implies that the plume pair is associated

with a large-scale upwelling that has an east-west dimension of

approximately 400 km, or more. An association of plumes and upwellings

has heen suggested by Tsunoda [19811 and verified by Tsunoda and White

[1981]. The AE-E measurements correspond to an west-to-east cut

13
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through (1) weak patchy backscatter west of the minor plume, (2) the

center of the minor plume, and (3) the neck of the major plume.

Tile relationship of bubbles and plumes can be determined by

following the vertical lines between the upper and lower panels in

Figure 2. Bubble A corresponds to the weak patchy backscatter region

located to the west of tile minor plume. Tile weak backscatter might be

associated with the relative absence of structure within Bubble A.

The more structured Bubbles B and C correspond to the west and east

halves of the minor plume. And finally, Bubble D corresponds with the

strongest backscatter region in the neck of the major plume. The

general colloc.ition of backscatter and bubbles found in Figure 2

breaks down only when comparing Bubble D to the east side of the

major plume, as constructed from the second and third ALTAIR maps.

The discrepancy is attributed to the longer time extrapolation required

for comparison of the AE-E data to the backscatter found in the second

and third maps. The key result of the data comparison is the finding

that the largest percentage depletion (Bubble D) occurred in tile neck

of the major plume. These results suggest that the geometric shape of

plasma bubbles are vertically elongated, highly depleted structures.

Further insight into the actual shape of the plasma depletion in

the neck of the major plume can be obtained by comparing AE-E measure-

ments made during two successive orbits. A second AE-E measurement

was made (Orbit No. 15200) of the same plasma-depleted regions

described in Figures 1 and 2. During the second pass through the

bubbles of interest (1221 to 1223 UT), AE-E was located approximately

80 further south in magnetic dip latitude from ti.at during the first

pass. For a nominal magnetic dip of 9, the latitude difference

transposes into an altitude difference of about 140 km. The second

pass, therefore, intersected the plasma-depleted region at a lower

altitude, perhaps 100 km below the first pass if we account for a

descending F laver during this period. (Tie peak of tile F layer was at

approximately 400-km altitude during the first pass and at about

350-km altitude during the second pass.)

15



The ion-density measurements of the bubble region made during

the two AE-E passes are presented in Figure 3. The data from the

second pass is shown below those from the first pass. The left ordinate

gives the ion-density scale for the second pass; it is displaced

downward by one decade from the ion-density scale for the first pass

(right ordinate). The time coordinates are arbitrarily aligned, simply

to show tile relationship of similar features observed during the two

passes.

Two basic differences can be found between the ion-density

measurements made during the two passes. First, the plasma depletion

measured during the second pass corresponds to Bubbles C and D only.

There is no evidence during the second pass of Bubbles A and B. And

second, the depth of the plasma-depleted regions in the second pass

is much larger than that found in correqonding regions in the first

pass.

A two-dimensional shape of the plasma-depleted region that can

account for these observations is presented in Figure 4. The bubbles

are shown as two plasma-depleted wedges that extend upward from near

the crest of a single, large upwelling of the bottomside F layer.

Separate large-scale upwelflngs of the bottomside F layer do not seem

to be associated with each bubble, as indicated by the fact that the

ion density between Bubbles C and D did not recover to ambient levels.

Bubble D corresponds to the primary wedge that is usually generated

from near the crest of the large-scale upwellings [e.g., Tsunoda and

White, 1981], depicted in Figure 4 by the lowest dashed contour of

constant plasma density. Bubbles B and C can be interpreted as

bifurcated segments of a single wedge that developed from the west

wall of the large-scale altitude modulation. And finally, Bubble A

might be a remnant of an old bubble or a fragment associated with

Bubbles C and B.

16
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The AE-E measurements made during the two passes are also con-

sistent with this model. During the first pass, the AE-E satellite

intersected the four bubble features, as described earlier and shown

in Figure 4. The second pass can be interpreted as having intersected

the neck regions of both major and minor plumes. Because of its

lower altitude, the satellite crossed contours of lower plasma density

than that intersected during the first pass. The measurement of larger

plasma depletions at lower altitudes is consistent with the concept

that plasma is drawn up from the lower ionosphere by large-scale

electric fields that develop within the upwelling via the collisional

Rayleigh-Taylor and gradient-drift instabilities [e.g., Zalesak and

Ossakow, 1980]. The absence of a depleted region beneath Bubble A and
between Bubbles A and B may suggest that depleted regions can "pinch

(off" into closed depleted regions.

The bifurcation of the minor wedge also is consistent with the

development of a plasma bubble via the aforementioned instabilities.

Structuring is expected to occur along the top wall of the plasma

bubble, or wedge, during its development. Figure 5 shows that the

minor wedge is in its growth phase during this event. The sequence

of ALTAIR maps taken just prior to the first AE-E pass showed the

upward development of the minor plume (as the backscatter structures

drift eastward). The minor plume is clearly seen (40-dB contour) in

Figure 5(b) with the top of the plume located at 420-km altitude.

In Figures 5(c) and 5(d), the top of the plume is located at 440 km and

480 km, respectively. In contrast the major plume was nearly fully

grown during this time period. The high degree of structure found in

Bubbles B and C, compared to Bubble D, suggests that more structure is

associated with a developing bubble than a fully grown bubble.

B. 31 July 1978 (1130 to 1132 UT

The ionospheric conditions on this night were similar to those

for the first data set. Bottomside ESF backscatter was observed

between 1940 LST (0830 UT) and 2110 LST (1000 UT), with the bottomside
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of the F layer located around 250-km altitude. Plumes were observed

over ALTAIR from 2110 LST (1000 UT) through the period of the AE-E

pass. At the time of the satellite pass, a plume was observed to the

east of ALTAIR, in its decay phase. The eastward plume drift was

approximately 9 km/min (150 mI/s), the lowest drift velocity observed

during the three nights reported in this paper. Two more strong

plumes were observed over ALTAIR after the AE-E pass, between 2240 LST

(1130 UT) and 2340 LST (1230 UT) when ALTAIR was turned off.

The radar-satellite geometry during the AE-E pass (Orbit No. 14996)

is shown in Figure 6. The subsatellite track, again drawn with circles

connected by a solid curve, is seen to extend from west to northeast

of Kwajalein crossing the ALTAIR magnetic meridian about 360 km to the

north of the radar. The time of the meridian crossing was 2241:00 LST

(1131:00 UT), 51 min later than that for the first data set. The

ALTAIR scan crossed the magnetic meridian at 2244:53 LST (1134:53 UT),

3 min 53 s after the AE-E meridian crossing.

The ion-density measurements, after spatial extrapolation, are also

shown plotted in Figure 6 along the ALTAIR zero magnetic-aspect contour.

The ion-density variations can be interpreted as a long train of

plasma bubbles that extends over a broad longitudinal sector. Although

there is no obvious periodicity associated with the bubble train, the

bubbles are spaced a few hundred kilometers from one another. A more

apparent characteristic is the amount of structure associated with

each bubble. Clearly, the bubbles that occurred to the west of

Kwajalein are more structured than the bubbles that occurred to the

east of Kwajalein; a feature that is consistent with the generation

and growth of bubbles earlier in the night followed by bubble decay

(as they drift eastward). The bubbles of interest, labeled A through

D, are those containing less structure, a characteristic we associate

witli decaying bubbles. Of the labeled bubbles, Bubbles C and D are

clostely spaced and perhaps part of the same disturbance, but Bubbles

A and B are widely spaced and are clearly independent feattires.
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The plume-bubble comparison is presented in Figure 7. The ion

density data are presented in the upper panel, and the backscatter

data are presented in the lower panel. Comparison of pertinent

features can be made by following the vertical lines connecting the

two data sets. The equivalent satellite altitude in the plane of the

ALTAIR scan is seen to increase as the satellite passed from west to

east, because of the spatial extrapolation.

Bubble A is seen to correspond to a region of virtually no ESF

backscatter. The depletion, however, is clearly aligned with a small

plume located directly beneath it. We interpret the small plume as tile

remnant neck region of a larger plume, whose portion in the topside F

laver had already gone through its decay phase [Tsunoda, 1980c]. Te

structured O-dB backscatter contour that remains above the small plui,.e

suggests that the plume probably had extended up to 550 km. The

relative absence of structure in Bubble A is consistent with the

absence of FSF backscatter.

Bubb le B i5 similar in shape to tile composite shape produced by

Bubbles B, C, and I) in the first data set. That is, Bubble B is

characterized by (I) a structured west wall with depletions that are

relatively -kiallow, (2) a deep narrow depletion that might be considered

the center of the bubble, and (3) a steep, relatively unstructured

east wall. Th is bubble signature corresponds in space to a large, but

decaying plume. The AE-E measurement appears to have been made through

the neck region or very close to the head of the plume. The west wall

of Bubble B corresponds to relatively weak (0 to 10 dB), but structured

ESF backscatter. The center of the bubble appears to be offset

sl ightlv to the west of the neck of the plume. The offset is expected

(sec Sectioi, II) because of the finite time of tile ALTAIR scan, which

allowed the plume to drift eastward beyond its actual position at tile

time of tie AE-E bubble measurement. We, therefore, conclude that

tile major depletion in Bubble B was probably aligned with the strongest

backscatter region in tile neck of the plume.
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Bubbles C and D appear to have a similar spatial relationship

with a plume that can be seen along the east edge of the scanned

sector. Bubble C is associated with a structured west wall, or perhaps

with a turbulent region between the two plumes. Bubble D can be

interpreted as the center of the bubble and probably to the neck or

head region of the east plume.

Implicit in the spatial relationship of Bubble B to the neck

region of the major plume and to the decaying ESF backscatter is that

the depth of the structure along the west wall of Bubble B is shallow.

Because F-region plasma is considered incompressible, the shallow

depth of the structure implies that the structuring did not involve

highly depleted regions such as the central portion of the neck region;

instead, it is consistent with the concept of a local structuring of

the west wall of the bubble.

C. 29 July 1978 (1159 to 1202 UT)

ALTAIR was operated from about 1925 to 2340 LST (0815 to 1230 UT)

on this night. Bottomside ESF backscatter commenced around 1955 LST

(0845 UT) with the bottomside of the F layer located around 300-km

altitude. Although a plume developed around 2040 LST (0930 UT) to the

east of ALTAIR, ESF plume activity did not fully develop until 2200 LST

(1050 UT) when a plume was observed to the west of ALTAIR. (ALTAIR

was not operated from 1050 to 1150 UT.) The plume sighted at 2200 LST

(1050 UT) was apparently the lead plume associated with a longitudi-

nally extended region of disturbance. At the time of the AE-E pass,

the tail end of the disturbed region was situated over ALTAIR. The

eastward plume drift was approximately 11 km/min (183 m/s), slightly

less than that computed for the first event.

The radar-satellite geometry during the AE-E pass (Orbit No. 14965)

is shown in Figure 8. The subsatellite track was from southwest to

northeast and passed almost directly over Kwajalein. Tile local time

of the ALTAIR magnetic meridian crossing by AE-E was 2310:26 LST
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(1200:26 UT), the latest in local time of the three data sets. The

ALTAIR scan crossed the meridian at 2317:03 LST (1207:03 UT), about

6-1/2 min after the AE-E meridian crossing.

The ion-density data, after spatial extrapolation, are shown

plotted along the ALTAIR zero magnetic aspect contour in Figure 8.

The disturbed region is virtually continuous and extends over 800 km

in east-west direction. The structure associated with the bubbles

appears to be comparable to that found in the second data set but less

than that found in the first data set. We have again selected four

bubbles, labeled A through D, for comparison with the corresponding

ALTAIR backscatter data. The selected bubbles are seen to occur on

the trailing end of the disturbed region. Bubbles A, B, and C are

spaced closely together and have a depletion pattern that is similar

to Bubbles A through D in the first data set, and to the shape of

Bubble B in the second data set. That is, the depth of the depletions

increases from west to east, the depth being least in Bubble A and

most in Bubble C. Bubble D in Figure 8 is displaced from the other

three bubbles and is not a part of this sequence.

The plume-bubble comparison is presented in Figure 9. We find

that Bubbles B and C are associated with two large plumes. The

satellite pass is again seen to intersect through the neck regions of

the plumes. Although the alignment is not perfect (i.e., strongest

backscatter does not always correspond to maximum bubble depletion),

clearly the depletions occur in the neck regions of the plumes.

Bubble A corresponds to a slightly enhanced backscatter patch, but not

to the smaller plume seen along the west edge of the ALTAIR map. If

we interpret the small plume as upward-developing, probably, the AE-E

measurement was made before the plume reached the altitude of the

satellite. With this interpretation, the plasma-bubble relationship

is identical with that found in the first data set. The largest

depletion, Bubble C, is spatially collocated with the strongest and

most altitude-extended plume. A remnant of the head region of this

major plume can be seen in the upper left hand corner of the ALTAIR map.
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Secondary depletions, Bubbles A and B, are associated with smaller

plumes that probably developed along the west wall of a large-scale

upwelling in the bottomside F layer.

Bubble D and depletions to the east of it are not associated with

th,, same group of ESF backscatter as the other labeled buhbles.

Bubbl 1), however, is collocated with a trailing edge of a generally

disturbed region containing ESF backscatter. The other depletions

to tl1t. east of Bubble D also appear to coincide with ESF backscatter.

In the first data set, we suggested that the minor plumes (and

bubbles) along the west wall of large-scale altitude modulation (in

the bottomside of the F layer) develop later than the major plume

located at the crest of the altitude modulation. We can also determine

the relative ages of Bubbles B and C in this data set bv examining a

sequence of ALTAIR maps that contain the time evolution of the

associated plumes. For this purpose, we have traced the 30- and

40-dB contours that describe the two largest plumes from a sequence

of four backscatter maps and superimposed them onto one map, shown

in Figure 10. At 1154:40 UT, the time of the first tracing, the major

plume was already fully developed, and perhaps already in its decay

phase. The decay of the major plume in the 15-min period following

the time of the AE-E pass (second tracing) is seen in the third

(1214:50 UT) and fourth (1222:30 UT) tracings in Figure 10. If we now

examire thl time evolution of the secondary plume, we find it still

in its growth phas' [Tsunoda, 1981 1. Although the secondary plume was

not visible in the first tracing, its growth is clearly seen in the

last thre'e tracings in Figure 10.

A shalpe of tie plasma-delil ted region that Can account for the

oV1,Crvat ions i; shown in Figure' 11. llibhhl, (C i SonWi as a verticallv-

t longat .d (and tilt ed) wedge that or-iginate-S Le;l t01C liCst of a large-

;;1]- alt itth' modulat ion. As shOWnI, Bh bbith ' C i Open to tiL' bottom-

sidh ( it tht. F taver. We h;ivt al o ai ii lirntd in t Ie I del t at BuIb I 1 CC
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was still connected to the head of the plume at the time of the AE-E

pass. It is also possible that the wedge pinched off in the topside

F layer.

Bubbles A and B are shown in the model as part of the structuring

along the west wall of a large-scale upwelling. We have also included

a third wedge to represent the small plume seen along the west edge

of the ALTAIR map in Figure 9. Structuring probably continues along

the wall to the west side of the ALTAIR scan (dashed line), but we

have chosen not to speculate on that structure. It is also possible

that the structure there might be quenched by collisions at those low

altitudes.
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IV DISCUSSION AND CONCLUSIONS

In this paper, we have shown through comparisons of in-situ ion-

density measurements and radar backscatter measurements that plumes

and bubbles are spatially collocated in the east-west direction. A key

result of this analysis is that the neck region of major plumes is

associated with plasma-density depletions that can approach three

orders of magnitude, i.e., neck-region depletions are comparable to

the largest observed bubble depletions [Hanson and Sanatani, 1973;

McClure et al., 1977]. This result indicates that the neck is an

integral part of the plasma bubble structure and not simply produced

by plasma turbulence in the wake of a rapidly-rising, but closed

bubble [Kelley and Ott, 1978]. Instead, plasma bubbles are vertically

elongated wedges that extend from the bottomside into the topside of

the F layer. Furthermore, the bubbles are probably open-ended to the

bottomside F layer (e.g., as depicted in Figures 4 and 11).

The general collocation of plumes and bubbles, shown by results

presented here and elsewhere [Tsunoda and Towle, 1979; Tsunoda, 1980a,

b; Towle, 1980; Szuszczewicz et al., 1980], implies that backscatter-

producing irregularities are primarily generated in regions of low

plasma density. This preference for low plasma densities is consistent

with the production of these irregularities by the lower-hybrid-drift

(LHD) instability [Huba et al., 1978; S§Terlinjnd Goldman, 1980;

Huba and Ossakow, 1981]. For a given gradient scale length in plasma

density (associated with the walls of bubbles or with larger-scale

irregularities embedded in the bubbles), the growth rate of this

instability increases with decreasing plasma density. For example,

the LHID instability requires a mean plasma density of less than

105 el/cm 3 for a typical gradient scale length around 50 m [e.g.,

Sijrlin_ and Goldman., 1980]. A bubble with associated backscatter,

therefore, will have to be 90 percent depleted as it passes through
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6 3an F-layer peak with a plasma density of 10 el/cm . All major plumes

and bubbles analyzed in this paper satisfied this depletion requirement.

The conclusion that plasma bubbles are vertically elongated wedges

is consistent with the numerical simulations of the nonlinear, colli-

sional Rayleigh-Taylor instability [Scannapieco and Ossakow, 1976].

The vertical elongation is also consistent with bubble shape expected

from the two-dimensional nonlinearity in the Rayleigh-Taylor instability

that is believed to dominate the bubble development [Chaturvedi and

Ossakow, 1977; Hudson, 1978].

Other less direct evidence, in particular the east-west drift

velocity of backscatter plumes, can also be used to support the

conclusion that bubbles are vertically elongated upwellings. The

reasoning is as follows: A bubble, being a depletion, will move faster

than the E x B motion of the bulk plasma. Its speed will depend on

the percentage depletion and geometric shape of the bubble [e.g.,

Ossakow and Chaturvedi, 1978]. At night, the bulk plasma motion is

eastward (in the ground reference frame), driven by an eastward neutral

wind via an F-region dynamo [Rishbeth, 1971]. Because the coupling

between the plasma and neutral gas is not perfect, the bulk plasma

moves slower than the neutral gas [Rishbeth, 1971; Woodman, 1972].

In the reference frame of the neutral wind, therefore, the bulk plasma

is moving westward, which means that in this reference frame, a bubble

should move westward faster than the bulk plasma. Woodman and LaHoz

[1976], Ossakow and Chaturvedi [1978], and Ott [1978] all suggested

that the westward tilt of backscatter plumes could be accounted for

by the described process. In other words, highly depleted bubbles if

not constrained by their geometric shape, should move very slowly east-

ward when viewed from the ground reference frame. For example, dis-

regarding bubble shape, a bubble that is 99 per cent depleted should

move at 1/100th the bulk plasma drift.
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In the three data sets analyzed, we found that the eastward plume

drift ranged from 150 m/s to 200 m/s, with a mean speed of 178 m/s.

In comparison, the F-region bulk plasma drift was reported not to

exceed 135 m/s [Woodman, 1972; Fejer et al., 1981]. Although the

difference between plume drift and bulk plasma drift is as much as

48 percent, the difference is not considered to be unreasonable in view

of the fact that the measurements were made at significantly different

longitudes. The plume drift is certainly not small compared to the

F-region bulk plasma drift. On this basis, we would conclude that the

plume drift is comparable to F-region bulk plasma drift.

A more appropriate comparison is between plume drift and F-region

neutral winds measured over Kwajalein. The first reports of neutral

winds over Kwajalein in 1977 indicate that the wind speed did not

exceed 150 m/s [Sipler and Biondi, 19781. Although the plume drift

(for 1978) is larger than the measured neutral winds (for 1977), the

difference is less than 20 percent. We conclude from this relatively

small difference that the percentage depletion in bubbles does not

control the east-west plume drift.

The other factor that controls bubble velocity is the bubble shape,

i.e., its axial ratio [Ossakow and Chaturvedi, 19781. Bubble velocity

decreases in the direction perpendicular to the major axis with

increasing axial ratio because it becomes increasingly difficult to

set up a significant polarization electric field along the major axis.

Consequently, the electric field that moves the elongated bubble

becomes essentially that which moves the bulk plasma, the large-scale

applied electric field. We conclude, therefore, that the observations

of eastward plume drifts that are comparable to the eastward neutral

winds indirectly supports thle conclusion that plasma bubbles are

vertically elongated upwellings.

The discussion presented above should not be interpreted to mean

that the percentage depletion of a bubble does not influence its

motion and growth direction. We have simply argued that the depletion
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amount does not dominate the magnitude of eastward drift and have used

this information to infer a bubble shape. Bubble depletions very

likely produce the tilts of plumes as originally proposed by Woodman

and LaHoz [1976].

Other results extracted from the analysis presented here provide

further evidence in support of the hypothesis that an eastward neutral

wind plays an important role in the ESF structuring process. Tsunoda

(1981] suggested that the west wall of altitude-modulated regions in

the bottomside F layer was probably gradient-drift unstable because

of the presence of an eastward neutral wind. Tsunoda and White [1981]

demonstrated that altitude-modulation of constant plasma-density

contours actually exist in the bottomside F layer prior to ESF back-

scatter formation, and that plumes develop from the crests of these

large-scale upwellings. Tsunoda et al. [1981] also showed that a

velocity shear (with altitude) in east-west plasma drift existed in

the bottomside F layer that enhanced the growth rate of the gradient-

drift instability by increasing the relative velocity between the

plasma and the neutral gas. The results presented in the previous

section showed the actual development of plumes from the west wall of

the large-scale altitude modulations while the east wall remained

relatively structureless.
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