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Late Time Barium Cloud Striations and Their Possible Relationship
to Equatorial Spread F
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An active experiment has been conducted in space that allows a test for the theory of nonlinear
development of striations in large barium clouds. The results are in excellent agreement with a computer
simulation of the E x B instability reported by Scannapieco et al. (1976). The power law irregularity
spectrum predicted by the theory and verified by the experiment is shown here to be due to wave
steepening and not_to plasma turbulence. The barium cloud results are remarkably similar 10 bottomside
equatorial spread F. A possible role of the E x B instability in bottomside equatorial spread F is discussed
as a supplement to the Rayleigh-Taylor instability during the postsunset rise of the F layer and during
anomalous plasma uplifts which occur during geomagnetically active periods.

INTRODUCTION

Most experiments performed in space have been of the
exploratory type rather than the active cause and effects meth-
ods typical of laboratory experiments. In this paper we report
the interpretation of results of an active space experiment in
order to test theoretical models for the development of a
certain plasma instability and to determine whether natural
plasma processes could be better understood based upon these
experimental and theoretical studies. The experiment was part
of a measurement program conducted for the Defense Nuclear
Agency called Stress (Satellite Transmission Effects Simula-
tion), which had a primary objective of defining and character-
izing the effects on satellite radio wave propagation through
striated regions. Three large barium plasma clouds were de-
ployed on three separate occasions to produce the striated
regions. Our experiment required waiting sufficiently long for
the development of striations to occur and firing instrumented
sounding rockets through the structured clouds. In this way
the fully developed nonlinear state of the plasma instability
responsible for these structures could be studied.

The plasma instability generally accepted as the source flor
barium cloud striations in the mid-latitude ionosphere is the
E x B instability, first discussed by Martyn [1959]. The linear
theory was developed by Simon [1963] for laboratory plasmas
and adapted by Linson and Workman [1970] for ionospheric
applications to barium clouds and tested in a computer simu-
lation by Zabusky et al. [1973]. The linear process can be
understood after a brief description of the initial development
of a large barium cloud. Such clouds are a significant per-
turbation upon the ionospheric electrical circuit and polarize
in such a way as to maintain divergence-free currents in the
combined ionosphere/plasma cloud system. Since the cloud is
a high-conductivity region, the internal electric field is smaller
than the ambient (see the experimental results by Schutz et al.,
[1973]), and hence the plasma cloud drift velocity will be
smallest at the center of the cloud. Material at the ‘backside’ of
the cloud will thus catch up to the center, while material in the
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‘frontside’ (the direction of the E x B/B? velocity, as measured
in the frame of reference of the neutral wind) will move away
from the central region. The backside will thus become very
dense and develop a steep gradient in plasma density. It is this
steep gradient which is unstable to the development of elec-
trostatic waves.

As discussed by Linson and Workman [1970), the growth
rate v is a function of wavelength but is usually normalized to
Yo = E'/BL s7*, where L is the density gradient in the cloud
and E is the electric field in the neutral frame (E + V, xB).
For typical values of £'/B equal to 100 m/s and L equal to 4
km, ¥, = 2.5 X 107% s. Since the earliest striation measure-
ments made in this rocket series were at 42 min after barium
release, time was available for more than 50 e folds (¢*) of any
initial perturbations. Thus the clouds were clearly into the
fully nonlinear regime, and comparison with linear theory is
relevant only to the question of where the striations should
first develop and not to their final amplitude or their distribu-
tion of amplitude with respect to wavelength (spectrum). In
fact, it is very clear that linear theory is deceiving in this
regard, since it predicts that the shortest wavelengths grow the
fastest [Linson and Workman, 1970], whereas the observations
discussed below and the nonlinear theoretical development by
Scannapieco et al. [1976] show that the final state has more
intensity at the longest wavelengths. A one-dimensional cloud
was used in that theoretical study, but the coupling to the E
region was included, which makes it the most realistic simula-
tion performed to date. We stress their results in our com-
parison between theory and experiment.

The next section presents a discussion of the data presenta-
tion. This is followed by a comparison with the nonlinear
computational results. The results are then applied to the
naturally occurring phenomenon of equatorial spread F.

EXPERIMENT D ESCRIPTION AND
DATA PRESENTATION

Details of the experiment and measurements have been pre-
sented by Baker and Ulwick [1978], but a condensation is
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Electron density profiles from probe rocket flights through two separate barium clouds on (a) March 13 (rocket

51-4) and (b) March 14 (rocket 51-5). The dashed curves are the measurements on rocket descent of the undisturbed F

region profile.

presented here for continuity. The investigations were con-
ducted from Eglin Gulf Test Center, Florida, by utilizing
rockets carrying barium and others carrying probes. The pro-
duction of large plasma clouds was achieved by 48-kg barium
releases from rockets upon attaining altitudes of approxi-
mately 185 km. The timing of the releases was such that the
region was sunlit. Subsequently, as the barium vapor was
ionized and developed striations, additional rocket-borne pay-
loads, equipped with instrumentation to make fine-scale mea-
surements of electron density, were launched in an effort to
penetrate the striated portion of the ionized clouds. These
probes provided profiles of the electron density and of the fine-
scale structure (>1 m) internal to the clouds as well as mea-
surements external to the clouds throughout the remainder of
the flights.

The six rocket payloads used to probe the barium ion clouds
were identical. The experimental section contained two elec-
tron density measuring instruments, a plasma frequency probe
and a DC probe. Each of these probes utilized a portion of a 1-
m long, 6.35-cm-diameter nose spike as their sensing element
in contact with the ionospheric plasma. Five of the six probe
rocket flights operated successfully and penetrated portions of
the last three barium clouds in the series. Striated regions of
the second and third cloud were penetrated on two of the
flights, and we emphasize these events here. From the paper by
Baker and Ulwick [1978] we show these two results in Figures
la and 1b. The sharp peaks evident in the E region (95 and 115
km) in Figure la are sporadic E layers not associated with this
barium release. The probe entrance into the barium ion cloud
showing the electron density enhancement above the ambient
background and the electron density fluctuations due to probe
penetration of the striated region are clear in both cases.
The characterization of the structured region is different for
the two events. These striated regions are the subject of our
present study.

To facilitate the analysis of the fine-scale electron density
variations the FM analog telemetry channels were digitized at
a rate of 10,000 samples per second. The time series of data
were then detrended by fitting a third-order polynomial to the
enhanced plasma region and dividing each data point by the
value of the curve at that time. This generated a relative
density data set (dn/n) which was then Fourier analyzed and
the power spectra plotted. Figure 2 shows the results of this
analysis for the regions of striations of the two sets of data

shown in Figures la and 1. The lowest measured frequency in
the two plots was determined by the total length of time during
which the striations were observed, 13 s for rocket 51-4 (Figure
la) and 55.5 s for rocket 51-5 (Figure 1b). The high-frequency
limit was determined by the number of points averaged before
the Fourier transform was constructed. Sixteen data samples
were averaged for the data from cloud 2 and 80 samples
averaged in the case of cloud 3. Except for some spikes at high
frequency, both sets of data display a monotonic decreasing
power with increasing frequency above 0.1 Hz in the case of
rocket 51-4 and above 0.06 Hz in the case of rocket 51-5.

In the next section we interpret these spectra as being due to
spatial variations in plasma density along the rocket tra-
jectory. The results from rocket 51-5 are emphasized, owing to
the longer time series of data available.

COMPARISON OF EXPERIMENT AND THEORY

The time domain analysis discussed above is not the best
representation of the data, since the rocket velocity was great
compared with the phase velocity of the waves associated with
the E x B instability [Linson and Workman, 1970]. Also, the
unstable waves have k-B = 0. Accordingly, we have converted
the temporal data into spatial variations using the components
of the rocket velocity perpendicular to the magnetic field, V,.
The set of relative density values from flight 51-5, as deter-
mined from the detrending technique described above, is
plotted in Figure 3 as a function of distance perpendicular to
B. For a low phase velocity wave in the plasma frame the wave
number k is related to the frequency via the relation k, = 2xf/
V.. The frequency power spectrum has been converted to a
wave number spectrum and the results plotted as the solid
circle data points in Figure 4, after averaging the data points
over about a factor of 2 in wave number. The curve designated
by crosses will be discussed later. Assuming a power law of the
form k—*, a linear least squares fit to the index yields n =
—2.64 £ 0.1 in the range 4.42 km~' < k < 283 km~'and an in-
dexn = —2.52 + 0.0l for therange 2.2 km~' < k < 283 km~1.
The 51-4 data analyzed in this way shows a similar spectral
index. Note that the index is quite sensitive to the choice of the
wave number range. Also, the lowest wave number entries are
sensitive to the detrending process.

The nonlinear theoretical calculations of the E x B instabil-
ity presented by Scannapieco et al. [1976] are in remarkable
agreement with these experimental results. They showed that
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Fig. 2. Power spectral density ol electron density irregularities measured with rocket probes flown through barium clouds
on (left) March 13 and (right) March 14,

the cloud developes ‘fingerlike’ structures of enhanced plasma
which are very similar to the plot in Figure 3. They have also
calculated one-dimensional spectra from their results for simu-
lated probe traversals parallel (x direction) and perpendicular
(y direction) to the zero-order density gradient which can be
compared with the probe results. They define a normalized
wave number k; = k/k,, where k, = 2xr/L and i = x or y. For
k, > 3 the power law at 1,520 s into the simulation was —3.3,
while for all k, > 1 the least square fit to a straight line at 1,520
s was —2.04. At the same time, for all k, > 1 they found the
index —1.95. On the basis of the trajectory and neutral wind
models, it seems likely that rocket 51-5 was traveling at
roughly a 45° angle to the x, y plane. For L = 4 km the portion
of the barium data in Figure 4 above £k = 4.4 km~! corre-
sponds to normalized wave numbers greater than 2.8. The
Figure 4 spectrum decreases at the smallest k values plotted as
does the k. spectrum computed by Scannapieco et al. The
rocket data is thus consistent with the simulation and tends to
be more closely matched to the k&, run. In the next section the
power law results are interpreted in more detail.

INTERPRETATION OF THE RESULTS WITH
APPLICATION TO EQUATORIAL SPREAD F

Wave Steepening Versus Plasma Turbulence
in the F Region Ionosphere

By far the most common spectrum reported by experiment-
ers measuring plasma density flucutations in the F region

ionosphere is a power law with index near —2. Rocket and
satellite data obtained during equatorial spread F conditions
[Dyson et al., 1974; Kelley et al., 1976; Morse et al., 1977] as
well as high-latitude irregularities [Dyson et al., 1974; Sagalyn
et al., 1974] all indicated this form. It is well known that

"normal fluids develop power law spectral forms in turbulent

flow, and it seems likely that plasmas behave in a similar
manner in some cases. Another possibility for nonlinear devel-
opment of neutral fluid and plasma waves, however, is wave
steepening.

The difference between these two descriptions is illustrated
in Figure S. In the upper plot the detrended data from probe
51-5 is plotted as was done previously in Figure 3. The time
series of data was then Fourier analyzed and one complex
amplitude and phase determined for each of the discrete fre-
quencies. Then an arbitrary phase angle was added to each of
these complex numbers by using a table of random numbers,
and the data were transformed back into the time domain and
plotted in the figure. The upper plot corresponds to no change
in the phase angle, and hence it returns to the original data
sample. The two other plots are from different random sets of
phase angles. Since the phase angle does not affect the power
spectrum, which is the absolute value of each of the complex
numbers referred to above, the power spectrum of these three
data streams is absolutely identical and, in fact, has already
been plotted in Figure 4. We contend that the two lower plots
are physically different from the true data and conform to the
concept of a ‘power law’ irregularity spectrum as found in
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Fig. 3.

Detrended data showing electron density variations (6n/n) about the mean value for the region of striations from

the probe results of rocket 5t-4, March 14,
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fluid turbulence. The real data do not. The reason that a
random phase factor accomplishes this transformation is that
steepened structures require a certain coherence in the phase of
the Fourier components to produce the sharp edges, whereas
in turbulence this coherence does not exist. This type of analy-
sis was first used by Costa and Kelley [1978], after a suggestion
by D. T. Farley, to analyze naturally occurring equatorial
spread F, which, as discussed below and as discussed earlier by
Scannapieco et al. [1976] and Scannapieco and Ossakow [1976],
is a phenomenon remarkably similar to late time barium cloud
striations.

We thus conclude that the nonlinear evolution of the Ex B
instability and bottomside equatorial spread F does not pro-
ceed by cascade processes such as occur in fluid turbulence but
rather by steepening. Chaturvedi and Ossakow [1977] have
developed an analytic theory for bottomside equatorial spread
F in which just such a wave steepening is predicted. Turbulent
cascade does seem to occur in electrojet processes, albeit with a
steeper power spectrum [McDonald et al., 1974, 1975; Ferch
and Sudan, 1977] in magnetospheric convection [Kelley and
Kintner, 1978), and has been suggested as a mechanism in
topside equatorial spread F [Kelley and O1t, 1978].

Application to Equatorial Spread F

Extensive rocket, satellite, and radio wave probing of the
equatorial ionosphere is currently underway in an effort to
understand the naturally occurring phenomena called equa-
torial spread F. Various types of ‘spread F> occur worldwide
and are caused by quite different processes. The equatorial
type is one of the most interesting, since it occurs far from
regions such as the auroral zone, where extraterrestrial effects
complicate the theory, since it is readily accessible to experi-
mental study and since it causes quite remarkable intense
scintillation problems extending even into the gigahertz fre-
quency range. Reviews of the rapidly changing status of equa-

torial scintillation and spread F theory have been published by
Basu and Kelley [1977, 1979].

The connection between late time striation of barium clouds
and equatorial spread F is indicated in Figure 6, showing
probe data obtained on a NASA rocket flight from Natal,
Brazil. (To convert from seconds to kilometers, multiply by 2.)
The rocket probes detected intense irregularities on the bot-
tomside of the equatorial F region [Costa and Kelley, 1978]
which had structure very similar in appearance to the barium
cloud data. In addition, both sets of data have nearly identical
power spectra not only in spectral form but absolute value.
This is shown in Figure 4, where the spread F spectrum is
plotted as the crosses. The spread F spectral index was
—2.06 + 0.1 intherange |91 km~'< k <244 km~"'and —2.29
+ 0.1 in the range 3.82 km™ < k < 244 km~'. As was
mentioned above, the actual index is quite sensitive to the
wave number range chosen.

The equatorial data were obtained below the peak in elec-
tron density which occurs at a relatively high altitude near the
magnetic equator (~400 km). This is the region where the
spread F disturbances originate and are first detected by iono-
sondes and backscatter radars. A remarkable feature of equa-
torial spread F, however, is that the structures are not confined
to the bottomside but burrow through into the dense topside
region where they have been detected as ‘holes’ or ‘plumes’ by
satellite [McClure et al., 1977], rocket [Kelley et al., 1976],
and radar [Woodman and La Hoz, 1976] techniques. The high
plasma density in this topside region coupled with the large
layer thickness accessible to the irregularity formation process
accounts for the intense VHF and gigahertz scintillations.

Indications of the upwelling process have encouraged sev-
eral workers to investigate the collisional gravitational Ray-
leigh-Taylor instability due to the geometrical configuration
on the bottomside of the equatorial F peak, namely, g (the
acceleration due to gravity) antiparallel to Vn and both per-
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The upper plot is generated from the data from probe 51-5 shown in
Figure 3, while the bottom two plots are generated by adding arbitrary
phase angles to the Fourier components of the upper data and then
reconstructing in the time domain.

pendicular to B. This condition is linearly unstable to the
growth of flute mode waves. If g is parallel to Vn on the
topside, for example, the waves are linearly damped. The
process is almost identical in form to the backside instability of
barium clouds. Under this model there is an interchange of
high-density flux tubes downward and low-density regions
upward. As was pointed out earlier, linear theory cannot be
trusted in describing final states, and nonlinear effects become
very important. As a finite plasma hole pushes up into the
topside (see the computer simulation by Scannapieco and Os-
sakow [1976]), the concept of a growth rate becomes meaning-
less and it is more appropriate to discuss the terminal velocity
of such structures [Ott, 1978]. Note that on the topside the
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g% B current continues to flow, unlike Pedersen currents
which require collisions, and hence can still supply charge to
the edges of the bubbles causing the internal electric field to
grow. lon inertia may also be important at high altitudes
[Ossakow and Chaturvedi, 1978].

Thus it seems that on the topside a gravitationally driven
process is necessary. This success of gravitational theories on
the topside, however, should not preclude other possibilities at
low altitudes. We contend here that the same E x B instability
process which causes late time striation in barium clouds con-
tributes to the bottomside instability just after sunset and for a
class of equatorial spread F which occurs during geomagnetic-
ally active periods. At other times the gravitational process
continues to operate and will cause growths of irregularities
independent of, or initiated by, the Ex B process. Similar
arguments have recently been advanced by Ossakow and Chat-
urvedi [1978] and Anderson and Haerendel [1979].

The geophysical conditions under which the E x B instabil-
ity should enhance the growth rate of bottomside equatorial
spread F are those when there is a strong uplift of the F region
plasma. The key times alluded to above are both illustrated in
Figure 7, reproduced from Fejer et al. [1976]. In this graph the
vertical drift velocity of the F region ionosphere over Jica-
marca Peru is plotted along with an indication of times when
equatorial spread F occurred (cross-hatched areas) on several
days. The pattern of vertical drift on August 12-13, 1968, is
typical of the equatorial region. During the day the ionosphere
drifts upward slowly. Near sunset there is often an enhanced
upward velocity, seen this day at 1830 LT, which is followed
by a reversal to downward drift, which lasts all night. Farley et
al. [1970] have pointed out that initiation of equatorial spread
F often is correlated with this uplift in plasma. They rejected
the E x B instability as the primary process [Reid, 1968], since
once the ionosphere begins to move downward this process
has a stabilizing influence.

We argue here that this electric field and its enhancement
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near sunset play an important role in the initiation of equa-
torial spread F. Before pursuing this further we must point out
that it is not just the increased electric field which controls the
onset of equatorial spread F. When the sun sets in the E
region, recombination rapidly destroys the conductivity of
that layer, which in turn allows the buildup of the F layer
perturbation electric fields. During the daytime such fields
would be shorted out by the ‘conducting end plates,’ to use the
vernacular of laboratory plasma physics. Recombination also
eats away at the bottomside of the F layer to create a steep
vertically directed gradient on the bottomside. These three
factors then play a role in the E x B instability of the equatorial
F layer: the absence of an E region, the steep vertical gradient,
and the eastward electric field.

In order to compare the relative importance of the colli-
sional Rayleigh-Taylor instability with the E x B instability we
have plotted the linear growth rates of these two processes in
Figure 8 for the same conditions using the results in (2) of
Hudson and Kennel [1975] for the former and Linson and
Workman [1970] for the latter. In making these plots we have
chosen sunspot maximum conditions [Johnson, 1960], a verti-
cal drift velocity of 20 m/s (see Figure 7), and a gradient scale
length of 20 km, which has been measured during equatorial
spread F conditions [Kelley et al., 1976]. Recombination
damping is not included in either of these growth rates. We see
that in the altitude range less than 380 km the E x B linear
growth rate v, exceeds the Rayleigh-Taylor growth rate. The
rocket data indicate that the characteristic wavelength of bot-
tomside structures is ~5 km, which for L = 20 km, corre-
sponds to kL = 8=.

The reinitiation of equatorial spread F late in the evening on
the other three nights plotted in Figure 7 may also be ex-
plained by this process, since an anomalous reversal of the
vertical drift from negative to positive preceded this increase in
irregularities. The particular change in equatorial electric field
on August 8-9 1972, was correlated with a sharp increase in
the auroral zone electric field [Gonzales et al., 1979]. Note
that the timing error on both the electric field data and the
spread F onsets was about 10 min.

It should be noted that Scannapieco et al. [1976] have

pointed out the similarity between equatorial spread F bubbles
and the depleted regions of late time barium striations. The
latter propagate toward the front of the barium cloud, since
they have a larger E x B drift than the central portion which is
loading down the flux tubes. The effect should be even more
pronounced than the simulation shown [see Scannapieco et al.,
1976, Figure 5], since in a one-dimensional cloud simulation
the dense central portion cannot polarize and must continue to
Ex B drift with the ambient velocity. The two-dimensional
Rayleigh-Taylor simulation by Scannapieco et al. [1976] in-
deed shows that a finite perturbation does work through to the
topside in the form of low-density ‘bubbles.’
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