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SECTION 1

INTRODUCTION

i
The U-shaped curve, Figure 1, has been suggested as a . 1
prescription for plasma structure size in the late-time high i
altitude nuclear explosion (HANE) environment. The curve !
specifies a structure size, L, in terms of the diffusion
coefficient transverse to the magnetic field, D, and the
relative speed, U, of the neutral wind through the back-

ground plasma, as:

2
LU _ (M+1)
D TR w1 (1)

In this relation M represents a ratio which can be obtained
from the field line integral of the (transverse) Pedersen
conductivity. The ratio between the maximum and minimum
field line integrated conductivity values is defined as M

in the ideal case in which the conductivity parallel to a
field line is assumed infinite. For situations in which
infinite parallel conductivity is not the case the value

of M remains to be fully clarified. From a current under-
standing of the physics it is expected that in these situations
an effective value for M could be defined for use in a
structure size prescription like equation 1.

The term, R, in equation 1 represents a dimensionless
constant whose value has been suggested to range from 1/2 to
100 by numerical and analytical investigations of the gradient
drift mechanism (Zalesak and Huba, 1984). This wide range
in possible values which results from the models implies
a correspondingly wide range of possible structure sizes.

The wide range of structure sizes is made even wider
by uncertainties in the value of the transverse plasma diffu-
sion constant, D. The classical value for the plasma trans-

verse diffusion is controlled by the electron diffusion rate.
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This value is very much smaller than the ion transverse diffu-
sion rate. Under certain situations (Francis and Perkins,
1975) in which the structured plasma electrostatically couples
to other regions of the ionosphere which are smooth or structured
in a different manner, the rate of plasma diffusion may proceed
at a rate which is a substantial fraction of the ion rate
implying a much larger value for D. These considerations
broaden the (already too broad) range of predicted structure
sizes by a factor of possibly more than 100.

It is the purpose of this report to discuss an investi-
gation of experimental data which evaluates the constant R.
In the investigation, the transverse diffusion mechanism
and the coefficient, D, have also been identified providing
experimental evidence which allows a significant narrowing
of the range of the prescribed structure sizes.

The source of the data for the investigation is measure-
ments made during the PLACES barium release, JAN. The dynamics
of barium plasma clouds are controlled by the same physics
that controls late-time HANE structures and they consequently
serve as excellent objects for testing structure models. The
JAN release produced a well structured barium cloud which
was well diagnosed. During JAN a rocket payload was flown
through the barium plasma. The payload measured electron
density as well as ionic constituents and is a good data
source. The JAN barium cloud also drifted in a direction
such that photography of its structure transverse to the
magnetic field could be obtained providing optical data on
structure size and morphology. Measurements of propagation
effects on a UHF satellite-to-aircraft signal link are also
available and prove to be valuable.

The investigation is presented in this report in several
major sections. The next section discusses a derivation
of the M-ratio determined from the data. Several subsections
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therein discuss evaluations of the ion mobility, the back-
ground conductivity, the ion cloud conductivity and an alter-
native conductivity ratio estimate. Evidence is found for
electrostatic coupling to the conjugate ionosphere which

is also discussed.

Section 3 is a brief section which presents estimates
of the structure size, L, obtained from various experimental
sources of data.

In Section 4 the diffusion effects are considered.
Measurements of the gradient length of steepened structures
is presented. The diffusion coefficient and mechanism is
also determined with what is believed to be a novel but never-
theless straightforward technique.

In Section 5 results and conclusions are presented.

The value of R determined by the experimental measurements
is presented and then compared with numerically determined
values for R. Conclusions are then drawn.
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SECTION 2

THE M-RATIO

The M-ratio which enters the U-shaped curve relation
is defined in the Introduction as the peak-to-background
ratio of the field-line integrated Pedersen conductivity.
The local Pedersen conductivity is given by

e u N

g =
1 + (uB)? (2)

P

Where N is the local ion density, u is the local ion

»
[

mobility, B is the magnitude of the magnetic field, and

e 1is the charge of the ion. The field line integrated con-
ductivity is the integral of this quantity with respect to
distance along a field line. Frequently it is more convenient
to discuss the height integrated Pedersen conductivity which
is related by a factor of the cosine of the 60° dip angle

to the field line integrated value.

With the JAN rocket data it is possible to evaluate
the integrated conductivity of the background ionosphere
below 240 kilometers and to estimate its value for the entire
background ionosphere. The first two subsections present
this estimate. Section 2.1 presents a discussion of the
evaluation of the mobilities of various ion species in the
background gas mixture while Section 2.2 combines these results
with the rocket data to produce the estimate.

Evaluation of the M-ratio is possible with the results
of Section 2.3 which provide an estimate for the integrated
Pedersen conductivity of the barium cloud. The value found
for the M-ratio is significantly different from the M-ratio
determined from the photographic measurements of cloud dynamics
as is discussed in Section 2.4. This discrepancy provides
evidence for coupling to the conjugate F-region and is dis-
cussed in Section 2.5. Section 2.6 suggests that conjugate

coupling may play a role in the size selection mechanism.




2.1 MOBILITY VALUES

In this section the mobility of barium, normalized
to the magnetic field magnitude B, is first evaluated.
Mobility values for air ions are derived next. A comparison
with other published values is then presented.

The barium mobility has been determined through a straight-
forward scaling of an experimental value presented graphically
in Brown (1958) and discussed in Linson (1970). The value
presented in Brown (1958) is for barium ions in a neutral
gas of N2 at one atmosphere (see Figure 2). The scaling
to ionospheric neutral densities goes according to number
density (Linson, 1970) yielding for the uB factor the value

17
up = 2:1 10 (3)

Intermediate quantities used to obtain this value are:

= 2.3 x 1074 mZ/volt-sec at 1 atm at 273°K

atm = 760 torr

torr = 133.322 newtons/m2

at 1 atmosphere 273°K = 2.688 x 1025'/m3
= .45 x 1074

W Z = =T

Tesla

In expression (3) the term N represents the equivalent

N, neutral particle number density which may not correspond
to the particle number density of the neutral air. The
mobility of an ion does have a dependence upon the mass of
the neutral gas particles, Mg’ which according to Brown
(1958, eq. 3.16) is

u < (1 + Mg/Mi)l/2 (4)

where Mi is the mass of the ion particles. For barium ions
this dependence implies negligible differences among the
primary neutral constituents at 100-300 km altitudes. For
barium ions the term N 1is, thus, well approximated as the
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Fig. 3.20. Mobility in nitrogen of various ions as a
function of mass at 1 atmosphere pressure.

J.H.Mitchell and K, E. W, Ridler, Proc. Roy. Soc.
{London) A146, 911 (1934).

Figure 2. The mobility of various ions in nitrogen.

Brown 1958, p. 62.)
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number density of the neutral air. (This differs from Linson's
(1970) work but produces at most a 25% difference in mobility
for Ba' in pure neutral oxygen.) \ N,
The mobilities of the background ions, NO* and o%, in ' i,
pure N2 has been determined by scaling the Ba* mobility
according to the mass related factor given by relation 4.
This scaling ignores the ion size-related cross-sectional

a_x, =
v -
o e |

differences but should prove adequate for the purposes of

-

this report. 1In adjusting the derived values to account
for a neutral gas mixture instead of neutrals of pure N2,

- = TXd

s g
e -

the neutral gas mass dependence of equation 4 now plays a

G )

significant role since the ion mass is much less. In calcu-
lating the equivalent pure ~N2 neutral number density for ot

another consideration must be made; namely, that the mobility %
of 0% in o0 is probably less than the scaling relation (
e
would indicate because of the likeness of the ion and neutral hy
species (see N; in Figure 2). The resulting relations 4
for the uB factor have been chosen as: r
5
B 4 = 2.7 x 107 |
NO N2+°2+o ]
1.3 1.1 ]

{
(5) ’ﬁ
2.7 x 10%7 .5

WBot = W, + 0 |

2 2,9 '
1.5 1.3 N

where the symbols N2, O2 and O above represent the number .
R
density (in particles per cubic meter) of the gases N2, X
o2 and O, and where the ot mobility expression assumes )
that in a background of neutral atomic oxygen its mobility e
is 90% less than the mass scaling relation would indicate. i
Using values for neutral constituents tabulated in the U.S. &
\
Standard Atmosphere (1976) the mobility values of Ba® and :$
ot are plotted in Figure 3. W
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; The computed values of uB can be compared with values
published by others (Table 1). Linson (1970) lists a value

: "~ of 7 for uB at 150 kilometer altitude which is somewhat ;E
- higher than the 5.2 value calculated by the above relations. }5:
: The discrepancy may be associated with rounding error in &
ﬂ that Linson (1970) defines the collision time to one signifi- “i
é cant figure, i.e., :@
i 9 Ny
K 1, = 2. * 10 (6) .&
by i N(in/cc) W
and then obtains further results from this benchmarking rela- ;}

J tion. %
9 Hochstim (1970) presents model results for ion-neutral 73
; collision frequencies in the ambient atmosphere. At altitudes gé
of 150 km and 160 km collision frequencies of 3.3 and 2.5 Y

2 per second are predicted. The implied uB factors for Si
? No* ions are 43.6 and 57.6 respectively. These values are Rg
. somewhat larger than the values of 6.4 and 10.4 predicted F%i
by the above relations. ¥

Simons et al. (1984) in Appendix D present a calculation :{

of the Pedersen conductivity of the background ionosphere

-
»

IS RN

t s 3
: »

Aty

prior to PLACES event GAIL. Their uB values are derived
from a collision frequency model referenced as that of Banks
. and Kocharts (1973). Using their Figures D-3 and D-4 the

b

» conductivity (6.2 x 105 stat mhos/cm) and the electron density i{
; (7 x 104/cc) at 160 kilometers can be used to evaluate the uB .f
ratio assumed. This value is found to be 3.3 and is thus i*

@ lower than that predicted by the relations herein. However, E:
y Dupre's (1984) addendum to this work revises this figure %ﬁ
) upward to a value of 10. This value is in good agreement +:
= with the values predicted by relation (5). {1
1 Kilb (1977) presents a relation for the ion neutral ?‘

v
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Table 1. Comparison of calculated uB with different
published values.

Altitude in kilome“=2rs
Simons et al. (1984)*
Relations (3) and (5)
Kilb (1979)

Linson (1970)

Hochstim (1970)

* As modified by telephone
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discussions with Dupré (6/84)

uB Not
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6.4 10.4
Z.8 4.6

43.6 57.6
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of air. The relation specifies the collision frequency as o
a simple proportionality to mass density (not inverse number o

e b

) density in contrast with (3) and (6)). The value of uB =3
% determined from the relation is 6.5 for barium at 150 kilo- ‘ iﬁ
B} meters. For air ions (28 a.m.u.) mobility values are found f,
i to be 2.8 and 4.6 at 150 and 160 respectively. The barium 5%
? ion value is notably in good agreement with the relation

b (3) despite its simplicity and its questionable proportion- 4
:f ality relation. The air ion mobility values are considerably J

lower than those predicted by relation (5) although little p

f o v
o,

weight should probably be given to this discrepancy due to by
the approximate nature of the relation in Kilb (1977).

g

A . The comparisons discussed above are summarized in Table ;
g 1. 1In general the relations used herein produce uB values b ]
X in good agreement with those of Simons et al., as amended Ii
e by Dupré (1984); lower values than would be inferred from B
'; Hochstim (1970) and values very similar to those predicted ::
by Linson (1970). The agreement with Linson (1970) values é
; should not be overly surprising since the approach taken L
} herein closely parallels his. ;-
s :
i 2.2 PEDERSEN CONDUCTIVITY OF THE BACKGROUND IONOSPHERE i
2; Figures 4 and 5, reproduced from Narcisi (1981), show -;
;1 the results of the ion mass spectrometer experiment which ?.
i} performed rocket-borne measurements of the ionosphere during :ﬁ
L JAN, From these measurements and the mobility results of ]
3 Section 2.1 an estimate of the field line integrated Pedersen gﬁ

o conductivity of the background ionosphere may be made, as 1
is presented in this Section. ﬁ
Figure 4 shows the measured ion composition versus 4f
altitude ard provides a clear indication that the rocket o)

payload passed through the barium cloud. Figure 5 shows S
. :;
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ASCENT MEASUREMENTS SHOWING THE PENETRATION OF THE
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Figure 4. lon density measurements during JAN. (From Narcisi
et al., 1981.)
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In Figure 5 a clearly defined region of enhanced density

L
- the total current measured by the spectrometer and while
:’gf it does not convey any information regarding ion species
a z it is useful because it extends the altitude range over
gr} which density measurements are available.

Y

is indicated to exist between 100 and 116 kilometers altitude

v o
E% on the upleg. A similar region with significantly lower
ég% density is also indicated on the downleg. This difference
in density between the upleg and downleg regions is intriguing
ﬁﬁ: because it is suggestivé of an image effect. From the gross
&é} trajectory geometry the upleg region is very nearly directly
g}% below the barium cloud on the field lines whereas the cor-
RO responding region on the downleg is a great distance away. If
Q) the electrostatic field of the cloud were capable of influencing
. z% these lower altitude regions (see Section 2.5) then an enhance-
;é? ment of the local density similar to that seen in Figure 5
L could be produced. This evidence for image effects is tenuous,
f* howeyer, as an equally appropriate explanation exists that
ﬁﬁ‘ the difference is merely the result of horizontal variations !
ﬁ%} in the background ionosphere which are unrelated to the ion |
3}; cloud presence.
;% The ion density of the background ionosphere has been
ih; determined from the values shown in Figures 4 and 5 and is
:&ﬁ shown plotted in Figure 6. In reading values from Figure 5
! the current to density scale factor of 2.1 x 1012 indicated
s by the dual abscissa scales of Figure 4 has been used for
':%t consistency. Figure 4 has been used whenever possible ]
izzz to obtain density values by species. Use of thé Figure 4
e values is inappropriate for determining background values ]
- in the 150-175 kilometer altitude region occupied by j
.}33 the barium cloud so downleg values from Figure 5 are used 3
é}; for this region. Since the downleg values are consistently :
2;3 less, they were scaled up from the plotted values by a factor z
% |
b ) ',: :
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o of 1.2 in obtaining values for Figure 6. Values for density

R ~ below 140 kilometers must also be taken from Figure 5 and

': in this case upleg values are used. The species is assumed S
,E to be NO' for the entire measurement region below 140 kilo-

AN meters. j
) " Using the density values of Figure 6 and mobility values

t& of Figure 2 the Pedersen conductivity of the background iono- ﬁ
;ﬂ sphere has been calculated and plotted in Figure 7. Plot ;
o values represent i
o uBN :
2& - (uB)2 (7)

&

‘ in units of 1010 per m3 and the Pedersen conductivity, which ]
':: is e/B times this quantity, may be obtained by scaling ﬂ

(Saded
i

with the factor .0355 m> mho/km.
The height integrated Pedersen conductivity of the Ny

o

e
'~ %

background has been evaluated by integrating the curve in

1

Figure 7. The integrations have been performed over the

L §

A A

regions noted in Table 2 which roughly correspond to E-region,

P

ionospheric background near the cloud and the F-region up

- )
;) to 240 km. The conductivity of the F-region above 240 kilo-
ﬁ& meters altitude has also been estimated by assuming that ~
fﬂ it has a constant density of 1.1 x 10% and a neutral density 2
:Q scale height of 30 kilometers. The resulting value should :;
;ﬁ represent an overestimate of the conductivity because measure- =
o ments by Gonzalez (1981) prior to event GAIL indicate a compar-
;N' able value as the peak F-region density at a time 1/2 hour
- earlier. The total height integrated Pedersen conductivity
’ indicated by the table is 3.3 mho. This value is in good
- agreement with the 3.5 mho value quoted in Francis and Perkins -
e (1975) for the twilight ionosphere. "
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Table 2. Pedersen conductivity values for JAN.

& 3 Altitude Background Conductivity in mhos
) 100-120 -4

120-170 .9

170-240 1.2

?k 240-Equator (Estimate) .8

Q TOTAL 3.3
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R 2.3 INTEGRATED PEDERSEN CONDUCTIVITY OF THE CLOUD

.&? ' In this section the integrated Pedersen conductivity of

?}‘ the cloud is estimated using results from the rocket experi-

; ) ment, satellite-to-aircraft signal measurements, and theoretical

?\' models of cloud morphology.

'i:‘ The barium ion density measurements of Figure 4 indicate ;
jfﬁ that the barium profile is centered at 162 kilometers and

’jg that it is localized to an e-folding altitude range of 5.2

R kilometers. Use of this fact is made to simplify the estimate

N of cloud conductivity by assuming that the average uB factor

;;i is 10, i.e., the uB value indicated for Ba+ at 162 kilometers '
‘%ﬁz by the mobility curve of Figure 2. With this approximation

Moy the integrated conductivity values are straightforwardly

N expressed in terms of the more easily estimated integrated

Eﬁ particle content values.

;?ﬁi Table 3 summarizes the values for the integrated cloud

& conductivity from various sources of data and data models.

e From the previously mentioned e-folding radius and

453 the peak density of 9 x 10° indicated by the rocket data

Lot (Figure 4) a value for the height integrated ion content

{f;} of 8.3 «x 1016/m2 is found. This value implies a height inte- 3
F{ grated conductivity of 29 mhos and should be regarded as

G{% ) a lower bound. The rocket trajectory may not have passed

" through the region with peak ion density or may have passed

ZQ‘ through the cloud with a significant component across it.

3:{ In either case the integrated conductivity which results

WA would be lower than the actual value. J
.ﬁi: ' Measurements of the phase shift of the satellite-to-

ﬂ&ﬁ aircraft signal are straightforwardly related to the electron 1
s content integrated along the line-of-sight (LOS). The LOS

::ﬁ integrated content implied by the uata at the time of the i
chﬂ rocket is 7 x 1016 per square meter (Marshall, et al. 1982) )
&iﬁ which implies an LOS integrated conductivity of 25 mhos. ]
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A8 - Table 3. Estimates of integrated content and conductivity N
{ of JAN at 30 minutes after release.
S J
7y \
I'!_ :
"Q Height Integrated Conductivity
(K - '
2?, Content x 10 16 m2 uB = 10 mhos
- :
o Rocket 8.3 29 )
X
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The relation between the phase data from the aircraft
and the height integrated conductivity is not as straight-
forward. A geometric model of the cloud and the propagation
path must be formulated to convert the LOS integrated values
to field line integrated and height integrated values. From
the known satellite azimuth and the elevation of 210° and 38°
respectively (Marshall et al. 1981) the line-of-sight can be
found to intersect the barium cloud field lines at an angle of
approximately 30°. From the results of Linson and Baxter (1977,
p. 75 Model B as specified by Linson, 1984) the JAN density
contours may be estimated as ellipses elongated along the
magnetic field with a 7-to-1 major-to-minor axis ratio. Under
this assumed geometry the height integrated cloud conductivity
may be found to be 53 mhos.

From a theoretical standpoint the peak height integrated

gor S 4o%

~o . - e -
o O g PN e Tl

electron content should remain constant (Linson and Baxter,
1977) until bifurcation permits diffusion to become effective

or until the Pedersen convection of background ions (Prettie,
ﬂ 1982) into the cloud can cause significant decay. The peak

b initial value of the field line integrated content should

Kb be roughly 2.4 x 1017 electrons per square meter (Linson

and Baxter, 1977, p. 75, Model B per Linson, 1984) which

| would imply a peak integrated Pedersen conductivity of 73 mhos.
This value is somewhat larger than that derived from the

Sririrars

aircraft data.
In the next section it is seen that the M-ratio found

o

S N
§ from the rocket data is much larger than that found from »
S photographic data--a result with significant implication {
W to be discussed later. With this foresight it is conservative gi
| X !

-l

to choose a value for the cloud conductivity that is on the

aj low side. A value of 50 mhos for JAN ic in line with the iﬁ
-: aircraft data and is believed to represent a best conservative ph2
ig estimate of its integrated Pedersen conductivity. Actual

- values as high as 75 mhos might realistically apply. Values
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; : much lower than 50 mhos, however, would be difficult to argue

508 . for. With this value and the background conductivity value

;:j of 3.3 mhos found in the previous section an M-ratio of 15

ol is implied.

Rl

, 2.4 THE M-RATIO IMPLIED BY PHOTOGRAPHIC MEASUREMENTS

akﬁ Because the dynamics of the plasma cloud are strongly

?gﬁ influenced by the M-ratio, they can be used as a diagnostic
of its value. Photographic measurements of the ion cloud

ﬁx and neutral cloud positions can be used to determine the

,$$ average motion of both the ambient and high density plasma

ﬁ&% regions with respect to the neutrals. These quantities may

él";' thep be used to estimate the M-ratio. This technique has

POCt been applied to barium data in the past by Linson and Baxter

%'; (1977) and in this section it is applied to photographic data

sﬂ~ from JAN.

RO A photograph of the JAN barium cloud taken at 23 31:08

ary or 17 minutes after release has been provided by Wallace

5&% Boquist of Technology International Corporation. The photo-

ia " graph is of the cloud as viewed from site A-105 which for-

%&' tuitously was in a position such that the cloud was nearly

?Qf at the magnetic zenith. Figure 8 shows a tracing of the

‘$A relevant features of the photograph. Distances on the tracing

.‘4
?{ﬁ can be used to estimate the coupling factor defined by Linson
(1972). Since the distance between the low density and high
density barium ions is 2/3 of the distance between the low

o ‘)"

'2& density barium ions and the center of the neutral cloud a
5%&‘ coupling factor, n , of .67 is implied.

ﬁj& The coupling factor is related to the M-ratio using

analytical expressions for simplified models of the cloud.

é\ﬁ Zalesak and Huba (1984) present the following expression
» f for the speed of the peak density region of an elliptical

e
s.,
- X

constant density conductive plasma in terms of its M-ratio:
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Figure 8. Tracing of photograph of JAN taken at 23 31:08 from site
A-105 (photograph provided by Wallace P. Boquist,
Technology International Corporation).
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A : Vi T V% i:—rl}m (8)
B
‘ where vy is the speed of the elliptical cloud, Vs is
%&f the speed of the exterior plasma, R is the ratio of the
#ﬁé major to minor axis, the ellipse is assumed elongated in
%ﬁ the direction of the cloud motion, and the neutral fluid
Ekg is assumed to be everywhere stationary. The value for the
'kﬁ M-ratio implied from the coupling factor, n , by the above
s relation is:
e M=l (9)
..;“
L.) Table 4 lists the M-ratio implied by a coupling factor of
f:? .67 (as well as .6 and .75) and various values of R. These
el ratios lie between 5.1 and 3.1
Lt% Narrowing down this range of values would be possible
if a value of R could be determined. The ellipticity of

v§%: . the. cloud indicated in the tracing is roughly of order 2
::i and provides a rough guess for R. Identifying a value much
Qt: better than this rough guess seems difficult. Individual
:)‘ striations that are not shown in the tracing but that are F
AL apparent in the picture may have an ellipticity as large
aéj as 100. On the other hand, the peak density profiles of ]
Ez : the main cloud and of the striations themselves may not be 3
e elongated as indicated by the photographic outlines of the i
KA cloud because the significant brightness of low density barium ‘
:: ) may mask the true shape of the higher density barium contours 5
ﬁ i which control the dynamics. As a further factor, the photo- ]

' graphically derived coupling factor is essentially averaged
@s; over the lifetime of the cloud. A lifetime averaged ellip-
k&’ ticity factor should be used arguing for M-ratios from R
3} X values lower than those apparent. Because of these various
g
5
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M-ratios implied by various coupling factors,
n, and various ellipticity factors, R.

Table 4.
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factors it is difficult to significantly narrow the range
of implied effective (lifetime averaged) M-ratios.

Despite the variation in values of photographically
derived M-ratios, the existence of a gross discrepancy with
the M-ratio of 15 derived from the rocket data cannot be
denied. This discrepancy is significant and is addressed
in the next section.

2.5 COUPLING CONSIDERATIONS

Photographic measurements suggest that the M-ratio of
the cloud lies between 3.1 and 5.1. Rocket measurements
of the local ionosphere and aircraft measurements of the
cloud integrated content suggest an M-ratio of no lower than
15. Similar results have been obtained from similar compari-
sons in the past (Linson 1972) and have been explained through
conjugate coupling.

Coupling to the conjugate ionosphere also seems to
be a possible explanation for the JAN data. The conjugate
ionosphere at 53°S and 101°W is daylit and should be capable
of providing the 7 mhos needed to bring the M-ratio values
into agreement. The primary impediment to conjugate coupling
is the resistivity of the plasma parallel to the field. This
resistivity, however, is predicted to be small enough that,
in spite of the large distances involved, the large-scale
variations in the electrostatic potential produced by the
cloud will be felt by the conjugate region.

Assuming an intervering plasma temperature of 2000°K
the electronic mobility may be found from classical colli-
sional considerations to imply that a 1 km radius region
couples through the 18,900 kilometer distance to the conjugate
ionosphere with .1 ohms of resistance. This low resistance
may allow significant coupling currents to develop. Note,




AN

2

&
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X however, that smaller scale structures in the potential

¢ ©  effectively see a higher resistance in indirect proportion

.f to their area transverse to the field. Structures smaller

;5‘ than 300 meters experience more than 1 ohm coupling resistance

?J and, consequently, probably don't couple effectively.

\; The second impediment to coupling is the bleeding off

;j of parallel currents by Pedersen currents across the field.

fd However, since the Pedersen conductivity is very low above

E, the F-region peak the upper ionosphere is an effective insu-

o lator in the transverse dimension and this consideration is i
'ﬁj not as important as the first for larger sized structures. 1Its :i
;% major role seems to be in limiting coupling to the E-region S;
i below the cloud. BJ
v A more quantitative description of the coupling process ::
:iﬁ is possible by considering the root of the ratio of the i:
:% parallel to perpendicular conductivity. This ratio gives h
el the scaling which when applied to the 3-dimensional potential ;

problem can be used to convert parallel-to-the-field distances

b

Ry

B
AT A A Al

, ] . {
from actual distances to those appropriate for an isotropically }
but spatially varying conductor. This factor is tabulated ;

as a function of altitude in Table 5.

Also tabulated is the effective distance of an altitude
region from a disturbance in the potential at 160 kilometers

:N which is found by applying the scaling factor. The implica- ;4
:3 tion of the results in this latter column is that the local E;
: E-region below 120 kilometers altitude is effectively further

i away than the conjugate F-region. It is only fair to note, g
ab however, that the conjugate F-region is effectively separated ?
:$ by a region of significant resistivity; the conductor model

o implied though isotropic is, still, spatially varying and ‘f
;: it has a large value in the scaled equivalent of the equa- %
: “ torial region. Sf
:
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i 3
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. : Table 5. Parallel distance scaling factor and
_,._\_ effective coupling distances from 160 km altitude.
L ¢

«,
!
"’El\'{ Altitude Local Root Effective
'..\. Conductivity Ratio Z from 160
L)

N /G 75, (km)

-1

Zkﬁ 120 10 1.1

.
o
I/‘ll -
\"

e 145 50 .2
X 160 100 0
Y 180 200 .13
200 400 .2
220 800 .23
280 1600 .28

PN G e

{7 350 5000 .30

. Conjugate F-region . .4
: (estimate) z
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In light of the effective distance values given in .
Table 5, it is possible to make inferences about the effect Ny

-

of the current bled-off by Pedersen conductivity. The table

v

v

implies that the region below 120 kilometers lies in the

-

. & I Bt S v Juy J
.

far-field of structure produced potential variations smaller

P XA X ]

than 1 kilometer. Thus E-region conductivity probably does

-

not play a role in the dynamics of most barium cloud structures.
(This effect only makes the M-ratio discrepancy worse by effec-

PPt E
po, X & 5, 0 by Sf

tively lowering the background conductivity to 2.9 mho for
cloud structures.)

A similar comment applies to structures smaller than

I3

TeT A

400 meters and coupling to the conjugate ionosphere. Structure

el

NN

smaller than 400 meters would not be expected to significantly
couple to enhanced conductivity in the conjugate F-region

TR
2"
»

because of the bleed-off of current. The issue of whether

s

sizes larger than 400 meters couple depends upon the conductivity

WL
.

e ,
AT LS

of the intervening region as discussed earlier in this section.
It seems clear from the considerations of field line

[N 227
A 4

¥ »
v

resistance and the considerations of Table 5 that the dynamics

\
\
xi of the large scale JAN plasma cloud, which is of order 5 km .
{ across, should be influenced by conjugate conductivity. Con-

- 1.?"

ceivably it could even provide the necessary 10 mhos needed

v

ﬁ' to bring the M-ratio data into agreement.

S

D 2.6 CONJUGATE COUPLING AS A SIZE SELECTION MECHANISM

Ry

The previous section noted that coupling to regions

[
a
L 0]

of enhanced conductivity is a size dependent phenomenon.

Y S A ]
L' Y% 4

)

ﬁ In this section that point is emphasized to suggest that
? it provides a size selection mechanism which is in agreement

"l

with both qualitative and quantitative aspects of the data.

0y

? The previous section noted that larger size structures
ﬁ are capable of coupling to regions of enhunced conductivity
)

4

l- i
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e
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,3TA in the E-region and conjugate F-region whereas smaller
i‘” structures could not. The potential fields of the larger
?_L size structures are, consequently, shorted out and, thus,
;égi they tend to resist movement with the wind more than the
ff? smaller size structures. The smaller structures within the
éﬁ; large scale cloud tend to move out and create gradient drift
’*ﬁ structures. A breakpoint in structure behavior consequently
{Fﬁ exists at the largest structure size which does not couple
;éﬁ to enhanced plasma conductivity. Structures this size and
smaller would be expected to result from the gradient drift

N break-up of the cloud and they would be stable to further
fﬁ: bifurcation.
:EE The qualitative aspects of the mechanism are in agreement
{ » with observations of the structure size data made by Linson
?35 and Baxter (1977). They note that in a similar barium ion
}d: cloud, namely SPRUCE, structure sizes immediately after cloud
;E? bifurcation ranged from 100 to larger than 500 meters. They |
Le"a
‘ also note that 500 meter structures remained stable to further
=;£ bifurcation suggesting qualitative agreement. Quantitative
'f;; agreement is also suggested between the noted 500 meter size
fgii and the effective far-field distance to the conjugate.
1; Note that this sieve-like coupling mechanism of size

selection can operate in conjunction with other size selection

mechanisms such as diffusion and viscosity. The latter two

>
AT,

may produce other break points in the spectrum of structure
scale sizes at smaller sizes. The qualitative and guantitative
appeal of the sieving mechanisms suggests that further inves-

a;:v
P

n

tigation into its features is warranted.
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SECTION 3

JAN STRUCTURE SIZE

The nominal size of structures generated by the JAN
ion cloud is discussed in this section. There are three
sources of this data, namely, photographic, aircraft, and
electron density probe. Each has its own interpretational
problems, nevertheless they all tend to give consistent esti-
mates for structure sizes. Table 6 summarizes the estimates
from each data source. Some sources of data specify an outer
scale directly whereas others specify structure diameter. The
conversion factor between the two ranges from .3535 for top
hat structures (Kilb, 1984b) to 1/m for sinusoidal structures.
With either conversion factor there is general agreement between
the values in both columns. The following sections discuss each

of the size estimates in greater detail.

3.1 STRUCTURE SIZE FROM PHOTOGRAPHIC MEASUREMENTS

Three transparent prints of color photographs of the
JAN barium cloud were provided by Wallace Boquist of Tech-
nology International Corporation. The photographs were taken
from a site, A-105, which provided up-the-field line views
of many of the structures. By manually measuring the structure
dimension on the transparency and comparing to Az-Ef template
dimensions, (as generated in Prettie, 1982), structure size
estimates can be obtained. The principal difficulty in this
process is that on the film the structure dimensions are
very small and difficult to measure. The nominal structure
diameter from the 2343:44 (Release + 30 min.) photograph
has been measured to be 240 t+ 80 meters. On the photograph
this size corresponds tu .17 inches or less than half a milli-
meter emphasizing the measurement difficulty.
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Table 6. JAN structure sizes.

Estimated Size : )
Source Outer Scale Diameter 4

Optics 2343:44
Typical Structure Size - 240 * 80

JAN Pass 4 Aircraft data at 2333
Phase Perturbations FW HM - 160 - 400

P.s.d. Breakpoint 90* -

Rocket Data
Apparent Fluctuation Wavelength 60 - 72 -

* favored estimate
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There are many structures in the 2343:44 photograph
and most seem to have roughly the same 240m size. One inter-
esting feature is a larger parent structure in the process
of bifurcating into two structures. In this feature each
new structure appears to have a roughly 240 meter size, and
the two are separated by a roughly 240 meter low density
region apparently moving into the parent structure. This
feature demonstrates that in the JAN ion cloud 720m sized
structures are unstable to bifurcation. Apparently the 240
meter sized structures are stable because they are numerous
and no smaller structures are apparent on the film. Thus the
U-shaped structure size parameter is bracketed By the 240
meter and 720 meter diameter values.

With respect to the existence of smaller structures
there are other problems with photographic interpretation--
in addition to the measurement precision problem--that include
image blurring through motion, improper aspect, and film emul-
sion effects. Images may also be hidden by ion cloud shadowing
as some appear to be in the 2343:44 plcture. It is difficult
to assert from photographic data that structures with diameters
smaller than 200 meters don't exist. Nevertheless the presence
of many resolvable (but barely so) 240 meter sized structures

argues for a 240 meter structure size choice. "W,

3.2 STRUCTURE SIZE FROM AIRCRAFT DATA ..1
'Ry

Aircraft data is available from the ESL measurements
of satellite fading during JAN (Marshall et al., 1982). Back §
propagated phase measurements from JAN pass 4 at 2333 have
been successfuly obtained and are shown in Figure 9. The
phase perturbations observed are fairly weak leading to the

indication that only the highest and northernmost structures k
Bl
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W
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Figure 9. Phase of back propagated signal received at the
aircraft during JAN. (From Marshall et al., 1982.)
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ot were observed in this pass. This deficiency probably con-

2% tributed to the success of the back propagation and should

Efﬁ not overly limit the determination of structure size. :
Ko The abscissa of Figure 9 is in units of time which can ‘
‘iﬁf be converted to distance if the aircraft speed is known. Using

4 the distance to the S4 minimum of 342 %ilometers and the known

]

slant range to the cloud of about 240 kilometers the nominal

N

[/

i ﬁ aircraft speed of 200 meters per second may be improved

fé: yielding a value of 240 meters per second. This value may

. then be used to convert all time units to distance units.

ntt . .

; ﬁ Most of the observed small scale structure sizes in the
g'* observed phase data have full-width-at-half-maximum (FWHM)

W durations of less than 2 seconds and greater than 1 second.

-

.
-

-

Q

One feature located at origin plus 54 seconds has a rougly

2/3 second FWHM duration. This range of values implies struc-

»
)
ws ture sizes of typically less than 400 meters and greater than {
:Lﬂ 240 meters with one exceptional value of 160 meters.

Figure 10 shows the power spectral density of the phase
fluctuations' shown in Figure 9. A definitive breakpoint can
be seen in the data at a frequency of .425 Hz ¢+ .0l1. This

o

v R

x

frequency corresponds to a break wavelength of 565 meters and
an outer scale Lo (=r/27) of 90 meters. The size of structure
responsible for this breakpoint may be loosely estimated as a

-

-
.!\.4-

]

half wavelength or 280 meters. This value is nicely in line-

2P
[ S0 S O aN

with the structure size estimates from the phase data in

A
Figure 9.

1:3- Of the many sources of data the aircraft data probably
%ﬁé provides the most reliable structure size estimates. This
"%@ fact is true in spite of the problems associated with improper

. aircraft positioning (as in pass 4), distortions associated
?‘é with back propagation processing, uncertainties in ray path
"ﬁ: speeds through the structure and vagaries associated with
ﬁ% structure projections.
[
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In light of the fact that the U-shaped curve size selec-

tion model will be used to determine outer scales it is

(A
I appropriate to use the 90 meter outer scale value obtained ;:
§ from Figure 10 as the representative aircraft value. This EEE
b value is in good agreement with the values obtained from photo- %f
a graphs as discussed in the previous section and is not out of .
5 line with rocket data discussed in the following section. ;h
" 22
i 3.3 STRUCTURE SIZE FROM ROCKET MEASUREMENTS .?
“ Structure size data is available from the rocket pay- (?
, load measurements. Both the results of the electron density 3{
! probe measurement (Szuszczewicz et al., 1981) seen in Figure e
W 11 and the mass spectrometer measurement (Narcisi et al., gﬁ
f 1981) show identical plasma density structures. In this ¢
1 section the size of these structures is estimated. ﬁ'
? The density probe results of Figure 11 show structures ﬁx
E that have a wavelength of roughly 1.5-1.8 seconds. While Y
o peaks agd valleys are apparent with durations less than .75 }%
i seconds, they are accompanied by correspondingly longer valleys RN
ﬁ or peaks. The structure, thus, seems to be described by <
{ a fairly uniform wavelength. 3]
o The rocket speed across the striations is required _;

to convert time scale to a distance scale. Establishing

-,

a good estimate for this speed is the primary interpretational 2

(e &
£ & K

problem with this source of structure size data. It is known 'y

S

that the rocket traversed the cloud from the northern side

-
\e

of the cloud toward the southern side as it moved upward

k' in altitude. It is also known that the up-the-field component ;i:
] b
:; of the rocket motion is significantly larger than the cross- o8
; cloud motion. Quantitative values for this motion have not P
[N e
" been published yet although they may be available from photo- A
] .
\ graphic records made by T.I.C. For the purposes of this t.
.ﬁ report a crude guess for this speed can be made by assuming hot
' 3k
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FIGURE 4 AN EXPANDED VIEW OF THE BARIUM ION CLOUD DENSITY PROFILE AS
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MEASURED BY BASELINE ELECTRON CURR_ENTS. Absolute electron densities can
be estimated within an accuracy of + 32% (detailed analyses will yield * 10% or better)
by the conversion N, lcm'3] = 5,62 (1010) I; [amps].

Electron density measured by JAN rocket payload.
(From Szuszczewicz et al., 1981.)

Figure 11.
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- that the bulk of.the ion cloud has a 5 kilometer width as
'~ observed optically. From the data in Figure 11 the rocket

o

;3 is seen to cross this width in 20 seconds. The component
73 of the rocket velocity transverse to the striations is con-
)

sequently found to be 250 meters per second. Similar values

) have been obtained for the rocket trajectory across ESTHER
§ during STRESS (Linson and Baxter, 1978).
3 Under a 250 meter per second rocket velocity assumption
#
4 the structure wavelength of 1.5 to 1.8 seconds converts to
e 375 to 450 meters. Structure outer scales (A/2w) are con-
o sequently found to be 60 - 72 meters. Structure sizes may be
e, estimated as a half wavelength or 190 - 220 meters. These
K values are somewhat smaller than those implied by photographic
E and aircraft measurements, but are not so small as to be con-
‘I sidered to be in serious disagreement.
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A . SECTION 4
ﬁté DIFF

g USION CONSIDERATIONS
L
b{. In this section attention is focussed on obtaining
;“;. an estimate for the diffusion coefficient, D, in the U- ‘
i;% shaped curve relation {Equation (1) appearing in Section 1). ]
Eﬂ% The steep gradient fronts observed in the JAN rocket data ;
o serve as the primary experimental source for this estimate. l
*f In Section 4.1 the steep gradients observed in JAN are pre-
b b sented and compared with similar data from the ESTHER release
s‘ﬁ during STRESS. 1In Section 4.2 an analysis is made of the
iﬂ; gradients to determine a value for the diffusion constant.

"
s

4.1 COMPARISON OF GRADIENT LENGTHS MEASURED IN JAN AND ESTHER

»
»

'
'

"
?

:;& Section 3.3 discussed the electron density data available
! from the electron density probe measurements (Szuszczewicsz

e et al., 1981) made during JAN. 1In Figure 11 the density

ffs data measurement across the entire cloud is presented. Data
Eié with higher resolution is also available and, though its

:)' quality is marginal, inferences may be made about the gradient
N lengths of the steepened structures in JAN. 1In this section
?£ these lengthé are evaluated and compared with similar measure-

\
b
\
D
[}
.
b

ments made during the STRESS event ESTHER.

The density probe flown through JAN sampled the plasma
density at a 4 kilo sample per second rate. Portions of
the data resolved on a sample by sample basis are available
for this report. The data is of marginal quality, however

il

-,

g

because the portions are available only once a second and
have only a quarter second duration.

Figure 12 shows an example of the high resolution data
that is available. It shows a steep gradient front which
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i.’_ Figure 12. Steep density gradient observed in JAN. The
Ty abscissa units are samples (1/4 msec). The

. ordinate is directly proportional to density.

: (Plot obtained from raw data provided by
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is'fortuitously captured in the quarter second plot near

2344:50. In this plot a factor of 2 change in density occurs
S - 1in one-eighth of a second or, assuming the 250 meter second

y rocket speed suggested in Section 3.3 in a distance of 32
meters. Perhaps more surprising is that this feature seems

R to consist of two features one with a still steeper gradient.
aq'» At the steeper gradient the density appears to change at

hﬁ: the rate of e-folding every 25 meters.

?aﬁ Steep edges were also observed by the Utah State probe
e flown through the STRESS cloud ESTHER as seen in Figures

%5~ 13 and 14 from Kilb (1984). 1If one assumes an 800 meter

5$? per second velocity (as does Kilb, 1984) the edge dimension
?@? corresponds to e-folding in density every 16 meters in Figure
uAﬁ 13 and to e-folding every 8 meters in Figure 14.

‘E?‘ Table 7 summarizes this compariéoh between ESTHER and
iti JAN gradient lengths. The difference in the values is sur-
E;g prising especially in light of the higher ion-neutral slip
;?i speed believed to be appropriate for JAN (50 m/s vice 32

e m/s estimated for ESTHER (Linson and Baxter, 1978)). The
?:; differences in values could arise from any combination of

ﬁgj the following factors:

g:ﬁ 1. JAN structures are traversed where the ion neutral
i{“ slip speed is locally small (wind shear?) or where
3*3 the structures are poorly developed (near the leading

edge?).

2. ESTHER striations are steeper because they are

N TS
'

older (48 1/2 minutes vice 30 minutes for JAN).

4
.
.
P

”,
W
.

The assumed rocket velocity for JAN of 250 meters

S
& A, By 5y 4y 8,
282

per second is significantly in error (by as much :
as a factor of 2 too large) which implies that

-
Pt
-..
<.
- -

"

e

the measured structure sizes of Section 3.3 are
still smaller than estimated therein.
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4.2 ANALYSIS OF DENSITY GRADIENTS TO ESTIMATE THE DIFFUSION
PARAMETER
The effective diffusion constant plays an important
role in the U-shaped curve size selection relationship (Eq. 1).‘
Various cross-field diffusion mechanisms have been suggested,
and the range of diffusion constants that they predict covers
two orders of magnitude. An attempt to narrow this range
certainly seems to be warranted in order to reduce the uncer-
tainty in the U-shaped curve parameter, R, which results
from this report. One experimental source for the value
of the diffusion constant is the rocket probe measurements
of steep density gradients. Diffusion plays a strong role
in the establishment of these steep gradients and their
shape can reveal insights into the quantitative nature of
the diffusion process. 1In this section, an analysis of the
density gradients measured by the density probe flown
through JAN is presented.
Three processes could be responsible for plasma cross-
field diffusion, namely:

1) electron-neutral collisions
2) electron-ion collisions
3) enhanced electron diffusion due to coupling

The values for the diffusion constant from each mechanism

and their dependence upon plasma density are tabulated in

Table 8 and they are seen to range from 1.5 - 15 meters squared
per second. By comparison the unimpeded ion diffusion rate

is 150 mz/s. (This value has also been suggested for use

in the U-shaped curve relation.)

From the Table it is seen that for nominal barium cloud ;FQ
parameters the diffusion process is predicted to be dominated IﬂJ
Py¥a

by coupling effects. The coupling diffusion mechanism is ;&j
ReS

R
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effective provided that the electrostatic field of a structure
R; " can couple to a background region which has a spatially uniform
T;: integrated Pedersen conductivity. In developing the estimate
in Table 8 it is assumed that this background has 10% of
the structure's peak conductivity. The creation of images
ﬂy and plasma resistivity in the direction along the field lines
o may limit the coupling process. If this process is limited
¢i sufficiently, then diffusion of regions with densities greater
than 3 x 106 electrons per cc would be predicted to be domi-
e nated by electron-ion collision effects and lower densities
%g would be dominated by electron-neutral effects.
h The classical explanation for the steep edges found
( in barium cloud density profiles is that they are the result
2 of the higher density portions of the barium cloud tending
2 to move faster than the lower density regions. Except for
:g diffusion effects the flow of the plasma would be incompres-

sible, and infinitely steep gradients would be produced.
Diffusion limits the gradient s1ze because its component
X\ of flow increases with increases in the’ magnitude of the
> density gradient. An equilibrium state can consequently be
A defined as the balance between the steepening and diifusive

influences.
If certain assumptions are made regarding the balance

between steepening and diffusion then the rocket probe measure-
ments of the steep density profiles may be used to determine
diffusion coefficients. These assumptions are as follows:

1) The feature measured represents a feature that

At e e

is an equilibrium between wind driven steepening

h N

and diffusion.

. 2) The electrostatic field in the feature may be -
e, approximated as that which would result in the ;
o s . . . .

Cf wind driven edge of a radially symmetric cloud N
S with the same profile.
L5
o
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The first assumption is required in order to even approach
the problem. If it is a poor approximation because the edge
has not fully steepened, then the estimated diffusion constant
values will be too large. The second assumption is required
in order to get a grip on the steepening rate of the wind
driven flow. 1Its assumption is equivalent to assuming a
rocket trajectory through a feature similar to that shown
sketched in Figure 15a. If the trajectory is somewhat off
angle from the wind driven axis and is more like that shown
in Figure 15b, then the estimated diffusion constant values
will be larger than actual, but only by small factors accord-
ing to the secant of the off-angle.

An equilibrium of steepened contours implies that all
contours move with a constant speed. The speed of a density
contour along the axis of the wind, x, is given by nt/nx
(where n is the density and subscripts denote partial
differentiation), and, consequently,

D¢
o~ = constant (10)
X

provides a starting point for the analysis. The continuity
equation along this axis is to a good approximation given by

n, = ¢y n_ + (bnx)x (@ y =0) (11)
where ¢ is the electrostatic potential, D is the diffusion
constant and where the small contribution of (Dny)y has been
neglected. Equation (11) may be substituted into equation (10)
to give the cornerstone relationship

n
by = D 355 + D, = constant (12)
p'e

N

Using assumption 2) the value of ¢y may be estimated. Once
both ¢y and an estimate for the spatial dependence of the
plasma density n have been determined, the diffusion con-
stant may be estimated.
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Figure 15a. Assumed rocket trajectory through density contours.
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Figdre 15b. Off-axis trajectory through density contours. The '
density gradient measured is somewhat less than in l‘
Figure 15a. ;I
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The evaluation of ¢y is now considered in greater
depth.

Using the second assumption the potential function,
¢, may be evaluated in terms of the measured density profile.
The potential equation

Ve (nVp) = -V ny (13)

where V 1is the wind speed may be transformed with the assump-
tion that n is radially symmetric. Under this assumption
the potential ¢(x,y) is separable in circular coordi-

nates r, 6 and may be written as

¢(x,y) = ¢(r) sin(e) (14)
giving

bpe ¥ [2+ 2] 0, - H =- AV (15)
where A(r) = (1ln n(r))r

Equation (15) is a second order differential equation which
depends on the local density through the function A(r).
The function A(r) is zero whenever the density is constant
and in these cases the solution reverts to its homogeneous
solutions, r or 1/r. Over the region in which the density
has a non-zero gradien£ and A(r) is non-zero, the potential
is most easily solved for numerically.

The important quantity for the cornerstone relation (12)
is not the potential ¢ but is instead its y-derivative,
¢.. Once ¢ has been determined the value of ¢y is given

Yy
by

0, = 3 (16)

Note that ¢ is typically a smooth function even near steep
gradients and consequently ¢y is expected to be smooth.
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ﬁ” The data from the JAN rocket probe near 2344:50 as
( shown in Figure 12 has been digitized and used to estimate
gz the values of ¢Y. The density profile appears to consist
3 of two steepened diffusing features, one at higher density
S* and one at lower density. The digitization started near the
k' inflection point between these two features and then proceeded
! in such a manner to include only the lower density feature.
:$ The radius of the cloud at the first point in the digitized
H data has been assumed to correspond to a 150 meter radius in
< f line with the approximate breadth of this structure. The
Ei rocket velocity through the structure has been assuemed to be
Lo 250 meters per second, per the discussion in Section 3.3.
b The Runge-Kutta method sketched in item 25.5.20 of
$~ Abramowitz and Stegun (1970) has been used to find both homo-
fj geneous and particular solutions across the density gradient.
,3 The solutions have been combined to match a pure r-like
‘1 interior dependence and a pure l/r-like exterior dependence

in the potential equation. The wind speed has been chosen
such that the interior ion-neutral slip speed is 17 meters
per second. This is an important assumption because it is

3

related to the assumed M-ratio ar discussed in Section 5.
The value of ¢y which results from the calculation

K]
oy

LA

e
: for JAN, is shown in Figure 16. This value is also the nega-
. |
Ii tive of the x-component of the plasma velocity. Over the
D)
:2 26 meter interval of the calculation the x-directed velocity
; slows by nearly 5 meters per second and its magnitude is
} such that the expected steepening is produced. Figure 16
: represents the evaluation of the first term of the cornerstone
b: equation, eq. (12). Evaluation of the second and third terms
- from the data up to a diffusion related coefficient is also
5 possible.
;é Table 8 lists in the final column, the dependence of
- the diffusion terms on the measured density. By evaluating
%
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Bt
’ the density related terms agreement between the theoretical
;SQ " dependence given by equation (12) and the data can be inves-
) tigated. The diffusion constant can also be found.
ﬁxﬂ; Figures 17 through 19 show plots of the distance
;%s dependence of the following:
' :ﬁ 1) The density values used aft -r hand digitizationA
?%%% and smoothing. (Figure 17)

Ay 2) The first and second derivatives of density.
; (Figure 18)
‘§$3 3) The diffusion drivers listed in Table 8.

é%% (Figure 19)

o The lack of digital data necessitated hand-digitization.
ﬁﬂk} For evaluating second derivatives smoothing is very important.
::jj In Figure 19 it is seen that the curves are all similar
i}:j reflecting the fact that nxx/nx is the most important con-
o tributor to the diffusion driver terms. The electron-neutral
f;l dependence lies generally between that of the electron-ion
.;?f and coupling driven curves as would be intuitively expected.
QLE All the curves pass through zero near the middle of the
j; structure gradient providing a point at which the arbitrary
P constant of equation (12) may be straightforwardly evaluated.
‘ifj The erratic behavior of the curves near 22.5 meters is due
;iﬁ; to the first derivative of the smoothed data, in going slightly
33’) positive, passes through zero making nxx/nx indeterminate.
i:ﬁ@ The positive value for the final derivative is an artifact
Z‘%@ of the smoothing routine.
. fﬁ With the constant in equation (12) determined it is
'iﬁ3 possible to solve for the diffusion constant on a point-
] wise basis. The result is shown in Figure 20. Figure 20
#ﬂ& not only provides an estimate for the in situ diffusion con-
*%?' stant but it also provides an indication of which diffusion
b
o
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3; mechanism is operative. The degree to which the plotted
) data is constant reflects the accuracy of equation (12) and
}k the assumptions leading to it since the value of the implied
g diffusion rate at peak density, Dp should be constant.
N Based upon these observations, the plots of Figure 20 seem
' to point to the results that electron-neutral collisions :J
-f dominate the diffusion process and that the diffusion constant E
? has a value of roughly 3 meters squared per second. These ;
;} are the significant results of the diffusion analysis. :ﬁ
What is perhaps most surprising about the results is ,
,? the absence of zinhanced diffusion through coupling effects. i;
¢E One potential explanation for its absence is that enhanced %i
3 diffusion through coupling would tend to be more pronounced if
» near the lower density portion of the density profile and il
;G that in this region the data smoothing routine may have dis- RE
E torted some of the data. Nevertheless, visual inspection ki
‘} of the edge features of both JAN and ESTHER reveals the impres- ;
' sion that the second derivative of the density is much smaller e
r{ in magnitude near the top of the cloud than near the bottom. N
3% All of the edges appear smoother near the higher density \t
:ﬁ regions. This appearance argues more for the contrasting t:
b behavior predicted for the electron-ion collision diffusion »e
- mechanism than for the behavior produced by the coupling :&
;: mechanism of diffusion. The implication is that the stria- he
’; tions, whose edges are shown in Figures 12, 13, and 14 did r
;4 not couple to any noticeable background conductivity or that ?ﬁ
o the regions to which they did couple had very similar con- o
j ductivity profiles. ;:
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SECTION 5
RESULTS AND CONCLUSIONS

In the previous sections the parameters for the determi-
nation of the U-shaped curve proportionality ratio, R, have
been determined from experimental data. Section 5.1 combines
these results to estimate its value. This value is compared
with results derived from numerical simulation in Section 5.2.
Conclusions are then presented in Section 5.3.

5.1 U-SHAPED CURVE PARAMETER IMPLIED BY JAN DATA

In this section the results of the previous sections
are reviewed and discussed to provide justification and caveats
for the U~shaped curve proportionality constant results that
are presented in Table 9. Table 9 presents the values of
the R-ratio, that result from the data under different interpre-

tations of the M-ratio data.

In Section 2 the best estimate of the M-ratio of the
JAN structures is found to be 15. Other estimates are also
given as noted in Table 9. The estimate of 15 is based on
the assumption that the structures themselves do not couple
well to the conjugate ionosphere and that their dynamics and
correlation with the U-shaped curve should be reflective of
only the local background ionosphere. The estimate is arrived
at using phase data from the aircraft to determine the cloud
conductivity and using rocket data to determine the background
conductivity. The neutral density required for the conduc-
tivity calculation is evaluated from a standard atmospheric
model. Although deviations from the neutral density model
will cause significant changes in the conductivity values,
the M-ratio is insensitive to these changes because cloud and
background conductivity will be affected in approximately
the same manner. The primary source of error in this estimate

65
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N Table 9. U-Shaped curve parameters implied by JAN data.
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St . .
o M L, UD LdU/D Ry Ry Determination of M
5
E L
. 3 1,000 3,100 130 390 Coupling as determined
i from photographs
L assuming highly
i elliptical conductivity
o contours
bt
* 5 1,500 4,700 180 560 Coupling as determined
. from photograps assuming
ﬁf round contours
>
3@ 15 4,000 12,000 220* 680* Integration of Pedersen
> conductivity of local
by ionosphere
S 100 25,000 79,000 240 760 Observation of lack of
% enhanced diffusion with
{23 assumption that lack is
S caused by no background
L to couple to
o3 R = (L)l
e D/ (M+1)2
f} L = 90 meter break point scale length (k) or
) 280 meter diameter (d)
N
L
N U = 50 meters per second
‘:i D =3 —é—) t d second
?! = 3\4+1 /) meters squared per
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is the accuracy of the rocket data. Later estimates of the
rocket probe current-to-density conversion factor dictate
a 30% lower background conductivity value and a correspondingly
higher M-ratio.

A downward variation from the value of 15 is obtained
if the optics data is used as the source of the M-ratio. A
range of values is possible according to the ellipticity of
the high density regions of the structure as discussed in
Section 2. However, the optics data may not truly reflect
the appropriate M-ratio because the cloud as a whole may
couple to the conjugate ionosphere whereas the structures
themselves may not. Because of the time integrated nature
of the photographic M-ratio determination the structure
dynamics might be biased by the lower M-ratio cloud dynamics
at early times when conjugate coupling is a potentially signifi-
cant influence.

In Section 3 an estimate of the structure size is made.
From rocket, aircraft and photographic data the size of the
structures which result from bifurcations is estimated, to be
roughly 280 meters. The power spectra of the cloud features in
aircraft phase data is found to have an equivalent break point
at an inverse wavenumber of 90 meters. Either size may be used
in the determination of a U~shaped curve proportionality con-
stant R so long as once the choice is made it is recognized
that the curve derived describes the corresponding parameter.
For describing sizes relevant to propagation disturbances
it is probably more appropriate to use the inverse wavenumber
descriptor and for comparing to previous numerical simulations
the diameter is more appropriate. Both terms are used in
the R evaluations shown in Table 9.

In Section 4 an estimate of the diffusion coefficient
is produced from the rocket data. The measured density profiles
are assumed to result from a balance between diffusion and
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steepening and a diffusion constant of 3 meters squared per
second is found. In the analysis the steepening rate is
determined from the measured density profile, the measured
ion-neutral slip speed of the background, and the assumed
ion-neutral slip speed inside inside the structure that is
analyzed. Implicit in the interior slip speed assumption is
an assumption about the M~-ratio of this structure; that is,
in assuming the interior slip speed to be 17 m/s when the
background slip speed is 50 m/s an M-ratio of roughly 5 has
been effectively assumed in the analysis. If the M-ratio

of the measured structure differs from this value then the
steepening rate and consequently the derived diffusion both
require modification. Because the steepening rate depends
inversely upon M+l and because the diffusion constant depends
directly upon the steepening rate, the diffusion constant

- 4—"“.-"

for arbitrary M-ratio may be estimated as the 3 meter sgquared
per second value times the correction factor 6/(M+1), as
.indicated in the table notes.

Note that the above comments hint at one method to explain

Aele s

away the discrepancy between the derived value for D of 3

)

3 DR, i, b

-

A

meters squared per second and the theoretically predicted

value of D of 1 meter squared per second which is appropriate
for the structure's 170 km altitude. If the structure measured
by the rocket probe has an interior slip speed of 6 meters

=
ez &

p.

per second, as would be the case for M = 15, instead of
the assumed 17 meter per second value then the value D =1
meter squared per second is determined by the analysis of
Section 4.2 and the discrepancy disappears.

The R values that result from the analysis vary
modestly with the chosen M-ratio. 1In light of the comments
of Section 2.6 regarding the lack of coupling of smaller
scale potential variations to conjugate region conductivity
enhancements, it seems appropriate to favor the M = 15 choice
for R. This value for M also brings the measured and the
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- predicted electron-neutral diffusion coefficients in line.
.ﬁg " Thus Ry = 680 is the favored value. The implied result
l“‘ is thus, that structures with diameters such that R, < 680
%:f do not bifurcate and merely deform and diffuse. Structures

RN with larger diameters tend to decrease in size through
;y bifurcation or deformation until Rd is approximately equal
ﬁh to 680. This result is the fundamental conclusion of the ]
E&S JAN data analysis. '
‘ﬂ'i 5.2 COMPARISON WITH NUMERICAL RESULTS
% ' The value for R and LU/D at certain values of M
%% can be compared with numerical studies of gradient drift

: structuring in barium clouds. The general result of these
R comparisons is that the value of R derived from the JAN
}3‘ data is significantly larger than that derived from numerical
;}“ results.

! The classic work in the numerical simulation of U-shaped
{& curve behavior is that of McDonald et al. (1981). In this
{i: work the diffusion constant required to prevent a striation
za tip from structuring is found. Figure 21 shows a reproduction
;; of one of their results for an M = 5 striation. The initial
f:‘ structure in both cases has a 1 kilometer e-folding radius
;, and is driven by a 100 meter per second wind. 1In the right
;J hand panel of Figure 21, i.e., the 200 m2/s unstructured case,
b)) the radius of curvature of the steepened front appears to
1 be 1 kilometer. 1In the left hand panel whlch dlsplays results
}tﬁ with a 100 m2/s diffusion coefficient, the radius of curvature
. ; of structure tips appears to be roughly 500 meters. Both
A results thus point to a value of LdU/D of 1,000 where Ly
fﬁ is defined as an equivalent diameter equal to twice the
f{ﬁ radius of curvature. The implied value for Rd (not to be
D confused with McDonald et al.'s (1981) 'R' which in his
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{
terminology for LdU/D) is 110. This value is significantly 1
lower than that implied by the JAN data.

& The difficulty found in matching numerically derived ’
{5% barium cloud scale sizes to observed scale sizes is reflected 3
“i; in McDonald et al. (1981) by their appeal to Bohm diffusion :
;; as a source for enhanced diffusion. There is neither evidence !
f&.. for the existence of Bohm diffusion nor any theoretical indi- ;
gﬁ cation that it should exist in barium cloud striations. ?
g& One alternative source for the discrepancy is the nature i
. of the structuring which occurs in the results of McDonald
ixj et al. (1981). All of the structuring is of numerical origin \
’.} and results from grid limitations or inaccuracy in flow j
:f:‘ potential calculations. For the structured case in Figure 21 ]
the theoretical gradient length is of order of the cell size.

§': A conceivable explanation for the low value of R that is k

1' obtained is that structuring is occurring artifically and 3

i\?| at sizes dictated by the sampling mesh chosen; and thus, E
instability to structuring is indicated by the numerical

iﬁ& results at.sizes that in actuality might be stable.

o Numerical computations with better spatial resolution

;:* have been performed since the McDonald et al. (1981) publica-

:) tion. These calculations show that structures initially

ZQE smooth and having values of L4 U/D comparable or even a factor

5%: 3 greater than the structured case in the left-hand sice of

s Figure 21 do not bifurcate. There is some indication, however,

= that if the structures start above the U-shaped curve then

‘gal they will attempt to deform toward the curve as seen in

:Z&‘ Figure 22. Figure 22 presents the results of four high

::§ resolution calculations all performed with an initial M of

S*: 4. The trajectories of LdU/D in time are shown plotted

?2} on a U-shaped curve. The structure which started above

’?: LdU/D==3000 moved rapidly down while those two cases which

1 started below 500 initially moved rapidly upward. The
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4000 T
1 | 4.0000, 3282 @t = 0
y 4.0000, 3094 @t = 200
3000 T
1S
[ )]
?
£
3 J
a
[ }]
1
2 20004
8]
3
b 4
v 1
i e
M 4.0000, 1340 @t = 0
E % 4.0000, 1370 @ t = 150
‘és 1000 | 3.9996, 1315 @t = 1000
4.0000, 80 @t =
3.9110, 204 @t = 240
1 B < 4.0000, 32 @t =0
0 -+ —-1 3 8852, 119 @t =100
0 3.9 5.0
wvi-ratio

Figure 22. U-shaped curve trajectories taken by the structures
in four different numerical calculations. The structure
diameter is defined as the radius of the curvature of
the trailing edge times 2.
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o structure which started near LdU/D = 1000 moved first upward

;‘% but, after 150 seconds, turned around and moved slowly down-

t%ﬁ ward. These results, though not thoroughly conclusive, hint

A%:: at a possible U-shaped curve value of = 1000 and corresponding :
f\‘ R4 value of 110 in (perhaps coincidental) agreement with |
s the results of McDonald et al. (1981). This result is not ‘
’E completely conclusive because of the limited amount of data :
2‘? available at the larger sizes and the possible role of the :
’ varying aspect ratios of the initial structure. !

;Ti Similar calculations are currently being performed with !

33} random structure seeding the cloud. Thée result of these i
O calculations is that the LdU/D = 1000 case will deform and

W possibly bifurcate. On the surface this result gives further

Q weight to R % 100 as the numerically determined U-shaped

curve parameter.

AL

;ju In conclusion it appears that a potentially significant .
*&” discrepancy exists between the value for R as determined }
. by barium cloud data and the value determined by numerical

f:ﬁ simulations of gradient drift phenomena. This discrepancy

3& suggests other physical mechanisms such as viscosity may

DO play a role in size selection.

o 1
) ‘:':. 3
i l‘ 5.3 CONCLUSIONS

fIX An investigation of data from various experiments per-

3 - formed during PLACES event JAN has been undertaken with the

‘i: goal of determining the U-shaped curve parameter, R that

{i; best represents the data. Sources of data surveyed included

e the mass spectrometer (Narcisi et al., 1981) and electron

e density probe (Szuszczewicz et al., 1981) results from the

:z rocket experiment, backpropagated aircraft data (Marshall

Qi et al., 1982) and photographic data provided by Wallace :
;50 Boquist of Technology International Corporation.
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j; As a first step in evaluating the appropriate M-ratio
%& the barium and atomic ion mobility dependences on altitude
iﬂ is determined. From the mobility values and the mass spectro-
;ﬁ meter rocket measurements of ion deasity a value of 3.3 mho
" has been calculated in Section 2.2 to be the background heigat
lf integrated Pedersen conductivity. The calculation accounts
i§ for the varying composition of ion and background constituents.
a7 It should be noted that the 3.3 mho value may be in error
on the high side. Conservatively large values have been
) chosen for estimating the contribution of the background
;% ‘ conductivity above the rocket trajectory. Also Linson (1984)
iﬁ indicates that the mass spectrometer density data (Figures
4 and 5) may be too large by a factor of 1.33.
;ﬁ As a second step in evaluating the M-ratio the barium
10 cloud conductivity is estimated from aircraft total electron
;? content measurements. Using a straightforward model of the
propagation geometry and an estimate of the effective cloud
g; altitude from the rocket data the cloud conductivity is
}Fﬁ estimated to be approximately 50 mhos in Section 2.3.
Jﬁi From the conductivities of the background and the barium
) cloud an M-ratio of 15 is deduced. 1Investigations of the
;“ coupling parameters implied by photographic measurements
2 of cloud dynamics indicate an M-ratio of 3-5 is more appro-
%ﬁ priate. The discrepancy between the two values can be resolved
: if the coupling to the conjugate summer daytime ionosphere
‘§ﬁ can enhance the background conductivity by 7 mhos. An analysis
;$: of the parallel-to-perpendicular conductivity ratio indicates
By that such coupling is possible if the driven structure is
. larger than 500 meters. Smaller structures probably do not
it couple to the enhanced conductivity of the conjugate region.
2
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The preferred structure size suggested by JAN aircrait
data is a 90 meter breakpoint scale or a 280 meter diameter.
This value is fairly precise and is in acceptable agreement
with photographic and rocket data which are less precise.
Inherent difficulties associated with the measurement of the
small distances corresponding to structure sizes limit the
precision of the photographically determined value while the
lack of an accurate value for the compoaent of the rocket

[ W N N Y N

velocity transverse to the field limits the accuracy of the
structure size from the density probe.

Steep density gradients, 18 meters per e-fold, are
indicated by the JAN electron density probe data. These
gradient lengths are comparable to though somewhat larger
than those measured during the STRESS event ESTHER. An analy-
sis of one structure in the JAN rocket data which has a steep
gradient has been performed to estimate the magnitude and
mechanisms of plasma cross-field diffusion. It is found
that if the structure is assumed to have an ion-neutral slip
speed of 17 meters per second then the magnitude of the dif-
fusion coefficient is 3 meters squared per second. The dif-
fusion rate appears to be independent of electron density
suggesting electron-neutral collisions as the diffusion
mechanism.

The measured wind speed of 50 meters per second, the
structure size of 280 meters diameter, and the diffusion
coefficient of 3 meters squared per second (at an ion-neutral
slip speed of 17 meters per second) suggest that the U:shaped‘
curve constant, Rk appropriate for outer scale dimensions
is 220, while Rd' appropriate for diameters, is approximately
680 (Section 5). The value for, R, 1is fairly insensitive to
the value of M which results from the analysis because the
value of M enters into the U-shaped curve value R{((M-1/M+1)?)
Ln'nearly the same manner that it enters into the value of LU/D
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as determined by the data. This insensitivity is not surprising

1]

if it is accepted that the stability of a structure is dependent L
primarily upon the ratio of the two characteristic lengths in
the problem, namely the size of the structure and the gradient ‘;ﬁ
length of its steepened front. :
obtained from the JAN data is much

. 3
L St
b

q:
e

The value for R

: larger than the value gf Rd (¥ 100) indicated by numerical ﬁf
J simulation results. The discrepancy between the values Ny
N appears to be significant since an error in stable structure .*”
' sze, slip velocity or diffusion constant with a value of a ?;
ﬁ factor of 6-7 must be found to dispel the discrepancy. It if
G seems inconceivable that the largest stable size is amaller ik
) than 280 meters, and certainly not by a factor of two. Since }3
: the diffusion constant of 3m2/s which results from the analysis ‘.
:: is a high side estimate it seems difficult to accept that ﬁ;
3 it is a factor of three or more too low. Thus, it appears Eﬂ‘
i reasonable to suggest that another size selection mechanism ﬁj
may be operative in JAN. b
- The seiving mechanism is offered as one possible selec- Cf'
tion mechanism. The mechanism stabilizes structure sizes Ei
\ that are too small to couple to conjugate region conductivity 'i}
5 but that are larger than the stable size suggested by the i\‘
&7 coupled M-ratio. The problem with applying this mechanism i:'
% to JAN data would be explaining the presence of such steep :{
, density gradients as those observed. The steepened density ﬁﬁ

1

contours of uncoupled structures should be much more diffuse
than the gradient measured in JAN if the ion-neutral slip
were significantly decreased by seiving. It may be the case,

I N

i
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- e
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however, that the structures which remain after seiving are

-

>

fairly smooth and correspond to an unseeded numerical calcu-
lation. The ion neutral slip could still remain Lk.igh which

e

D
() )
p would maintain the steep gradients without necessitating §§¢
X . . )
X bifurcation. 20
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Yet another size selection mechanims which may be
advanced to explain the JAN structure size data is ion-ion
viscosity. Viscosity enters another length scale into the
problem that could limit structure bifurcation and result

in larger structure sizes.
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