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Outline of the Final Report

The research work, which has been accomplished at the Regis
College Research Center for AFGL contract F19628-80-C-0016, includes
(1) adaptive procedures to correct ionospheric variability in time
delay and range error measurements of radio waves (2) seasonal and
diurnal studies of total electron contents (TEC) at Ascension Island
(3) effects of ionospheric modification caused by high power, HF radio
waves (4) Faraday polarization fluctuations (FPF) of satellite signals
in transionospheric propagation.

Multiplicative and additive prediction functions are used
as adaptive procedures to correct ionospheric variability in time delay
and range error measurements of radio waves. The adaptive algorithms
employ real time measurements to reduce rms errors in ionospheric pre-
dictions. It is found that significant reductions in rms errors are
achieved in daytime, at solar maximum, when time delay and range errors
are greatest, using a multiplicative prediction function.

TEC data recorded at Ascension Island from September 22,1978
through December 21,1980 have been analyzed, displaying two character-
istic features of the night-time ionosphere. They are (1) a post-
sunset enhancement which lasts for several hours, and follows a rapid

-decrease unattributable to the usual ionospheric decay processes, and
(2) the sudden sharp changes in the TEC along the ray path of satellite
signals, that are often superimposed on those enhancements and, to a
lesser degree, on the subsequent normal night-time ionosphere. F layer
dynamo theory and generation of ionospheric bubbles are invoked to in-
terpret these observations.

Many unexpected, nonlinear plasma processes can be triggered
in the ionosphere by a powerful, HF radio wave near the F peak. Selec-
ted for studies are the following: ion line enhancement, the excitation
of upper hybrid modes or field-aligned plasma lines, and the induced
field-aligned ionospheric irregularities with a broad scale-length
range. Various parametric instabilities are responsible for these
phenomena. Beating current at zero frequency is also an important
nonlinearity in producing field-aligned high-frequency modes (upper
hybrid waves) and large-scale non-oscillatory modes (irregularities)
in addition to the differential Ohmic heating force and the nonlinear
Lorentz force. In the analysis of non-oscillatory modes, it is more
reasonable to employ four-wave than to use three-wave interaction
process. A criterion has been established, allowing the excitation
of upper hybrid waves by radio waves with ordinary rather than ex-
traordinary polarization. Ionospheric inhomogeneity can be shown to
impede generally the excitation of plasma instabilities and consequent-
ly suppress the growth of the induced ionospheric irregularities. The
thresholds of various parametric instabilities concerned are rather
low as compared to the power typically used in the ionospheric heating
experiments,

Faraday polarization fluctuations (FPF) of beacon satellite
signals origin in the differential phase shift and the differential
changes in logarithmic amplitudes of ordinary and extraordinary modes
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when a linearly polarized radio wave propagates in a birefringent
medfum (i.e., the ionosphere). FPF has been observed for signals
transmitted from either low-flying orbitting satellites or geosta-
tionary satellites in the HF and VHF bands. Ionospheric irregularities
are identified to be the scatterers of satellite signals in trans-
ionospheric propagation, that lead to the FPF. Ionospheric irregu-
larities of power-law type and quasi-Caussian type correspond res-
pectively to the early phase and the late phase of ionospheric distur-
bances. It is shown that power-law type irregularities can cause the
FPF of satellite signals with frequencies up to, approximately,

250 MHz under the typical ionospheric conditions at Ascension Island.
In contrast, Gaussian type irregularities can only effect the HF
satellite signals, e.g., 20 MHz. Although the saturation of amplitude
scintillation of radio waves is due to the multi-scattering process,
it 1s accurate enough to use the single-scattering process to describe
the physics of FPF even in the VHF band.
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Time cells for adaptive prediction of total electron content

D. E. Donatelli

Regis Coliege Research Center, Weston, Massachuseis 02193

R. S. Allen

Air Force Geophysics Laboraiory, Hanscom Air Force Base, Massachusetts 01731

(Received March 20. 1980, revised October 2, 1980, accepted October 6, 1980.)

Adaptive procedures, asing muhiplicative and additive prediction functions of the standard deviation
of the observations. are analyred 10 estimate and compare their effectiveness in correcting for
ionospheric variability in time delay and range measurements. The adaptive algorithms use real
time measurements to reduce rms errors in ionospheric predictions. Total eleciron content data
from Hamilton, Massachusetts, for 1969-1976 are used to evaluate diurnal, seasonsl, and solar
cycle impact on radar, nmavigation, and communication systems. Time cells are defined from the
growth rate of rms residual ervor. Significant reductions in rms error are achieved in daytime,
at solar maximum, when time delay and range errors are greatest, using & multiplicative prediction

fuactios.

INTRODUCTION

The potential precision of radar, navigation, and
communication systems may be increased through
advances in device technology, but daily variability
of the ionosphere continues to be a constraint on
achievable system performance. Numerical maps
that provide monthly median correction for iono-
spheric effects have been derived from a worldwide
climatology of ionospheric parameters; their use
alone reduces the monthly rms residual error to
about 20-25% of the median correction in daytime
and 30-35% at night [Dulong, 1977]. Many preci-
sion systems csnnot tolerate the individual depar-
tures of 50-200% that are averaged away in monthly
statistics. For these systems, adaptive prediction
algorithms are presented using field measurements
to provide real time correction of ionospheric ef-
fects.

The local ionosphere in a system coverage area
may be monitored through measurements of iono-
spheric parameters, such as the critical frequency
of the F region (fOF2), total electron contect (TEC),
the gradient in the lower F region, or through
measurements derived from the system itself.
Since some system users may not have the capability
of implementing the computer models based on
worldwide climatology, they may use locally moni-
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tored TEC or fOF2 to estimate monthly median
behavior and short-term persistence effects by pro-
ducing means of several days to predict the subse-
quent hourly, daily, and weekly response of their
system to the current state of the ionosphere.
Adaptive prediction algorithms have been exam-
ined using fOF2 data {Wilkinson, 1979] and TEC
data [Donatelli and Allen, 1978; Leitinger et al.,
1978; Donatelliand Allen, 1979] . These include TEC
as derived from measurements of Doppler shift
using passes of the Navy Navigation Satellites
(NNSS) and from Faraday rotation measurements
using VHF beacons from geostationary satellites.
The procedures apply to any type of synoptic data,
and rely on a reasonable prediction of the monthly
mean of the observations, the standard deviation,
and an assumption on the correlation of the ob-
servations in the time cell being considered. Two
basic approaches will be comparatively analyzed:
the first is a multiplicative prediction function, and
the second, an additive prediction function. The
second approach has been analyzed in detail by
Gautier and Zacharisen [1965] with respect to f0F2
data and by DaRosa (1974] with respect to TEC.
An evaluation of an adaptive procedure using a
multiplicative function to update a monthly mean
refraction correction with real time measurements
of TEC is presented here. The tempora! growth
of the rms residual error, within a time cell extending

The U.8. Government is suthorized to reproduce and sell this report.
Pormimion for further reproduction by others must be obtained from
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262 DONATELLI AND ALLEN

from a reference time with residual error defined
as zero. to an upper limit defined to lie within the
error budget of a particular system, is examined.

The ionospheric time delay of a radio wave is
directly proportional to the electron coatent along
the ray path, such that the results presented here
in TEC may be translated by the user to system
parameters as follows:

Time delay [Davies, 1966]:
40.3
AT = —— < TEC (sec)
o
Range error:
40.3
AR = cAT = —F x TEC (m)

where f is the frequeacy of the radio signal in
megabertz, ¢ is the speed of light in a vacuum
in meters per second, and TEC is in units of
electrons per square meter times 10'.

ANALYSIS

The basis for the procedure is the assumption
that major components of daily variability in the
ionosphere can be described as large-scale, {arge-
magnitude, slowly varying fluctuations and are,
therefore, reasonably correlated in time. These
fluctuations result from daily variables such as solar
activity, magnetic activity, lunar tides, neutral winds
that could produce multiplicative or additive effects
on the ionosphere. The rms error using the adaptive
procedure is

2

(0, -p)’
X @ —

N O

by expanding

2z

X: =, + 1 +—(P]-20,P)

N
where O, is the observation at the time when the
corvection is applied, P, is the prediction at the
time of correction using the observation from the
reference time, o, is the standard deviation of the
observations:

3
ol= (Z/NKO, - ) = ;0.‘ -

N is the number of observations, and ¢ is the time

4

e w

B I U i e s i e e o R i S
R T A L

of the applied correction. The predicted value is
defined by the function being considered, i.e.,

Case |, multiplicative function:

0,

P =a,—u, Q2a)
(T
Case 2, additive function:
P, =, + az(ovo - “'o) (2b)

where u is the observed mean, ¢, is the reference
time, and a, and a4, are constants to be determined.
Substituting for P, in (1), the residual error is:

Case 1:
uz
2 b 2 2 e 2 2
X, =0, +p, +a,~7(,+nr,)
‘o

M,
- 2‘( - (otcmpl + ”I“’lo) (30)

W

Case 2:
x; =0} + a;0}, - 2a,0,0,,p, (3b)
where p, is the correlation coefficient:
- 2(0, - 1, X0, - 1)
(G0, - 1) 50, ~ )"

bk, (20.0., l)
o0, \Npp,

P

Differentiating x, with respect to a, and a,, setting
equal to zero, and solving for a4, and a,

Case 1:
olap, +u
" el v
Case 2:

[
"8,
where a, and 3, are defined as

a;

o, 1,
o =—2

"'lo o,
U,o

8 =—
a,

By substituting for ¢, and a, in (3a) and (3b),
respectively, the minima for x, are obtained:
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Case 1:
2 - 2
ﬁ-«t{n-»h%} (4a)
o,a, +u,
Case 2:
x; =0.(1-p}) 4b)

Equation (4b) is the result obtained by Gautier and
Zacharisen [1965). Equation (4a) reduces to (4b)
ifa, = p,.

Toreduce the average monthly residual error such
that x, = co,, where c is the degree of reduction
desired, the implied condition for case . is:

2
l-of+(a.-p.)’( Lt ,)s ¢ (5a)
(7Y ulo
which, for a, = p,, reduces to the condition for
case 2:

1-p}sc’ (5b)

If a, # p,, the quality of the prediction degrades
proportional to the difference between a, and p,.

To minimize the error, the correlation coefficient
must be known. If p, is not known, a, and a, cannot
be defined. Therefore, to provide an operational
definition for P,, a, and a, in (24) and (2b) are
arbitrarily set equal to one. Then (3a4) and (3b)
can be written as

Case I:

X' =0} [l -p} + (a,-p,)’) (6a)

Case 2:

Xf -012“ - 912"' (Bl - pl)zl (6b)

Comparing (6a) with (4a) and (6b) with (4b) it is
seen that in case 1, x; increases by elimination
of the factor (u))/(o; + n.) in the third term
of (4a), and case 2 increases by addition of a third
term, (B, — p,)’. The limiting condition for case
lis

1-pl+(a,=-p)sc M
which defines limits for a, and p,:
a,sp,x [p}-(-c)'" (8)

Since a, is always real and positive, the condition
p? = 1 = ¢* = 0 must always be satisfied. By
definition, ¢ < 1; therefore 0 < a, < 2p,. (The
analysis for case 2 is identical to case 1 with B,
substituted for a,.) For example, if ¢ = 0.5, which
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implied a 50% reduction in residual error, p, =
0.866 is required. However, if p, = 0.5, a reduction
in residual error of more than 10% is possible if
a,B,) ~op,.

The TEC data used to evaluate this procedure
were reduced from measurements of the Faraday
rotation of signals from the beacon of the ATS
3 geostationary satellite observed at Hamilton,
Massachusetts, during the 1969-1976 period cover-
ing the maximum and minimum of the last solar
cycle. The location of the 420-km subionosphere
point [Titheridge, 1972] along the ray path from
Hamilton is 39°N, 289°E. These data provide a
basis for evaluation of average solar cycle behavior,
since this solar cycle closely approximates the
average of the past 20 solar cycles with R, = 100,
§ = 155 at maximum, and R, = 10, § = 71 at
minimum, where R, and § are the 12-month running
mean sunspot number and solar flux at 2800 Mhz,
respectively. To estimate TEC for other values of
R, (or ), it is possible to interpolate to a reasonable
approximation by assuming a linear relationship
between R, (or §) and TEC [DuLong, 1977].

By using the definition of «, and setting p, =
1, the potential of an adaptive procedure using a
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Fig. 1. Diurnal curves of percentage standard deviation in
TEC for the months of January, April, July, and October 1969
at Hamilton, Massachusetts.
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Fig. 2. Same as for Figure 1 but for 1975.

multiplicative function can be estimated with
knowledge of the percentage standard deviatioa for
the reference time and the time of applied correction
(6a). This percentage was calculated for each moath
of data and is shown in Figures 1 and 2 for the
months of January, April, July, and October 1969
and 1975, respectively, represeating diurnal, sea-
sonal, and solar cycle effects.

The growth of the percentage error in time at
any location may be estimated by taking progressive
ratios along the curve from some choice of reference
time on that curve. When a, = ¢, the limit of a
time cell is defined, since the residual error will
then equal the monthly mean error.

One of the limitations on time cell extent, apparent
from these curves, is that large errors may be
generated whea a scaling factor from nighttime is
used across the sunrise terminator to adapt daytime
predictions. This has a greater effect at solar mini-
mum, since the percentage variability fluctuates
more radically at this time, a reflection of the lower
mean values at solar minimum where a small abso-
lute variation in TEC will produce a large percentage
variation, particularly at nighttime. In general, ex-
tended time cells are possible at solar mar num
but must be greatly reduced * enlar r _ aum.
However, the remaining variabwsrv ia .. C units

._g‘,_a CVREE NPT S W, WP Yu G W S Uy

((electrons/m*) x 10'), x,, is still less at solar
minimum.

When an additive function is considered, the
poteatial of the adaptive technique may be estimated
using Figures 3 and 4. These are the curves for
the standard deviation in TEC units corresponding
to the percentage curves of Figures | and 2. Again,
the process is considered for p = 1, where the
error y, is defined by (6b), and is estimated in TEC
units by taking ratios between points, analogous
to Figures 1 and 2. From these figures it appears
that additive functions may well describe nighttime
and solar minimum conditions but would be less
descriptive of daytime conditions at solar maximum.

RESULTS

Since the ionospheric impact on systems is most
severe in daytime, at solar maximum, the adaptive
procedure applying a multiplicative function is ex-
amined using the assumption that within the data
base the correlation is expected to monotonically
decrease to zero with time, and negative correlation
is not considered. The procedure is initiated by
obtaining a measurement of TEC at reference time
0,,» determining 8 scaling factor from the ratio

s
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Fig. 3. Diurnal curves of standard deviation in TEC for the
months of January, April, July. and October 1969 at Hamilton,
Massachusetts.
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Fig. 4. Same as for Figure 3 but for 1975.

of the observation to the baseline prediction for
the reference point M, and scaling the baseline
map for a succeeding time period. The adapted
prediction P, at a later time is then P, =
W, /M, )M,, where M, is the baseline prediction
at the later time. As noted previously, the actual
monthly mean is used for the baseline prediction
to remove any model dependent error from the
ensuing results. Thus from case 1, P, = (O, /i, 1., .

The TEC data are reduced at 15-min intervals.
The adapted prediction is applied at these intervals
over several hours. Comparisons are made with
the corresponding observations and the rms error
X, is computed each month at each 15-min increment
from the same reference times each day. The results
for January 1969 are presented in Figure 5, including
a comparison of results using the actual monthly
mean, Figure (5a), and a model predicted mean
based on ionospheric climatology (Barghausen et
al., 1969], Figure 5b. The outer scale on the figures
is the mean and is 4 times greater than the inner
scale, which is the standard deviation with respect
to the mean and the rms error of the adapted
prediction with respect to the observations. Al-
though there is up to 20% difference between the
predicted and the observed mean, the standard
deviation with respect to each mean is comparable,

a. PO
F PN NP e

indicating that without adaption, the monthly cli-
matology prediction is as useful as the mean itself.

Tbe growth of the rms error of the adapted
prediction x, is described by the thin lines originat-
ing at 2-hr intervals, with x, = 0. In(5a), x, extends
in time from ¢ = ¢;t0 1 = ¢, + 3 hr; in (5b),
from ¢ = 1,10 1 = ¢, + 12 hrs. The scaling factor
has been determined by the observation at 1 = ¢,
and held constant over the 3- and 12-hr time celi;
only the scaling of the mean u, and the predicted
mean M, is progressed with time (Figures 5a and
5b, respectively).

The dashed lines define the residual error for
a 3-hr time cell (x,,.,,) and indicate that a scaling
factor that is 3 br old is useful throughout the
daytime hours, unless it was determined prior to
sunrise and used thereafter. The difference between
X.o+34 10 (5@) and (5b) is the model dependent error.
most evident in the sunrise area. Comparing these
curves with the standard deviation of the observed
o, and predicted mean S, it is apparent that the
time cell in which the adapted prediction is useful
is bound by the reference time on one end and
the succeeding solar terminator on the other.

An analysis of yx, for case 1, showing the effect
of the model bias, can be found in appendix A;
Gautier and Zacharisen [1965] have presented an
equivalent analysis for case 2. It has been assumed
that the data follows a normal distribution. In reality,
however, it is somewhat skewed toward higher
values in daytime, such that a model that predicts
a slightly greater mean than that observed will often
succeed in reducing the monthly variance at that
time.

The performance of this adaptive technique is
summarized in Table } using the archive data of
TEC from Hamiiton, Massachusetts, for 1969
through 1976. The daytime and nighttime maxima
of the mean, standard deviation, and three time
cells, averaged over season, at both solar maximum
and minimum, in TEC units, (electrons/m?) x 10'*,
are compared. The table shows that an adapted
prediction can reduce the residual error, on average,
by 60% in a 1-hr time cell and still as much as
30% in a 3-hr time cell for daytime solar maximum.
Detailed results may be found in DuLong [1977].

The time cell is theoretically determined by the
correlation time of fluctuations in TEC. Since the
basic data for this study were reduced at 15-min
intervals, fluctuations with periods less than 30 min
are not observable. Their amplitude is assumed to
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Fig. 5. (a) Comparison in TEC for January 1969 at Hamilton, Massachusetts, of the cbserved mean, standard
deviation, rms error of a 3-hr time cell, and error growth in time using an adapted prediction up to 3
hrs after a reference time. (5) Similar to Sa but using a model prediction of mean TEC. The error growth
in time using the adapted prediction is shown for 12 hr after the reference time.

be much smaller than the longer-period variations
that are being tracked here. The present simple
adaptive technique, predicting a persistence of 15
min to 3 hr, tends to mitigate against just those
long-period TEC variations, which seem to be a
major component at solar maximum, with a residual
of the same absolute magnitude as the residual at
solar minimum. This suggests that short-period
variations of TEC predominate at solar minimum
and are still present with comparabl: amplitude at

solar maximum, masked by the characteristic
larger-scale vanations.

During sunrise and sunset periods, the effects
of production and loss create gradients that domi-
nate all other fluctuations. Similar gradients occur
during magnetic disturbance, particularly in the
region of the auroral zone and the trough in high
and mid-latitudes. The rate at which these changes
occur should determine the time cells for these
periods. This i5 illustrated in Figure 6. In Figure
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E‘ TABLE I. Summary of effectiveness of various time cells in reducing prediction error.

ij. Winter Vernal Equinox Summer Autumnal Equinox

g Day Night Day Night Day Night Day Night

ar Solar Maximum (R, = 110; § = 155)

N ", M4 57 4438 8.2 25.4 8.2 41.1 6.7

\._ o, 6.0 1.8 7.8 2.5 4.0 22 1.8 2.2

% Xuge 30 40 L5 45 1.5 27 L5 4.0 1.8

¥ Xege 1n 2.2 1.0 25 1.0 1.6 1.2 1.6 0.7
Xege 30m 1.8 0.6 1.5 0.6 1.2 0.6 13 0.6

Solar Minimwm (R, = 10; § = 71)

M, 10.5 1.5 10.5 1.5 9.0 2.1 11.2 2.1
o, 1.8 0.6 2.5 0.6 1.5 0.5 1.5 0.6
Xap= 3 1.8 0.9 2.1 0.5 1.5 0.5 21 0.6
Xogo 1h 1.2 0.3 1.2 0.! 0.6 0.3 1.2 0.3
Xege 300m 0.9 0.1 0.6 0.1 04 0.1 0.6 0.1

Symbols represent the following, in TEC units: u,. the mean value of TEC; o,, the rms deviation of TEC from the mean,
representing day-to-day variability of the ionosphere; x, .,,. the residual error using an adapted prediction in 2 3-hr time cell;
X 1> the residual error using an edapted prediction in a 1-hr time cell; x,,, s the residual error using an adapted prediction

in a 30-min time cell.

(6a) the observed TEC for the day O, is compared
with the prediction for the month u, and the adapt-
ed prediction for a 30-min time cell, P, ,,,, and
a 3-hr time cell, P, ,,. The differeuce between

90 L | T T

[ .3

MARCH 8, 1970
HAMIL TON

70
60
80
40

30

TEC (EL/m%:10')

20

40

30

20

RESIDUAL ERROR (TEC)

LOCAL TIME

Fig. 6. () TEC on a magnetically disturbed day compared
to the observed TEC. the mean. and the adapied predicuions
for the day using 30-min and 3-hr time cells. (b) Residual error
in TEC using the predictions of 6a for the day.

the observed TEC and the predictions in each case
are shown in Figure (6b). The error using the 3-hr
timecell |0, ,,, ~ P, ,,,|is equivalentin magnitude
to that using the monthly mean |0, ~ u,|, but
large excursions have been introduced at time
periods when they would otherwise not exist. The
adapted prediction using a 30-min time cell, P, ...
provides a 60% reduction in the maximum error
despite the steep gradients in TEC on this disturbed

day.

CONCLUSION

When using adapted predictions, it must first be
determined whether the dominant features are de-
scribed by additive or multiplicative functions. For
instance, for a system propagating through the
auroral region, large changes of TEC related to
precipitating particles may be dominant sources of
error that are best treated as additions to a back-
ground ionosphere, whereas for a system at mid-
latitude, large changes of TEC related to changes
in neutral composition might best be treated as a
multiple of the expected ionosphere. From this
analysis it was shown that the rms error using an
additive function is dependent on the absolute
difference in the standard deviation of the two points
under consideration. For the multiplicative function
the absolute difference in percentage standard de-
viation with respect to the mean is the relevant
parameter. Examination of these parameters indi-
cated that for the solar maximum period, when
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the ionospheric impact on systems is most severe,
multiplicative fuactions best describe the dominant
features. An evaluation for an adaptive procedure
that corrects for these features has beea presented.
The procedure is successful if the condition 1 =
p, > (a,/2) = 0 exists, where p, is the correlative
coefficient at the time of applied correction and
a, is the ratio of the percentage rms deviation at
the reference time to that at the time of applied
correction.

In daytime an improvement of 50% is readily
achievable, at solar maximum within a 3-hr time
cell and at solar minimum within a 1-hr time cell.
At nighttime, the percentage rms deviation is usually
greater than daytime, but the absolute deviation
is less; therefore the need for correction is not
as critical. However, if adapted predictions are
used, a scaling factor obtained at nighttime should
not be projected across the sunrise terminator, as
the rapid change in percentage rms deviation during
the sunrise growth period introduces errors. The
sunset decay period is less critical, since the per-
centage deviation usually increases at nighttime.
This implies that a, would then decrease, allowing
a greater range for p,, thereby increasing the proba-
bility that the requirement p, > (a,/2) will be met.

It is seen that time cells with an extent of several
hours are operationally useful at solar maximum.
At solar minimum the absolute value of the rms
deviation is low; therefore the need for correction
is again less critical. For example, the residual error,
using a |-hr time cell at solar maximum, is equivalent
to the average monthly variance at solar minimum,
indicating the adaptive procedure succeeds in re-
ducing the error at solar maximum to the lower
impact solar minimum levels.

APPENDIX A

For actual system use, the monthly mean iono-
spheric behavior would be predicted by a numerical
model derived from worldwide climatology. Any
model has some inherent bias, which may have
little consequence on rms error when the primary
concern is predicting the mean behavior; but, as
shown in Figure 5(b), this bias can affect the
adaptive procedure. The following derivation will
provide some perspective on the import of this bias.

The rms error is defined as

x‘-i(o - Py (A1)
' N ’ ']

where P, is the prediction of the adaptive procedure.
For the case of a multiplicative function

0.,
P=—M, (A2)
‘o
where M is the mean as predicted by the model
and the subscripts ¢, and ¢ denote the reference
time and the time of applied correction, respec-
tively. Substituted in (Al) and expanded in terms
of o,, o, and p,, thea
M,
Xi=a +p]+—(Oh + 1)
o

M,
~2— (clclopl + “'0“') (AJ)

to
Now defining the model bias B such that
M,

‘o
B, =—

Ko
M,

B, =—

By
and substituting B, and B,, the results analogous
to (6) are

B 1
T IR
X c{ ] B'ou ]
. B 2
+u,’(l-;4) (A®)

It can be seen immediately that if B, = B, , that
is, if the model bias does not vary between the
times being considered, use of the model will be
as effective as the use of the observed mean in
the adaptive procedure. However, empirical models
are biased by their data base, implying preferred
times when the bias is less variable, and therefore
of less importance.
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INTRODUCTION

Over the past decade thare has been a gynthesis in the understanding of nighttime processes in the
equatorial ionsphere using contributions rrom such varied cbaervational technigues as incoherent radar
backscatter, radio scintillations, optical emissions and in-sita, measurements (Basu and Relly, 1979;
Fejer and Kelly, 1980 and referencestherein). Oonsiderations from asroncmy, plasma physics and
maerical similations (Ossakow et al, 1979) illustrate, to a larger extant, the unity of the diverse
cbservations. Utilizing the fact that most of the contribution to TEC comes from the vicinity of the
F-regionpeak, TEC cbservations are able to contribute to presant understanding of the equatorial

mggntmmi%nsptmhubamcmdnmlymimmdformwmﬁmmm
(Ion. 15 W., lat.g 8..) through measurements of total electron content (TBEC) using the Paraday
mumofmmummmmﬂmuuluusmo Two characteristic features of
the nighttime ionosphere will be discussed heye: a post-sunset enhancemsnt which lasts for several
hours, and follows a rapid sunset decrease unattributable to the usual ionospheric decay processes;
and the sudden sharp changes in the electron content along the ray path that are often syperimposed
on these enhancements and, to a lessexr degree, an the subsequent "normal” nighttime ionosphere.

Similar measuremants have been used previously in the equatorial region. Hunter (1969) in Nairobi
and Koster (1972) in Ghana have reported: raspid sunset decreases in Faraday rotation, primarily
amphasized in the Chana data; and post-sunset enhancemants which may equal or exceed daytime levels,
greatly emphasized in the Nairobi cbeervations.

The sudden, sharp variations, to be defined here as superimposed “"structures”, are most often seen
as depletions in TEC. Similar features are shown by Tsunoda and Towle (1979) to be associated with
radar backscatter plumes. Kaushika and de Mandonca (1974) and Aarons and Vhitney (1980) have shown
that sharp variations in TEC are coincident with scintillation patches. Yeh et al., (1979) tie
g these structures to F-region depletions measured by in-situ probes and the plasma "bubbles” of
theoretical studies. The variation in occurence of thse structures, both seasonally and diurnally,
. within the 27 months of ocheervations are examined here.

| CBSERVATIONS

The data base for this study consists of over two years of continous measurewents of TEC, from
Septamber 22, 1978 through Decamber 21, 1980. The ray path to the SIRIO satellite from Ascension Island
is directly north at an elevation angle of 800, A schematic representation of the geographic and
magnetic relationships is shown in figure 1. It is seen that field-aligned, plasma density structures
in the P-region that cross this ray path mep to altitudes of 600 to 1000 km. above the magnetic
equator. The cbeervation period is near the mmdmum of the pressnt solar cycle; topside density
measurements in the evening sector over ths Atlantic Ocean nsar the maximm of the last solar cycle at
altitodes greater than 600 km, (Burke et al, 1979), suggest that TEC measurements should be highly
structured at Asosnsion Island,

Pigures 2 and 3 contain examples nigmtim'm:naf\mt.imofm.m\nmmngdauymd
ssasonal variability. Data from figure 2 (3) come from five (six) oonsecutive days near the June
(Descsmber) solstice. Iaaldmhgl"rbyaum Ground sunset occurs at about 1845UT (1915UT) .
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The examples of figure 3 are from December 1980. Unlike June, the atypical case is the night
{Decarber 18) of no superimposed structure or scintillation activity. On all other evenings there

structures appear as early as 2100 UT (Decerber 13 and 17) or as late as 0100 UT (December 16). The
first structure tends to have sharp boundaries in time. Structures appearing thereafter are less
distinctly bounded, suggesting either a decay process or the existence of two or more structures
long tha ray path.

In the exarples presented her®,TEC could be measured continuocusly throughout the day including the
rapidly changing evening periods. This is not always the case. On many evenings in September
throuch March pariod, fluctuations in Faraday rotation occur so rapidly that the polarization angle,
and thareby EC, are indeterminate. This occcurs most often with the first appsarance of structure,
infrequantly in the late night period.

The nocturnal and ssasonal variabllity are summarized in the histocyame of figure 4. Each
histogram is a plot of ths peramntage of nights in vhich structures were observed within each
12-minute time cell during the monthly pariod beginning with the 22nd day of each month. There is
a sharp increase (decrease) in the frequency of ccourrence near the September (March) equinox with
a broad maximm (minimum) between equinowes. There is a hint of solar cycle dependences in the
increased of occurvence for the September 1979 to March 1980pariad.'ﬂxisbelmaviorou
similar to that for scintillation activity discussed by Aarons et al (1980) for the 0° to 70
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Figure 4. Histograms of percentage occurrence of structure in TEC over the nighttime for each of the
27 months of data fram Septanber 22, 1978 to Decarber 21, 1980.
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longituds sector.

Thase structures appear earlisst °in the Septanber to Decmsber pariocd and latest in June. The
earlidst structures are also thoss of shortsst duration. Typically, they last ons hour but vary
from less then one minuts to ssveral hours in duration.

The noctirnal bshavior shows a distincg seasonal control. A oronounced pasking in occurrence
a:imonlymhnm“atmm.mhmumm. This is
wlymmmmmmmmmmmmmm
near the equincosss for the early evening hours. The early evening bshavior tands to parsist

throughout the night, however.
DISCUBSION

There are basically two effects being considered! first, the large post-sumset enhancaments;
second, the sharp structures, usually depletions, associated with them. The first has been cbserved
by Hunter (1969) and Fostar (1972) and discussed by Kostar and Beer(1972) and Koster(1972). They
conclude that the P-region dynamo thoery (xishbeth, 1971) offers the most plausible explanation for this
effect. Since then vertical drift measuremants at Jicamarca showing lArge enhancements in upward
drift near snset(Fejer et al 1979) give éredance to Rishbeth's theory. The use of this theory by
Heslis et al(1974) in modelling these drifts produced the effect cbsarved at Jicamarca.

Rishbeth{i971, 1977) suggests that ithe neutral winds in the P-region produce polarization ﬁnlds
that short-circuit thréugh the E-region in daytime, but build up at sunset through the sudder'drop
in E-region conductivity This produces large upward drifts, resulting in a rapid lifting of the
FP-layer and massive transport of plasma along fiaId lines. Near the magnetic equator this appears as a
rapid snset detline in TEC as noted by Koster(1972) with observations at dtp Iatitudéd 4°©. This
effect is less pronounced in Hunter's(1969) cbeservations at 13° dip latitude, and even less in the
Ascension Island cbservations at 15° dip latitude. The subsequent enhancemsnt, however, is more pro-
nounced in Hunter's cbservations. The plasma must be transported along the fisld lines corresponding
to the height above the magnetic equator to which the P-layer is lifted, indicating the layer is
raised to altitides > 600 km. The topside dénsity measurements reported by Young et al(198l)
conplemer® these cbeervations. DMSP measurements in the post-munset(19.5 LT) sector at 840 lou.
showed smoth density depletions in the immadiate vicinity of the magnetic equator with enmhancement
+ 10° to 20° magnetic latitude range.

the
The second feature considered here is the sharp structure, often depletions,in TEC. Observational
studies of the equatorial F-region suggest that thess structires are plamma bubbles along the ray
- These ubbles been observed in the bottomside (Kelly et al, 1976), topside (Burke et al,
1979) and near the psak (McClure et al 1977) of the F layer. Presently acospted theory suggests that
these begin as an E x B or oollisional Rayleigh-Taylor instability in the bottomside of the F layer.
perturbations depends on (1) the altitude of the initial
perturbations, (2) the strength of the bottomside density gradient, (3) the altitude of the F peak, and
(4) the stxength of the post-mmset, eastward electrit field (Ossakow et al, 1979 ; Anderson and
Thus, large plasm depletions at and above the peak of the F layer most likely
axist when the P layer is moving vertically upward.

It was noted above that nmost of the contributions to TEC at Ascension Island comas fram flux tubes
which cross the magnetic equatir— at altitudes bstwean 600 and 1000 km. Young et al (1981) have found
that in the Atlantic-African longitude sector, plasma bubbles appsar near the magnetic equator at 840
km. on more than 80% of DMSP passes between 2000 and 2200 LT and never before 2000LT. This conicides
with the local time at which the first structure of the evening appears in TEC at Ascension Island
during the seasons of higheat occurrence frequency.

The first structure of the evening is usually well defined, and as noted lasts for about
one hour. This can be viewed as a structure of finite longitudinal extent dri across the
Ascensicm Island ray path. It has been established (Rishbefh, 1971) that ~ast-sunset polarization
electric fidlds cause the ionosphere to drift eastwar® ~+ a fabkter spesd than corctative. A typical
value for this drift is 100 m/sec. Thus the structuresappear to have longitudinal widths of about
300~400 Jm.

Structures that appear later in the evening usually have less well-defined boundaries. Two possible
e@@lanations are presentad. First: Oceta and Kellgy (1978) suggest that plasma bubbles grow as
large amplitude Rayleigh~ Taflor waves. Sharp density aradients develop-at the boundaries of the
bubtdles which give rise to small wavelength drift wave ihatahilities. The dtift waves grow at the
egpense of the density gradient causing qxuss-field line diffusion, leading to decaying boundaries.
Second: the ray path passes through more than one structure. This occurs if the wind speed varies
th height. This wauld produce a shearing effect on the drifting structures, allowing portions of two
more structures to ctoss the ray path simultanscusly.
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The seascnal’variation in the occurrence of these structures hears a similarity to the behavior of
the vertical drift measurements of Fejer et al(1979). The most structure is cbserved in months for
vhich the pre-reversal ehhancemant of vertical drift is greatest. This emphasizes the relatiorahip
of these structures to the evening enhancement in TEC, i.e. the esnhancemant as a pre-condition for

the existance of structure. A clue to the difference in nocturnal bshavior with season may be

provided by McClure et al (1977). They cbeerved that some "bubbles™ drift more slowly than others,

in some cases, they move with the velocity of the background plamma. If the faster moving cnes

occl\fatﬂeqmm the slower, at the solstice, those occurring at the solstices would
ved. :
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Ion line enhancement in ionospheric heating experiments
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Regis College Research Center, Weston, MA 02193, USA
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Abstract. Ion line enhancement detected by the Arecibo 430 MHz radar is interpreted
to be a result of nonlinear interaction of weak Langmuir waves via ponderomotive
force. These weak Langmuir waves originate in the scattering of the O-mode heater
wave and of the excited Langmuir waves from thermal ion acoustic waves. Theoretical
analysis shows that those enhanced density irregularities associated with ion lines are
forced ion acoustic modes; but their frequencies, determined by the beat frequencies of
Langmuir waves, are not necessarily their characteristic frequencies. It is expected that
much stronger ion line enhancement would be observed if back-scatter radar of lower
frequencies (c.g. 50 MHz) was employed.

1. Introduction

It has been observed in ionospheric heating experiments (see Radio Science, November
1974) that the density fluctuations of the ionosphere can be greatly enhanced by powerful
radio waves. Figure 1 shows a typical power spectrum detected by the Arecibo incoherent
back-scatter radar from the ionospheric F rcgion, which is illuminated by a powerful HF
O-mode radio wave known as a heater wave. This power spectrum contains two com-
ponents, namely, plasma lines and ion lines. Plasma lines are the signals with upshifted
and downshifted frequency slightly less than the heater wave frequency (f»). They are the
pair of narrow lines located at 430 MHz + f; in figure 1 (where 430 MHz is the Arecibo
radar frequency). Ion lines correspond to the double-humped frequency spectrum
straddling the radar frequency. The pair of ion lines are broadened by the Landau
damping with a Doppler spread of the order of the ion acoustic frequency.

Existing theories (Fejer and Kuo 1973, Perkins et a/ 1974) show that the O-mode
heater wave can generate a spectrum of unstable Langmuir waves near its reflexion
layer in the ionosphere via parametric decay instability. These unstable Langmuir waves
propagate within a narrow cone centred on geomagnetic field lines. Their angles of
propagation are estimated to be less than 20° for the power of the heater wave used in
the expcriments. However, the angle between the Arecibo radar beam and the geomag-
netic field line in the modified ionospheric F region is about 45°. Hence, the weak plasma
lines at 45° observed at Arecibo are interp.eted to result from the scattering of the
heater wave and of the unstable Langmuir waves from thermal ion acoustic waves (Fejer
and Kuo 1973, Perkins et a/ 1974). But much stronger plasma lines at 90° observed at
Boulder, Colorado, have been suggested to be caused by a similar process from intense
field-aligned density irregularities, rather than from thermal ion acoustic waves (Fejer
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Figure 1. A typical power spectrum detected by the Arecibo 430 MHz monostatic
radar during ionospheric heating experiments (adapted from Showen and Kim 1978)
showing Hr-induced enhancement. Plasma lines are the pair of narrow lines Jocated at
430 MHz £ fu where f», the heater wave frequency, is of the order of several MHz. Ion
lines at thermal and enhanced levels correspond to the broad double-humped portion
straddling the radar frequency (Hagfors and Zamlutti 1973).

1975). According to the theory of parametric decay instability, a spectrum of unstable
ion acoustic waves propagating nearly along geomagnetic field lines is also concurrently
generated. It is clear that the enhanced ion lines at 45° detected at Arecibo cannot be
these ion acoustic waves. We suggest that this ion line enhancement arises from the non-
linear interaction of Langmuir waves via ponderomotive force. Thermal interaction of
Langmuir waves is discussed by Perkins (1974) and by Lee and Fejer (1978), who interpret
the generation of intense density striations.

This paper presents a qualitative investigation of the Arecibo ion line enhancement.
Section 2 describes the power spectrum of induced low-frequency number density
fluctuations associated with the enhanced ion lines. As shown, these induced fluctuations
are forced ion acoustic modes whose frequencies (determined by the beat frequencies of
Langmuir waves) are not necessarily their characteristic frequencies. Interpretation and
discussion of the Arecibo ion line enhancement are finally presented in §3.

2. Induced low-frequency number density fluctuations

2.1. Ponderomotive force

In the presence of two high-frequency waves (e.g. two Langmuir waves, or one Langmuir
wave and one electromagnetic wave), electrons experience a wave-like nonlinear Lorentz
force whose frequency is the diffcrence between these two high-frequency waves. If both
thermal motion of electrons and geomagnetic effect are ncglected, this nonlinear force

RS
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acting on an electron has the following cxpression

e [ (1 )
F—Re[ 2m ki ke ke~ w7th

xexp [i(wx-wa)r—i(kl-ks.»)-r—i(qn—«pz)]] )

where £, w, k, @, e and m are wave electric field amplitude, wave frequency, wave vector,
wave phase angle, electric charge, and electron mass respectively. This nonlinear Lorentz
force is generally called the pondcromotive force.

Equation (1) is appropriate for the case concerned, since the phase velocities of those
high-frequency waves are much greater than the thermal velocities of electrons in the
ionosphere, and the wave frequencies are about five times the electron cyclotron fre-
quency. Furthermore, since the wave frequencics of high-frequency waves (the heater
wave and the excited Langmuir waves) are just slightly larger than the electron plasma
frequency wp, equation (1) can be approximated by (Kuo and Fejer 1972)

EnEy (b b
2mw,,2 k1 kz

The ponderomotive force experienced by a singly-charged ion is F(m/M)~10-4 F,
where (m/M) is the mass ratio betwecn an clectron and an ion. Ions are, therefore, con-
sidered to be immobile in the electric ficlds of high-frequency waves. However, electron
bunching caused by F results in a charge-separation electric field Ecs. Hence, the net
force acting on an electron is (F—ekE,s), while that acting on an ion is approximately
eEcg.

F=Re [ ) (k2 — k1) exp [i(w1— w2)t—i(k1—k2) "-i(?u—w)l] @

2.2. Dispersion relation of density perturbations

The corresponding number density perturbations in electrons and in ions can be obtained
from the linearisation of their equations of continuity

d F
a' (ene)+ v *NeCe ( e'— Ecg) =0 (3)

aat (en))+ Ve (moiEcs)=0 @

by assuming that all perturbations have a space-time depcndence of the same form as F,
i.e. of the exp {i(w1— wz)f —i(ky—kz) «r] type. Thus, equations (3) and (4) lead to

_, oe(F_ , (k1—k2)
ne=no e"(e Ec-) (1 — wa) &)

and
, (ki—ka)

(4]
ni=no Ees
e (w1 — ws)

©)
wherc my is the unperturbed plasma density, and o, and o, arc the electric conductivities
for electrons and ions respectively. The density perturbations n. and n; are approximately
cqual, since the plasma remains ncutral for low-frequency perturbations on scales much
larger than the Debye length. In the casc of interest, the wavelength of the low-frequency
perturbations picked up by Arccibo 430 M Hz monostatic radar is about 35 cm, which is
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:. quite large as compared to the Debye length (~0.3 cm). Therefore, cither equation (5)
or equation (6) may be written as

Feo(ky—ks)oco,

mz=n, 7

12700 b2 (w1 —w2)(ge+ ay) M

X which represents the low-frequency number density perturbations induced by the non-

linear interaction of the two high-frequency waves via ponderomotive force.

- In the absence of external disturbance, i.e. F=0, the dispersion relation of these low-
r;- frequency modes can be obtained by setting the denominator of (7) to be zero, namely

. [+f] + o= 0. (8)

L{' 2.3. Determination of o, and oy

Because the wavelength (~ 35 cm) of induced fluctuations of intcrest is much shorter
than electron collision mean frce path (several hundreds of meters in the I region), the
electric conductivities oe and oy are determined by Vlasov plasma dynamics. In addition,
the wave frequency of these induced fluctuations w(=w) — w2) satisfics the following
inequalities:

Qi €w~kCo<w €< wp

A » |fese

where Qi, Cs, wi, e, and wy are the ion cyclotron frequency, ion acoustic velocity, ion
plasma frequency, elcctron cyclotron frequency, and electron plasma frequency res-
pectively; k= |k1—k:|. lons can, thercfore, be treated as unmagnetised, and electrons as
strongly magnetised. Nevertheless, since the clectron cyclotron radii (a few centimetres
in the F region) arc smaller than the low-frequency wavelength (~ 35 cm), clectrons can
move freely along the geomagnetic ficld to neutralisc ionic perturbations as long as thesc
low-frequency perturbations do not propagate perpendicularly across geomagnetic field
lines. As mentioned before, ionic fluctuations at 45” arc detected by the Arccibo mono-
static radar. Thus, neglecting the geomagnetic effect on clectrons as well is still a goou
approximation.
Mathematically, ion dynamics are described by

#Ta ¥ e
.

0

8vﬁ=0

0 ] e
. E .

a it e ity
where f; is the ion distribution function in the presence of electrostatic disturbance
(E = E¢s) duc to electron bunching caused by ponderomotive force: f; is represented by a
linear combination of perturbed and unperturbed components, namely, fi=/fi1 +fi0. The

:: unperturbed distribution function fie is assumed to be of the isotropic Maxwellian type
5 ( M \3z ( M2

L7 = - .

C 10 2nT,) oxp 27‘,)

~

o ) It can be shown that the ion conductivity is given by

:.:} . wry M)'/L' J‘ Uexp(--MU=21)

J i= dU 9
; T e (?.T. L U —(w/k) )

L

where L indicates that integration follows the Landau prescription; 4 is the ion Debye
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length. If w is real, equation (9) may be written as

a\=(iw£o”€2h|2) [l -2 exp (—a?) J.: dr exp (72) —iml/2 o exp (~a?)]
(10)

o1=(iweo/k22) [l — uZ(~ o)) (i)

where Z(—ay) is the so-called plasma dispersion function (Fried and Conte 1961);
as=(w/k)(M]2Ti)/2,
Electron dynamics are represented by the following Vlasov equation

or

2 a e a
a(ﬂ-*—v 0a«rj}.--”~,(E+v><Bo) -avf,,-o

where fe is the electron distribution function under electrostatic disturbance E= E— Fle
associated with ponderomotive force; By is uniform geomagnetic field. fe is similarly
composed of two components, namely, fe=fe1+feo. The unperturbed distribution
function feo is also assumed to be Maxwellian, as given by equation (12)

Jeo=(m[2nTe)3/% exp (—mv2[2Te). (12)
The electron conductivity can then be shown to have the form (Bernstein 1958)

_itew [, o w [T 2B e s ipe 2 84 sin? B sin? )]
Oe K22 [l 219(“"0 dﬁexp( lQe k2re2 (82 cos? 8+sin Bsin? 6) (13)

where 8 is the angle between the wave propagation vector k and the geomagnetic field Bo;
re is the clectron cyclotron radius defined by

re=Q2Te/Qe?m)l2.

For the parameters of present interest the term with sin? 8 sin? 6 in equation (13) can be
neglected. Then, after some straightforward mathematical manipulation, equation (13)
can be written as

_ifpw

"'—k‘-‘h..i’ (l +2 ioe exp (~ oe?) f'jw dr exp (—12)) (14)

or, in terms of the plasma dispersion function, equation (14) takes the form
e =(icow/k?he?) [ + e Z (ae)] (15)

where ae=(w(k)(m2T,)1/2 (cos 6)~1. Since x.<1, equation (15) can be well approxi-
mated by
ge~ergwikhet. (l6)

This final form of o, shows that the geomagnetic effect on electrons turns out to be neg-
ligible foc the low-frequency fluctuations of interest. Recall that the wavelength (~ 35
cim) of these induced fluctuations is larger than the clectron cyclotron radius (~2 cm)
by one order of magnitude and that their wave propagation angle (~45°) is far from
being perpendicular to geomagnetic field lines.

Substituting equations (9) and (16) into equation (8) and separating the real and
imaginary parts leads to the following two equations

Re (w)=Csk amn
Im (w) = n1/2 (Cy¥{vs3) k exp (— Te/TH). (18)
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Equation (17) indicates that these low-frequency plasma fluctuations are essentially ion
acoustic modes, whose Landau damping rate is given by equation (18).

However, in the presence of external disturbance, i.c. F#0, w is real and determined
as the difference frequency of two high-frequency wavcs. Substituting equations (2),
(11) and (16) into equation (7) yields the specific form of number density perturbations
caused by nonlinear interaction of two high-frequency waves via the ponderomotive force

_F’EIE“REO o (k1 .Ifz) exp [i(wt—k 'r)—i((plj—tpz)]
2T, ki1 ka {(Te/Tl)"‘ [l -—a|Z(—a|)]"1}

where k=k1—kz and w(=w1— w;) is the driving frequency of thc ponderomotive force.
These low-frequency density perturbations are, consequently, forced ion acoustic modes,
which are not necessarily excited at their characteristic frequencies.

In terms of the Fourier transform ny2(w, k) of ma(t, r), i.e.

-
[
f-.7
=

nl2(’s l') =

(19)

maw, K)= [y, molt, r) exp [—i(wt —k + 9] d dr
equation (19) becomes

Ex\Er,e0 , (."1 e

(w, k)= - )"' (T°+n~ - Z(~a))?) " exp [~ilp1~ )]
maw, k)= T 0 i ke Ll T, ) o ) Xp [— g1~z

(20)
where V1 is a very large volume and 1, a very long time interval.

2.4. Power spectrum and radar cross-sections of low-frequency perturbations

The power spectrum {|n(k, w)|2) of low-frequency number density perturbations,
caused by the heater wave and a spectrum of randomly phased Langmuir waves, is
obtained from the generalisation of equation (20) as follows:
)-z
Ey, Ex,_x€0 ( ky  (ki—k)

. 2
Bcas (B 00 ep =g ) @

I, K918 =(S. Ims(e, B12) =mat¥2est

(S

where ¢| |2) indicates that the absolute value of physical quantities concerned is squared
and phased-averaged. It should be noted that k2’s in equation (20) have been replaced
by (k1 —k)’s in equation (21). The summation in equation (21) is taken over all pairs of
high-frequency waves whose beat products satisfy the prescribed value (w, k).

If those randomly phased Langmuir waves are characterised by a spectral density
W(k1)

;-:+ [1 - wZ(—ap)]?

EoEglmn =2 W(kh kﬂl’ kﬂ)(Ak)s

where ki, km and k, are the three perpendicular components of k1 in a rectangular
coordinate system. k;=I/(Ak), where/=..., -2, —1,0,1,2...,and Ak s an infinitesi-
mal defined by 27V -1/3. It follows from Lee and Fejer (1978) that the summation in

- equation (21) is replaced by integration and thus

< {|n(w, k)|2> =16 74 Vitino? Ti~2 {{(Te/Ty) + [1 —uZ(— o)) 2 |}-2

L
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where the = axis is taken along the dircction of gcomagnetic field, and the double integral
is taken over the surface w=constant.

The power spectrum {|n(w, k)|2) is rclated to the average differential scattering
cross-section @(wo+ w) by

o(wo+w)dw=Q2nlp1 )1 orjn(w, k) 1% dw (23)

where wy is the incoherent radar frequency (430 MHz in the present case), and ar the
Thomson differential cross-section. Substituting equation (22) into (23) leads to the
final result

o(wo + w) dw=8 m3no®Ti 2o {{(Te/T1) + [| — }Z(— )] |}-2
x [ f f W (k)W (k1 — k) (d[Ok12)- dk1, dk,,] do 24)

which specifically expresses the radar mcasurement (per unit incident power per unit
solid angle per unit volume and per unit frequency interval) of average power scattered
incoherently from the enhanced plasma density fluctuations due to nonlinear wave-wave
interaction via the ponderomotive force.

Computation of equation (24) seems to be complicated, but a crude estimate of
o(wo+ w) can be made as follows. Remember that w in equation (24) is the frequency
difference between two Langmuir waves: one with the wave number k; and the other with
(k1 — k), namely

w = wi(k1) — wa(k k).

If the Bohm-Gross rclation is used as the dispersion relation of Langmuir waves, then
@ =3hePewp(2ks ok —k3)

and therefore
Ow[0kyr =3h2wpk sin 0 (25)

where 8 is the angle between k and the carth’s magnetic field which coincides with the z
axis. k lics in the x-z plane.
1t follows from cquation (25) that (24) can be written as

o(wo + w) =87 e®Ty 23-Vhe 2wy k-1 sin ! OA(m)or
x f j W (ko)W (k1 — k) dkyy dk;, (26)

where A(x) ={{(T/T))+[1 —caZ(—a)]~!|}~2 determining the shape of ion lines. A(ay)
versus « for Te/Ty= 1.0, 1.5 and 2.0 are plotted in figure 2. Fora larger ratio of Te to T},
A(a) has a sharper hump located at a higher frequency. This indicates that Landau
damping broadens the ion lines.

It is interesting to note that o(wo + w) in equation (26) shows a simple k! behaviour
or an f~! dependence on radar frequency. In other words, the theory predicts that
radars of lower frequencies would detect stronger ion lines. These ion lines have less
Doppler shifts as explained by an example given in §3. Much simplification of equation
(26) can be achieved if we assume that the cnergy density W(k1) of Langmuir waves is
constant inside a cylinder of radius k. and height k» in & space. This means that the
double intcgral in equation (26) is expressed approximately as

f f W (ky) W (k1 - k) dkyy dkyz~2 Wekeky,

26
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Figure 2. Graphs of A(a)={|(Te/T)+{1—aZ(~a)]-'|}-2 as a function of a=
(w/k) (m)2Ti)'2 for Te/T;=(A) 1.0, (B) 1.5, and (C) 2.0.

or
j I W (k) W (ky— k) dkyy dkyz > 272 gg2E4k =32k 51
in terms of the amplitude of Langmuir wave field £. Then, equation (26) can be written as

o(wo+ w)=nE1
where
1=4mno2T 2e02k s 3kn13-1he 2wtk sin~! Qo A().

Equation (27) is a convenient form of the theory, from which one may estimate
roughly what the Langmuir wave amplitude would have to be to produce the observed
radar cross-sections.

3. Interpretation and discussion of Arecibo ion line enchancement

It is clear from figure ] that the jon lines observed at Arecibo (Hagfors and Zamlutti 1973)
are modified appreciably after ionospheric heating. However, the wave number of these
ion density fluctuations is 18 m~1, which is larger than the linear dimension of the k-space
region occupied by the spectrum of unstable Langmuir waves (sec figure 3). This spectrum
of unstable Langmuir waves is adapted from the theoretical calculation of Chen and Fejer
(1976). According to the thcory, these unstable Langmuir waves are excited by an
O-mode heater wave near its reflection layer in the ionosphere via paramectric decay
instability.

Obviously, the ion lines detected by the Arecibo radar at 45" cannot be generated as
beat products of these unstable Langmuir waves. They may, however, be so generated
by a spectrum of stable Langmuir waves which originate in the scattering of the heater
wave and of the unstable Langmuir waves from thermal ion acoustic waves. These stable
Langmuir waves are much weaker than those unstable I.angmuir waves, but they have a
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/ Longmuir waves \
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Figure 3. Illustration of the relative magnitudes of the ion acoustic mode detected by the
Arecibo 430 MHz radar and of the saturated spectrum of Langmuir waves in the & space.
The saucer-shaped rcgions represent the latter, which js adapted from the theoretical
calculation of Chen and Fejer (1976). The diagonal arrow represents the wave vector
of the ion fluctuations. By is the local geomagnetic field direction.

broader distribution in k-spacc. Calculation of stable Langmuir waves at 45° has quite
successfully reproduced the Arecibo weak plasma line echoes (Fejer and Kuo 1973,
Perkins et al 1974). Wec, thercfore, interpret the weak ion line enhancement observed at
Arecibo as the conscquence of nonlincar interaction of stable Langmuir waves via
pondcromotive force. Such a physical process is formulated in detail in §2. This inter-
pretation lcads to the expectation that ion density fluctuations of fonger wavelengths
(i.e. smaller wave numbers) will be enhanced strongly by the nonlinear interaction of
intense unstable Langmuir waves. In other words, it is predicted that back-scatter radar
of lower frequencics, say, S0 MHz, would detect at Arecibo ion lines which are strongly
cnhanced by intense sources (i.e. unstable Langmuir waves) in addition to their k-1
behaviour shown in cquation (26).

We note, from figure 2, that the ion lines are located approximately at |o;| =1.45 in
the case of T./Ti=1.5, where « is the ratio of the phase velocity (w/k) of ion acoustic
waves to their thermal velocity (27/M)V/2. 1If T,=1000 K, the frequency of forced ion
acoustic modes detected by the Arecibo 430 MHz radar is about 4.2 kHz, which agrees
with the observation (Hagfors and Zamlutti 1973). Under the same ionospheric condi-
tion, ion lines detected by a 50 MHz radar are estimated to have a frequency of 0.5 kHz,
That is, the theory expects that much narrower ion lines would be observed by a 50 MHz
radar. Morcover, since the ion lincs detected by a 50 MHz radar are primarily generated
by the saturated spectrum of parametrically excited Langmuir waves, the Langmuir wave
field E in equation (27) is therefore given by E=RE,, where Ep is the threshold field
amplitude of the decay instability, namely

Fo?*=3.42 e0-1no(Te+ Th) vefwp

and Ris the ratio of E? to Ey2, where E, is the largest field amplitude of the heater wave at
the standing wave maxima, ncglecting absorption and the magnetic field, that is,
E2==(8Pfleoc) (H/Z)'/2 (Fejer and Graham 1974).

Currents flowing in the k dircction of ion density fluctuations may cause the two-
humped ionic spectrum to become asymmetrical (Rosenbluth and Rostoker 1962). It is,
however, impossiblc to gencrate such strong currents through ionospheric heating. Fejer
(1977) suggested that the asymmetry of enhanced ion lincs might be caused by parametric
intcraction of the incohcrently back-scattered waves with the upgoing probing wave. This
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process involves a parametric instability known as stimulated Brillouin scattering. The
back-scattered waves representing the lower frequency ion line are amplified, while those
representing the upper frequency ion line are attenuated. Fejer (1977) estimated that an
asymmetry of + 1% in the Arecibo ion lines was caused by stimulated Brillouin scattering.

This paper has presented a qualitative investigation of ion line enhancement; quanti-
tative analysis of it requires knowing the spectra of stable and unstable Langmuir waves.
Experimental spectra of Langmuir waves are still not available, in spite of two attempts (.
obtain them. It is by no means casy to calculate the theoretical spectra to meet the
exact experimental conditions, since some effects, e.g. the self-focusing of the heater wave
(Lee 1979), are now qualitatively clear, but it is difficult to evaluate them quantitativcly.
It is crucial to prove the existence of the saturated spectra of Langmuir waves now,
because interpretations of some unexpected phenomena observed in ionospheric heating
experiments are based on their existence. Continuing effort to measure these spectri of
Langmuir waves is badly needed.
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Abstract  ‘Jpper hybrid s1de-bands and 4 puraly jrowing mrie ~an De parwmatri-

cally excized by an N-mode heater wave. This instability can mepete with the

parametric decay instability in the Lonuspheric heating exper.sents. It may ba

resfonsible (or the production of the plizms lines at 'ao" at Boulder. olorado.
. Introduction

It has been generally bel:ieved thit plasma line snhancement at ‘so detecred

by the Arezibo 430 MHg incoherent radar indicites the excitarion of narametric

decay instabiliry by an O-mode heater wave 1n the 1on0sphere Fejer and Kuo,

1973; Perkins at al., 1974). These enhanced plaswma lines ire i1ntefpreted to re-
sulr from the scattering of che heater wava and of the perametrically excited
Langmuir J3ves off thermal ion 2couAl e waves. Hut much more intense “field-
altinad” olasma lines have besn observed st Boulder nd are characteristic of
axt cemely narrow spectral widths. tndicating a d)fferant mechanism of praducing
tres (Minkcff and Kreppel. 1976). In chit paper. we present a theory suggest-
ing that these field-aligned plasma lives he upher hydril modes excited para-
watrically with 1 purely 9f0wing moce Ly sn O-mude hester wave. This pera-
TOTTIC 17STADI ity aANOt De .xcite#d Ly 4n axtracrdinary hester wave, however.

2. A paxwme

Near the refl,

ie 1nscabiiiey

m height of 3 heater wive. rthe pump field can be approxi-

mately repreiented Ly a dipole fiald " - ;pcnpl-mor.). where v, is the vave
freguancy, and g is the “1eld strenqth. The parametric instability under 1ne-
vestiation is sxpected te produce upper hybrid modes ind purely growing (i.e.,
rero frequency) modes. Since the purely jrowing sode is (nvolved, the excita-
*1an of both *he downshi‘ted and upshifved uprer hybrid modes have to ba con=
sidersd. The ;erturbatiuns in physical quantities (e.g., density) due to these
modes an be fepresented respectively by Sﬁl-:p(n “ikx}, ﬁﬁlﬂxp(-l(llwt)’.
and dﬁlnp’l(l:-wni. vhere w » -‘nv. and v 18 the growth rate. A rectanqulasr
roordinate syttem hag been 90 chosen that (&8 £ 8xis coincides with the qeo- ,°
aajgnetic "1e’'d '._n”l end 1te x Ixi3 with the direceion ot k.

The of ihd mode STUetlong 0T excCiting cpet hybrid wave. by scattering
the “satsr «3va off zhe elentcostatic dens.ty parturbationg can be derived from

€leCtran  ONTt.nu.cy &qUAtLON And MOMeNtWR eyuation. They are Jiven by 31 -

Afdne/n cehibn
5n-/no and ., Aén’ n (1

whers 5‘5\52' «8 the elecrgnatatic purential of the downshifted fupshifred)

uFper “ybrid vaves, !'5’ 15 the electron dansi’y Lerturbation due to the excited

1ero-{rs ueny mde, and A v (w

LV b4
vhere @ 2w D Tev -y, w
t e (] (3 ®

e s E RE
©

. 2 2
LR Pl) J (\-,hv.(.‘vo —vkt).

v, 0, v.n are elactron

. w Ion?v ? and v
o (3 P e e o t

Plasma frajuency, «le:tron gyrfrequency, slectfnn-ion raliisLon framguancy, the
SAENGT und lvamy decs vy,

vt alaction “nermal velocity respectively.

The *Ner rpiarion telating SR *o ) and ). sBtained from electron and

0N ANBENTus squacitng, electron Peat aquat 1hn. and 1aast-neutralilty appranime-

tium, 28N 5@ Ahuwr ‘o be Bk n 6" - o0, [E})
2 2 N 2 ¢ 2
» N s e et ’ .
whare B v 1y .ll ok C, ”"”ﬂ"A" TN Yol Niyn <y and C = (/1)
3 ] 2 - - - - -
R e (7w - c. - L AR i ¥,
AR EANCE 3, it (v” Yerte™n ”rl ;'a where ‘on anq v‘"' ace

tre perpeniicaler omporent, of the induced alectron velne.ty in the prasence

. 2 .
ot the 42 er wave ‘1ald €y " (Te*M 1wy and b e -‘v{ Sipseituting (1)
.
1ata {2) jesda *> tne ! 'pereion equetion R aCA . e m

H TMreshnid and srowey

Tor the oblique sncidence f mnde Neater waves. the percendiiular compon-
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ants of the heater wave [ield can De Appromi aly 1o 1ted ae 'vv - l!Y T™he
thiashold pover for the instability can be obtained from (1) s |.:p- . I:n “
2 EI AR ] ! H 2 2
- ), s (28 . - e
ol om el t e 0wt Y S IU TV KR P S RS
2 -1
Rolvg vyt . .

which leads to the critesion of euciting the instapility by an J-mode heater
. 2.2 2 N
wave, 1.8.. (/2K Ag"o"’a n.)w. v (von..). 5,
2 2 2
The thresholt powetr has a minimsm value at ¢ -60 = BB ev T vs, where 8 «

N
v.'o(n‘/u;) iw,’.2); and the optimum jrowth rate ie found to te v+ -av ev

tadarm?s 2k ‘nl; |2,-|: |2 A, where a = m mie o R R
t e @ PR pel th e
s

and h » ‘m = lo(l,.‘)lkzv 2,‘0 ).
e 1 t .

In the case of X-mode heater wa - -AEP‘, The threstcld power for

s €
1144

2 v i . <
the instability can be similarly derived as '.Ep"l.' eh =) ‘vt ) J') i

2 2 2 212
)(v' tw,"ea ")

P

b H
n 1619(6- tw =2 jay 21- 2«1 1-<k1'x Jtw -
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2

2
and the criterion of the instamility 1s & » v.z( LA

s
wly tom
t ' e

.

2 2 2
kD) (wa n’)' 3 ..,Qon.)/uo. thy
Near the reflecticr height of

d-kzv
t

Note that § 13 Jefined to be ukzon.zw'z-.oz,
X-mode hester vaves. w = (l/Z)(R"m‘z"-pz)\). Therefore, Iwez'll H
@ l-(.'l SR 2‘« Z)“.

. . P

1075, v 1L KHz, 029 1.4 wHz. v /it Mz,
L) « [

O
in the ionospheric F reqion: r..‘r‘ 10007y, 1.4

z./xo.ulo"n. § carnot be positye

1 o1 the criterion of the irstability {(6)} can rever be satisfiad. Hence, the

in tha 1onro-

instability of concern cannot be excited by X-mode heater wav

spheare. In cuntrast. in the case of O-mode heater waves, it can ba shown “hat
an-».uo and the criterion of the tnstability {(5)} is well satisfied.
4. Relevant rales 10 the ionosphere
For '(=2%/A)< 10 m, the minimum <hreshold power (14)} can be approximated
2 18 -2 e
. ~ 2. Alx): h - /lE =1y
as |o!p‘ LN P 17X and the jrowth rate as v-5(| ol pu'nn

The threshold field strenqth for exciting the modes with A+ 1 m is 14 mv'm,
which 18 far beiow the field strenqth fa few hundreds of sv.m) of the incident
heater wave field, and the corresponding growth rate (time} 1s - SO uc.l

(20 ms) 1 |zp.| /|tp’|‘m 18 taken to be 10. It 1s interesting tc 7ote “hat
the threshold and the growth rates of these modes are comparable to “hcse of
the modes excited by the parametr.c decay i1nstability. In other words, the
paramettic instadility of interest can compete with paramesric decay irstabi-
lity in Lonospheric he4ting. This seems to be supported by observationgof the
"miniL-overshoot”™ in the measured power of the enhanced plasms lines (Shower and
Xim, 3378, which occurs in a few tens of mili-seconds. Much lower threshold
field «tre~qth (-2 av/m) .5 needed to axcive modes with } = S m, and the Growth
cate (tame) i3 -2 uc-‘ {0.5 sec). The excitation of modes #ith longer wave-
lengths probably contribute to the "main cvershoot™ reported by Showen and Kim
(9m .

For A > L0 =W, tz-"‘ <38 x lau, which is independent of the

2 l‘s-l:.

e _/m
Px @

wavelengeh and v-3.4 x 107%i{1es.9x10P27 7y £ e threshold

2 -
f‘l' mn
field for exciting the modes of, say, 50 @ s -0.0 av/m and the growt! rate

-1
D013 sec Cur proposed irstability may be responsible

(time) 13 17.5 sec).

fur the plasma line enharcement at 90° and way alsc contribute to the produc-
tion of fiald-aitgned jonospheric irreqularities with scale sizes ranginq fros

meters to Sundreds cf meters i1n LONOspheric heating experiments.
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!otuu. A parametric decay instability, which involves four wave intersction
with an eslectrostatic pump, is proposed as & process of producing both the
large- and the short-scale irregularities in the tfonospheric hesting experi-

It can axplain the detsction of discrete rather than continuous spectra

ecale irregularities in the experiments.

1. latroduction

The generation of fiald-aligned ilonospheric irregularities vas one of the
unaxpected wodification effects due to fonospheric hesting. The field-sligned
structure with scale lengths of hundreds of meters or larger 1s sseocisted with
the occurrence of artifictal spresd ¥, while that with scale lengths of meters
or shorter is responsible for ths creation of stromg HF through UNF backscarcer
vadar cross sections. The identification of possible sechanisms has stimulated
& flurry of theoretical investigation. Thermsl self-focusing instadbility
(Perkine and Valeo, 1974; Cragin snd Feler, 1974) has been generslly believed
to be the csuse of those large-scale irregularicies. MHowever, discrete rather
than continuous apactra of irregularities as predicted by the theories were de-
tacted dy the vadar beame scanned rapidly sctoss the modified region in the
ionosphare (Duncen end Behnks, 1378). The causes of eshort-scale irregularities
sesm to be very complicaced and msny possibilities have besn indicatsd (Inhester
ot. sl., 1981 and references therein). In this paper, we investigste the pars-
astric decsy process of O-mode hester waves in the ionosphere and shov that it
may de an efficiant process of producing fleld-aligned irregularities with &

broad range of scales from metars to kilometers.

2. Source of pusp vaves

O-mode heater waves can excite parasetrically s Langmuir vave and an lon-
acoustic wave nasr ite refleccion height in the fonosphers. A sstursted spec-
trum of Langmuir vaves s expected theorstically to dbe forsed via the nonlinesr
don Landau damping.

The oceurrence of auch a parametric decay process has been

strongly indicated by the plasms line enhancemsnt observed st Arecibo. Thase
excited Langmuit waves have slresdy been considered ss the potentisl source of
Ssterating the short-scale irregularities (Parkine, 1974; Lee and Fejer, 1978).
Along the same line, we investigate four-wave other than the three-wave inter-
action discussed by Parkins (1974) ss the mechaniem of causing the induced
fonospharic irregularities in the ionospheric heating experiments.

Langmuir vaves excited dy O-wode heater veves are used 89 tha pump to
iniciate another paremetric instability, through vhich upshifted and downshifted
decay bands and & purely growing decey mode sre produced. The matching vave-
veetor and weve frequency relations for this instsbility sre 51'32’5:‘50'!3'
','\-1'-1--...-,-0. whare the subscript "1 stands for the Langmuir pusp, "0" and
“2" for the upshifted snd downshifted decey bands, respectively, and “1" for the
Purely growing decay mode. The basic cqu'tlnnl esployed in our anslysis of the
prodlem tnclude slectron and fon continuity squations, slectrom and {on momentus
oquations, and electron heat squation. Por eimplicity, o rectangular systes of
coordinates 1s 80 chosen that all the wave vactors Jie on the u-z plane. The
Langmoir pusp 10 assumed to be along the geomagnetic {1eié lina, which cotncides

with the = anis. It 1a & tedious but straight{ocwerd procedurs to formulste

. - AP Ut TR N T W

. . R
VY i G G T G NPT S ]

LRI UPETURY WP W G St W

the coupling wode equation for the purely growing mode and the coupled mode

equations for the upshifted and dovmshisted Secay modes. Solving these equa-

tions will lead to the dispersion relstion for the fnstenility of Interest.
22 2.2, . 1,2, e, 1]

1t is ((vﬂ.n‘lv.‘k](-)BO(Zl!)'(-t/-‘)h)vll LR R LI RS U N N T |
-2,.2..2,.2 -1 2 22,2,.2 i 2,2

(G R T 2pv i g ,rni‘h;x v kv, ]

sl n

2_.2
{ (h/))v.(u figde

vhere § = v‘?v.(n./-‘);Ol,v,ﬂ_v.,:.,.. and v, e the electri: potentiai of the
pusp fleld, growth rate, gyrofrequency, electron-ion collfstor frequen.v, inn-
scoustic velocitv, mass of the charged particlec, and electron therma! veloctity

respectively.

3. Bxcitacion of field-slignad frreguisrities

3

- ) - R

Setting v = 0 in (1) givea the threshcld fteld (IEJI "1.1')' ltFl/-e'm

- 122‘1-121_1-2 2.2 -2 23,2,.2 -1 3,0 3,2
(!/l)c.(kl&l)k‘ hy'e (v ) (20(-11..“]\"[.. ){u) eeyvy) *3vikie2. )

Zadlesindh! @

3
2
The growth rate can be shown to be y = —»cln.lnlb(n/s\kiv;,’:z)w\il-.f-‘

(3
22,22 2,22 22,2 2,
“AU6GvY /01 +2(m /8 ) (v, /8,) k’vl(')t(-‘/n.)l]vl/n.l('lix] ‘e

5

2.2 2,2 2
+(u n.)(v./u) )(n.(u
2 L
lllh-”' )
These expressions can be much simplified anslvtically for the excitstion of
short- end large-scale irregularities: (1) for (Ull(-‘/-()tz]vflﬁ:nl. t.e.,
x)qo ® 1f the following lonoespheric parameters are used: l‘/-:Z 90101'.

v 105

sec), n./2v-l.£ MHz. The threshold field and the growth rste can be

expressed approximstely as |ll'"'" O.Ion;z(v/-bz}(-v/-) and Y-lJbﬂllf/‘tx ":

w.t’]*-x.))l;lﬂ.l(ucd) for Ay ® 3 m. The threshold fieid required for

exciting the short-scale irregularities fs quite swall compared with the Lang-
2.2.-2

(2) tor (11/6)(-111‘)1(3\4‘\1. <, f.e., l,n!ﬁ -

Then, [, | 62010723 o /31 tav/m) and v-3. 3107 (101 03m0%s 37 (e, |27

12 |ea-1) 911 Conc " 2. 522072 (ouc 7.

suir field (say, 0.7(v/m});

Our proposed mechanise predicte that in the case of exciting large-scale
irregularitiecs, less threshold fielde are required for modes vith smaller scale
oizes. Moreover, modes with smaller acale sizes have lagger growth rates. This
may explain the detection of discrete rather than continuous spectra in the
Duncan and Sehnke's experimants. It should be stressed that the instability of
concern can gemerate both the short- and large-scale frregulsrities. This
inetability may contribute additively to the axcitation of fonospheric frregu-
1arities vith other mecheniems discussed in the litersture. Since either O- or

X-mode hester waves can siso genarste large-scale irregulsrities via the self-

focueing fnetabilfty, “ut the foetsbility diecussed in this paper can only be
excited by O-mode heater veves, ve expect thet more intense large-scale irregu-

Jerities can be produced by O-mode than by X-mode heater waves. This preadic-

.
i
i
i
i

tion can be tested by, for example, radio Stsr or satellite scint{llation

Seasurenants.
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The conditions for the upper hybrid modes to be excited parametrically by an intense electromagnetic wave near its cut-
oft have been examined. They show that upper hybrid side-bands can casily be produced in the ionosphere by an obliquely
incident wave of ordinary but not extraordinary polarization.

Lee {1] has shown that upper hybrid and diffusion
modes can be excited parametrically by an extraordi-
nary pump wave. The criterion of the instability is
vowy » Slf_ + ug, where wy, §2,, and v, arc pump
wave frequency, efcctron gyrofrequency, and clec-
tron—ion collision frequency, respectively. However,
this criterion cannot be satislicd in cither laboratory
plasma or space plasma. We show in this letter that
upshifted and downshifted upper hybrid modes can
be cxcited concurrently with a purely growing mode
by an ubliquely incident ordinary wave transmitted
into the jonosphere from the ground. The cstablished
criterion prohibits the excitation of these plasma
modes by an extraordinary wave.

The process under consideration is a parametric in-
stability which occufs near the cutofi of electromug-
netic waves in magnetized plasmas, A monochronic
dipole pump field, l'.'p =&, cxp( iwgl), can be rea-
sonably sssuined. Let the parametrically excited pure-
ly growing (i.c., zero frequency ) mode take the form
ot exp(yt - ikx), where a pusitive value of 7y rep-
resents the growth rate of the instability. The wave
vecior (k) of this mode is taken to be along the x
axis of a rectangular system of coordinates. The z axis
coingides with the imposed de magnetic field (8,).
Then, the excited upshifted and downshifted upper

hybrid modes can be represented by exp|[—i(kx + wt)]
and exp[i(kx — wt)] respectively, where w = w +iv.

The mode-coupling equation for exciting the upper
hybrid waves by scattering the pump waves off the
electrostatic density perturbations can be obtained
from clectron continuity equation and momentum
cquation. [t is given by

d 9?2 d 2 [i)
[(a—l + vc)('a*;—z +v, a—" +Wpe - U!Vf) + Qg &]Vf¢l

2 [{d )V ( 6"5) 0v -(E . ong
_wm[(at+uc | Ep P Ve ( pX? "0)]'
(1)

where ¢ is the electrostatic potential of the upper
hybrid modes, &n, is the electron density perturba-
tion due to the excited zero-frequency mode, v, is
the electron thermal velocity, wpe is the electron
plasma frequency, and V, =xd/dx + y3/dy. In ob-
taining (). the approximation of uniform medium
has been made. Substituting ¢; = & | exp[i(kx - wi)},
®5 = 6 2 exp[-i(kx + wt)}. dn, = 8n, exp(yr -- kx).
and Ep =&, exp( -lwgt) into equation (1) leads to

$,=AGR gy, &= -ABAIng), ()

where

444
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4= wge (wo + Weepy ~ if2e€p,
k

iwyo + v (2w} - wzk)

2 2

where o “"ek + Qz +y ~ ‘*’0 and wck Whe
+3k2 vy 2. the subscnpts l and 2 designate the down-
shifted and upshifted upper hybrid modes respec-
tively. ¥ € wy, Ve has been assumed in obtaining (2).

The other equation relating 67 to ¢, derived
from electron and ion momentum equations, clec-
tron heat equation, and quasi-ncutrality approxima-
tion, can be shown to be

B8 ng)=cd} —c*$, , 3)
where
B=(vQ.Q,/v, + kch)('y + v mfm; + kzvtzvc/ﬂg)
+ §ykel
= 3K elm)[2vewp/(wh — Q)] By — 1T, Q/wg)
~ By k2 1KD) ,

where ¥ px and ¥, are the penpendicular components
of the mduced erectron velocity in the presence of
pump field; m,, m;, ¢, Q;, and 2n/kp, are electron
mass, ion mass, ion-acoustic velocity, ion gyrofrequen-
¢y, and Debye length, respectlvely In the case of our
interest, wqy > 2, and k2 /k < ] are assumed. Sub-
stituting (2) into (3) yields

B=CA*+C°A . @)

For the oblique incidence of ordinary pump
waves, the perpendicular components of the pump
field are approximately related as €, = —i€py - The
induced electron velocity is, then, given by v,

= —ieep,/Ime(wg - Q)] and By, = e€p, /Im (g
- Qe)f (4) can be, therefore, written as

Braglee, /m *{2[o(wy + ) - vhwolllwy 2
- (k2 Yg(wg + L)} 2 wd + 02)~! 5)

after the substitution of these expressions into it,
where

& =§(mc/mi”k21’e/w0(w0 - Qc)l .

The threshold power for exciting the instability is
determined by setting y = 0 in (5), namely,
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leepx/mclﬁ, = 3u‘2(m ol + k21202
X [wolwy ~Re)wlel(@? +r2wd)
X {2[o(wq + £2,) - Vcwul/(‘*’() 2.)
(K2 [kd)wglwg + 1)} L (6)
Since the RHS of (6) must be positive, it requires that

0 > 3 (k2 ke Yog(wy - L) + 2wy llwy + 2. . ()

Inequality (7) is the condition for the instability of
concern 1o be excited by an ordinary pump wave in
magnetized plasmas (c.g., the ionosphere). If the pump
wave frequency is large compared with the clectron
gyrofrequency, (7) can be simplified to be

o> v2+3 k2 kd)wd . 8)

The thrcshold powcr has a mmlmum value .:t g= o()
=B+ (8 +vpwd), where B= o] + (k7 Ikp)(w5/2)-
Solving (5) gives the growth rate ul the instability. It is

Y= —ay, t ucla2 + (?.kzvt v b/Q )

X (lepy Pl lepell DIV, ©)
where
= (my/m; )+ /92

b =(m./m;) + ﬂk%;/ﬂﬁ).

The typical ionospheric parameters in the  region
are: v, = | kHz, Q‘./’ﬂk 1.4MHz, T, = T; = 1000 K,
myfm;=~3.4X 103 /’nszlh 21r/kD~3
X 10 -3 m. Let us mvesugatc the possibility of exciting
upper hybrid modces with the wavelength of, say, 3 m
in the ionosphere by an HF (say, 6 MHz) ordinary
pump wave. It is secn that 6y ~ v wy and the condi-
tion for the instability Jeq. (7) or (8)] can be well
satistied. The required minimum field intensity can
be estimated from (6). 1t is about 3.2 (mV/m). The
mrr«.spondmg, growth rateis 1.8 s 1 if
l€px 12/ 1€p 125 = 10% is assumed. This threshold
ﬁcld intensity is far below that (a few hundreds of
mV/m) employed in the ionospheric heating experi-
ments performed at, for example, Boulder and Puerto
Rico. Therefore, upper hybrid modes can be casily
produced by ordinary pump waves in the ionosphere.
The comparison between the predictions and the
relevant observations in the experiments will be pub-
lished elsewhere,
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In the case of the extraordinary pump wave, Cpy
= i€, - The extraordinary mode tends to propagate
along the geomagnetic tield near its cutoft [2] and
almost becomes a right-hand circularly polarized
wave, The induced clectron velocity can be shown to
be Upy = —ieepy/Imo(wy + Q)] and by,
= —eep /Ime(wy + 82)). The threshold power for ex-
citing the instability by an extraordinary pump wave
can be similarly derived as

le€px/melty = 3 [V7(wy + Q) erp)
X (mofm; + ko2 200l (w] + Q1) + wde?)
X {owglwy - 2,) viwi+92)
K2k (wd - 2yt (10)
For the instability to oceur, it requires that
0> vi(wl + Q) wylwy - 2,)
+ (k2 IkE N wd + 22wy + 2 ) wy - (1)

Near the cutoff of the extraordinary waves in the
ionospheic,

(A)(] = Q‘_-/,-? + ’;‘ (Qg + 4w'2,c)|/2 .
Note that ¢ = wgk + SZE + ug » w(z). Therefore,
0=50% +k2l +57  (Q/D(Q2 + 4022

which can never be positive in the tonosphere, Thus,
we may conclude that upper hybrid modes cannot be
excited in the ionosphere by an HF pump wave of
extraordinary polarization transmitied trom the
ground. However, the accessibility of the extraordi-
nary pump wave to the upper hybrid resonance zone
is possible, if the wave is incident upon the plasmas
from cither the higher density side or the higher
magnetic tield side. The typical example for the
former case is the incidence of the wuve from the
topside of the ionosphere. The latter case is achiev-
able in the laboratory (e, ret. [3]), the inhomogene-
ous magnetic ficld can be generated in the magnetic
Fusion devices, e.g., Tokanks.

in addition to the criterion for the parametric ex-
citatton of upper hybrid modes in the ionospheie,
there are some new approaches in our work, which
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leud to different results in comparison with the previ-
ous relevant studies (e .g.. refs. [4-8]). Since the ex-
cited low frequency modes are purely growing modes,
four wave interaction (1.c.. puap wave, up-shifted
and down-shifted excited high-frequency modes puie-
ly growing mode) should be analyzed as described in
this paper. Except Dimant’s work [4], only three-
wave interaction was considered before. Moreover, a
new nonlinear effect, viz., a nonoscillatory beating
current is included in our analyses. This beating cui-
rent at zero frequency is driven by pump wave in the
oscillatory electron density perturbations of the ex-
cited high-frequency waves. It tends to compensate
part of the well-known nonlinear effects, i.c., the
ponderomotive force and the differential Ohmic heat-
ing. This new nonlinear effect not considerd in the
previous work leads to a marked difference between
our results and, e.g., Dimant’s [4] in the threshold
fields and the growth rates of the excited instabilitics.
Finally we should point out that the present work

is restricted to a uniform medium. The restriction of
our results as applied to the ionospheric heating ex-
periments will be discussed elsewhere.

We thank the two referees’ comments which draw
our atiention to the interesting work in the previous
relevant studies. This work was supported in part
by NSF under grant number ATM-8008296 at
Polytechnic Institute of New York and by AFGL
contract F19628-80-C-0016 at Regis College Re-
search Center.
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The Role of Parametric Decay Instabilities
in Generating Ionospheric Irregularities

S. P. Kuo Anp B. R. CHro

Polytechnic Instituie of New York, Long Island Center. Farmingdale, New York 11735

M. C. Ler

Regis College Research Center, Weston, Massachusetts 02193

We show that purely growing instabilities driven by the saturation spectrum of parametric decay
instabilities can produce a broad spectrum of ionosphenic regularities. The threshold field 1£,,] of the
instabilities decreases with the scale lengths A of the ionospheric irregularities as [E,,i » A 7 in the
small-scale range (< 15 m) but becomes an increasing tunction as ik, = A in the large-scale range. The
minimum threshold field (~2 mV/m) occurs at A 20 m. The growth rate y of the instubilities
maximizes at A ~ 6 m and decreases drastically as y > A 7 with scale lengths lurger than a few
kilometers. The excitation of kilometer-scale irregularities is strictly restricted by the instabilities
themselves and by the spatial inhomogeneity of the medium. These results are drawn from the
analyses of four-wave interaction. lon-neutral collisions impaose no net effect on the instabilities when
the excited ionospheric irregularities have a field-aligned nature.

1. INTRODUCTION

Parametric decay instabilities are expected to be excited
by O mode heater waves in ionospheric heating expcriments
[Perkins and Kaw, 1971]. A saturation spectrum of Lang-
muir waves within a small cone around the geomagnetic field
can be produced by these instabilities via cascading process-
es and nonlinear ion Landau damping [e.g.. Fejer and Kuo,
1973a; Perkins et ul., 1974]. Although experimental <pectra
of such Langmuir waves are still not available, it has been
generally believed that plasma line enhancement observed at
Arecibo [Carlson et al., 1972] is the evidence of the excita-
tion of parametric decay instabilities. Based on the theoreti-
cal spectra of parametric decay instabilities. plasma line
enhancement at Arecibo can be successfully reproduced
[Fejer and Kuo. 1973h: Perkins et al., 1974].

The relevant roles of parametric decay instabilities in
causing other unexpected modification effects due to iono-
spheric heating have been actively explored, such as 6300-A
airglow enhancement [Fejer and Graham, 1974; Weinstock,
1974; Nicholson, 1977]. the generation of short-scale field-
aligned ionospheric irregularities [Perkins, 1974; Lee and
Fejer, 1978]. the possible formation of a soliton and its
collapse {Weatherall et al.. 1982), etc. However, parametric
decay instabilities do not seem to he the only cause leading
to the generation of short-scale irregularities. Their domi-
nant role is questioned in particular by the discovery of the
overshoot phenomenon of plasma line intensity at Arecibo
[Showen and Kim, 1978]. Other competitive mechanisms
have been suggested with continuing effort [e.g.. Das and
Fejer, 1979: Inhester et al., 1981 and references therein; Lee
and Kuo, 1982). The excitation of ionospheric irregularities
by powerful HF radio waves is probably a gross effect
contributed additively by different mechanisms.

The purpose of this paper is to investigate the generation
of ionospheric irregularities by the saturated spectrum of
parametric decay instabilities via purely growing instabilitics

Copyright 1983 by the American Geophysical Union.
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[Perkins, 1974). In his study of three-wave interaction,
Perkins [1974] has already commented on the importance of
four-wave interaction for exciting purely growing modes. In
this paper we analyze a process of four-wave interaction
including beating current in addition to differentiul ohmic
heating and nonlinear L.orentz forces as the nonlinear effects
for purely growing modes. The mechanism for the genera-
tion of field-aligned ionospheric irregularities is the filamen-
tation instability of Langmuir waves. The beating current at
zero frequency is the nonoscillatory part of the current
driven by the total high-frequency ficlds on the total high-
frequency density perturbations. It appears in the electron
continuity equation. The differential ohmic heating force is
the hydrodynamic expansion force of electron gis caused by
the wave-induced heating. It appears as an additional pres-
sure gradient term in the electron momentum equation. The
nonlinear Lorentz force is derived from the convective term
of the electron momentum equation and is reduced (o the
ponderomotive force in the unmagnetized plasma case. It
will be seen that the differential ohmic heating force predom-
inates over the ponderomotive force in the consideration of
present interest, in contrast to other cases. e.g.. type I
solar radio bursts [Bardwell and Goldman, 1976 Weatherall
et al., 1981}, where ponderomotive force is the dominant
nonlinear effect.

The plan of this paper is as follows. The excitation of
parametric decay instabilitics by () mode heater waves is
briefly described in section 2. In section 3. purely growing
instabilities driven by the saturation spectrum of parametric
decay instabilities are analyzed in spatially uniform plasmas.
The uniform medium theory iy justified by the result that
large-scale (kilomcters) ionospheric irregularities cannot be
excited favorably by the purely growing instabilities. The
influence of spatial inhomogeneity on the generation of
ionospheric irregularities is discussed in section 4. and
conclusions are finally drawn.

2. PARAMEIRIC DECAY INSTABILITIES

An O mode heater wave can decay into one Langmuun
wave and one 1on acoustic wave near its reflection height in
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the ionosphere. After the excited Langmuir wave grows and
acquires a sufficiently large intensity, it can decay into a
daughter Langmuir wave and an ion acoustic wave. A
cascade to lower-frequency Langmuir waves proceeds and
finally results in a saturation spectrum of Langmuir waves
(Fejor und Kuo, 1973a; Perkinys et al.. 1974} whose distribu-
tion in wave vector space is confined in a narrow cone
around the axis taken along the geomagnetic field.

These parametrically excited Langmuir waves are now
considered as pump waves to excite ionospheric irregular-
ities (purely growing modes) and wave vector up-shifted and
down-shifted daughter Langmuir waves. The process under
consideration can be represented by the following matching
relations:

=0 o= e
k:=k1"’k| k, = k; t ko

where 0, 1, 2, and 3 are used to represent respeclively the
down-shifted daughter Langmuir wave, the Langmuir pump
wave, the up-shifted daughter Langmuir wave, and the
purely growing mode (ionospheric irregularities).

To begin with our analyses, the Langmuir pump waves
(w). k;) are represented approximately by the following
dispersion relation:

(1)

[0

: ki’ ki 3k
—— = |1 +—=]|=0
w- — " wy” kp”

k?

where w,. kpy, and {},. are electron plasma frequency, elec-
tron Debye length, and clectron gyrofrequency respectively.
A Cartesian system of coordinates is chosen with its z axis
along the geomagnetic field, and the wave vectors lie on the
x-z plane. Since no damping term is included in (2), unatten-
uated Langmuir pump waves have been assumed. This is
because the Langmuir pump waves with saturated intensities
are maintained by CW O mode heater waves. For simplicity,
the Langmuir pump waves are assumed to be not depleted.
In fact, the process discussed in section 3 can modify the
saturation spectium of Langmuir waves determined by, for
example, cascadhing processes or nonlinear ion Landau
damping and ¢+ ¢ viewed as a saturation mechanism of the
parametric ‘oo .y instability. Therefore the effect of pump
depletion should. .n general. be considered in the following
analyses. However, this is beyond the scope of the present
work.

| - (2)

3. Purei Y GROWING INSTABILITIES
Excrrin Y LANGMUIR PuMP WAVES

The coupled mode equations for daughter Langmuir
waves (. ko w-, K3) in terms of Langmuir pump waves (o),
ki) and 1onospheric irregularitics (an, ki) can be derived
from the clectron continuity equation and electron momen-
tum equation as

d o ! fd : , a4 [0 \
il Bl twg Tty + “.,f ==+
A\ at o\ ot

o (ke 0,0t | @ w"l) . ki -k
e e 1 I -k
k- ‘ ! ka® ) [\ ot Fore k)

| .
‘ !LFI.\J«L-J >, (i") 3 %o exp itk r - wn]
"o 6[)2 exp [l(k: 'r
e

TP TR
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<a )‘ (d )’ .o (a )
—t | tw [ ]
114 at at \ ol
+ ky. :“ e | @ wpz d :(k
- S wgy” = - 5 —t :
ky oo ! Ky at ’ I
8 *
+ Qrzk():kl:] b, ( . ) .
Hy

where @, ¢., and &, are electrical potentials of the Lang-
muir pump wave, up-shifted daughter Langmuir wave. and
down-shifted daughter Langmuir wave; ny. én, and v, are
unperturbed electron density, induced nonoscillatory elec-
tron density perturbations, and electron-ion collision fre-
quency respectively: the superscript asterisk is used to
indicate complex conjugate; and w,® = w, (1 + 3k 7kp). j =
0, 2, where kp is the Debye wave number. In obtaining (3)
and (4), uniform background density ny has been assumed.

The other coupled mode equation can be obtained from
the following fluid equations for electrons and ions:

9
at

d
—n.+V-nV.=0 (5)
at
] ) vp.
m—+V, VIV, = - -¢E-mQ.V, x:
at n,
-vm(V, - V) (6)
] s 2
=T, +8T,)V V.= V(RS + R,*V,T.
at In,
W, ST, = Ty = vm (VS (D)
eV, T T X ¢
LA M i} Welhl )
d
—n+V-nV, =0 (8)
at
L vp,
Ml —+ V- VIV, = — — + ¢E + MLV, x ¢
at n;
n,
+ pm—(V, - V) - v, MV, 9
where

R = Yn Tymv.)

R = ) e Tymy,)
and where m and M are the masses of electrons and 1ons: n,
V. T. ). and P arc their density, velocity, temperature,
gyrofrequency. and thermal pressure: T, is the plasma
temperature (measured by clectron volts) in thermal equilib-
rium; »,, is the ion-neutral collision frequency: and the angle
brackets in (7) mecan the ame average taken over a few high-
frequency periods.

According to the matching relations given by (1), waves
0,17 2.7 and Y may be designated respectively by

op, exp lilk; - v — wi)]

] Apyexplyt + k1)
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Fig. 1. Configuration of four-wave interaction. Langmuir pump
wave (k) propagating along the geomagnetic field excites a down
shifted daughter Langmuir wave (k) and a purely growing mode
(k3). An up-shifted daughter Langmuir wave (k,) is also excited as
the beat product of the Langmuir pump wave (k,) and the purely
growing mode (k).

where o = wy + iy and a positive y represents the growth
rate of the instabilities. Equations (5)~(9) in linearized form
can be written as

on,
-n—- + K38V, + ky-J =0 (5"
Q0

where

J =1 (N Veo* + no*Ve + n*Vea  nV0*)

is the superposition of nonoscillatory beating currents driven
by the Langmuir pump wave in the oscillatory electron
density perturbations of the excited high-frequency waves
and vice versa; n is the unperturbed plasma density.

on,
iF = —ik;67, — KTy | —
ny

— eE; — mQ, 8V, X i -~ mv(8V, — 8V, (6°)

where
F=mk - V*Vp - ko VaVq*
+ k' Vo *Veo - k- VoV %)

is the superposition of nonlinear Lorentz force~ acting on an
electron which oscillates under the influence v’ the Lang-
muir pump wave and experiences a force exerted by the
excited high-frequency waves and vice versa. This force
reduces to the ponderomotive force in the unmagnetized
plasma case and includes an additional term, —(V, x V x
V.), in the magnetized plasma case. E; is the low-frequency
electric field. The inertial term has been neglected in (6')
since y <€ v, is assumed and can be justified.

= YH - iTks* 8Y,)

-
‘:y s e tmiMy o .R bR ",l 7
Sny,

where H = 2u.m(V,. V. o* + V.o V. *) is the differential
ohmic heating term arising from electron cnergy dissipation
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ﬁ,,,MSV; = "(7}/'1())ik18ﬂ, + ('l‘:]
+ MQ,6V, X 2+ v.m(8V, — 8V) (9}

where 2, = y + v,,. The nonlinear Lorentz force term is not
included in (9'), because ions are oo massive to respond
quickly in the high-frequency fields. Eliminating E.. 8V,.
8V,, and 8T, from (5'~(9'), we obtain the fullowing coupled
mode equation for the purely growing mode:

0.4, .
-lyﬂi,,a[b(l + ) + Ay 2,J
Ve V,,, [
32 2
+ (‘\3(1 + a)(h2 LA Alqkk )}(éﬁ)
3 V" ngy

&A_k\zkh [‘“
v, M

ol By e
M
()..(l, Q,° k
V. Uiy v, M

QL .,

T kaky:”
V.-

, Q.8 2 Q2
+ i[(lk;,' - + (C3 )(h2 + — k" I\x )](k - J)y  am
v, ?

where
a =7yt ZV,(M/M) + (3/2"())“\'1::R‘(‘ + l\'\.:R_’)
b = k3 + kU0 005,)

. 2 H(hz +

M

and F,. F,. and F, are the three compenents of F.

The dispersion relation can be derived from (3). (4}, and
(10). Instead of giving its complicated general expression, we
analyze the dispersion relation for a special case, wherein
the Langmuir pump wave propagates along the geomagnetic
field. This actually represents the most favorable situation,
because this Langmuir wave has the largest intensity in the
saturation spectrum of parametric decay instabilities. The
study of this case is therefore sufficient to highlight the
problems. Since the up-shifted (k:) and down-shifted (ko)
daughter Langmuir waves are in symmetry with respect to
the Langmuir pump wave (see (3) and (4)). the purely
growing maode (k) is exactly perpendicular to the geomag-
nctic field in this particular case. Hlustrated in Figure 11s the
configuration of this four-wave interaction process in wave
vector space:

k| = /\|f
k: = l\l.f + l\\f k() =
Hence (10) reduces to

. (ll()'l ~ Y ~ o
Yo [V 4 - =) CF , Ao
ot ",

ki = AW

LU Ty

in the high-frequency wave fields. Q.0 Clhe
A T - - XY tn
ybn, + ingky - 8Y, = (R v, 1
37
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where ol . NE ) . .
s + hiv{———— + 301+ 20" + (w — " Wlw)
ag = v + 2 tmiMy v vk kot Ry
where 7. is the clectron gyroradius. With the aid of (2), (3) 0.2
and (4) become ap | ———— + 30}
l\|" + k_("
@, \f on , o )
®, = f : — || Ay -5+ 3] - 2“’IZV¢'2 2 ’ 3 ' N
A’_y' ny kz- (l(>- ((U]- - ‘l,».) 4 V. 2 3 !ll_
+ ay s, + = a2 ((U|- - (!r.} LR
s . -1 w," ,\\' Il 3 w)” ki + A
+ {wy(wy” — (ly.)V,- (12)

3 3 2 2 2 2 +
N 1,7 (o — f)° v tws — ),
R + 3u~ —do| —7 ! 3 )+ A 5 )u(.
[ D\ bn* L o8 R - H w ks dw)” J
d = — N — || kvl — + v ] - 2w °pc
hy ny 0

Ty

s a0
. S

1
+ iw(w? = Q,,Z)u(.] (13

[1X¢} . JRTEN
where {[yﬁ(l + :y—) + k‘ZCJ':I(y + 2v, % + v, ;IU:, )

I = ke lw’ — Q) + 2w,

or

™Y
£
s

¢
i
Al
4

[

: = . 2 2 2 = , m a9 2 b B 2
w) w), (1 + 3/\1 /kl) ) U, T()/m + _'.;'Yﬁk_\-vl-} — Z(M/M)(('/ﬂ”' [|¢|H\'|4/\'34(k|' R I]
and y << v, has been assumed.

In the presence of high-frequency electrostatic wave 22 Q0,2 s . X NEAS
fields, the electron density perturbations are given by - 3 K+ ke MR BT B A ;T

o, = ~k;dbjame j=0.1,2

MR

. w’ -2\ 0] .
and the electron velocity perturbations can be represented {% Ve ( ' 5 )( — T+ 3 u,z)
approximately by w ke + k

w, (l, k': Q 2
= —(em) | § ———shy + iV s ky + 2| @ m a2\ | 2 g
\7 (e/m) [t P PR wiz -2 Z wi] i+ [‘y + v,(ZM + ka°r, )](k.z R + 3, )} (18h)

J=0.1.2
On the right-hand side of (18a) the three terms labeled by F.
Then, H. and J correspond respectively to the three nonlinear
effects, namely, nonlinear Lorentz torces. differential ohmic

J = w kiky (@D, - O By) (14) heating, and beating currents. The first term inside the
T (@) - L) dmgm e brackets labeled by F comes from the ponderomotive force.
and the second term is derived from —(V, x V x V), which

k2 reduces to zero in the unmagnetized plasma. It is seen that

H = 2v.mieim) —5 (B* P + O, Py") (15)  the nonlinear Lorentz force and differential ohmic heating
il force add together for w; > §), and are partially counterbal-

anced by beating currents with the net result given in (18h).

kyky Note that ay = v + 2v(m/M) + vk:’r.2, where (m/M) - 3.4

!

) . a2 * *

.: k.= micim) (@ - 0.3 @B + 0Py®) (1605 and r. ~ 2 cm in the F region. Therefore the
’ contribution of the ponderomotive force in generating field-
L. m 0, kihy aligned ionospheric irregularities is smaller than that of
. Fo =i = elmy == —5 —=5- (@*®; - & dy*) (17)  differential ohmic heating by a factor of k:°r,> for irrcgular-
M wy (wy” -~ 1,7) ities with scale lengths (A;) less than 7r.2M/m'? ~ IS m
N L . . s . and by a factor of (m/M) otherwise.

- Substituting (14)~(17) into (11) and with the aid of (12) and If the following ionospheric parameters arc used for the F

(13). we obtain the dispersion relation region heating experiments: m/M(O") ~ 3.4 x 10 o~ 1

kHz, Q.27 ~ 1.2 MHz. v, ~ 1.3 X 10° nv/s. w27 ~ 6 MHz,

‘e w—(, RELELA RN (y oy, B Vi ~ 0.5 Hz. 2nfk, ~ 0.4 m. and E, = k,®,! ~ 0.7 Vim,
VeVin M Q0.° equation (i8h) can be simplified as

- —

, M 2m

20 3 2 2 I (ll(ll 30 l m A s R
i .‘y_ﬁ“hv"} = [2omiMyelmy i@ k' he® + k5 (7 + kz'(‘->(7 RV u,,A,-r.'-) YR
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Fig. 2. Threshold field intensities |E,,| as a function of scale
lengths of the ionospheric irregularities excited by purely growing
instabilities.
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It is interesting to note that since Q87 v, 5, 3 1, 5, is finally
canceled in (19). The reason can be understood from (10)
that 7, can be retained in the expression unless the purely
growing modes are exactly field-aligned (i.e., A;. = 0). In
other words, p, has no net effect on field-aligned purely
growing modes. It can be shown that the retardation on the
polarization drift of field-aligned modes caused by v, damp-
ing is compensated by an Fp X B drift due to v, drag force in
the direction perpendicular to the plane formed by the
geomagnetic field and the polarization drift.

The threshold field |Ew| = k@l is determined from (19)
by setting y = 0, i.e.,

m
= iu}(zﬂ—{ + k;zr,2>

. /(ZL 32 222+ 2,2
3 PR + v} + 20, v ay

2 2 ()'2 5.2 24 2
kA k) T iU tkk 20)

e 2
— Ey,
m

kll + kJZ

Solving (19) for y gives the growth rate

2
y= —-v,(%"-l + Hk;zr(,z) + v,[(—;a- + Hk;zr,z)

+ 2k 22—+ kA /5 - Q1
yr ( v vr )('Emlz )] )

The results of (20) and (21) are plotted in Figures 2 and 3
respectively. Also plotted in Figure 3 is the growth time of
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the instabilities defined to be the time interval for the
amplitude of excited modes to exceed their thermal ievel by
five ¢ folds of magnitude.

The threshold field decreases with the scale lengths of
irregularities in the small-scale range but becomes an in-
creasing function in the large-scale range. This interesting
behavior of threshold field versus scale lengths can be seen
from (20) where

[Ewl ~ (V3 12)mleXv h:ky) 7 Ay 2
A< wr 2Min)' Y - 13 m

[Eml ~ L.2miM) " odmieXvowk /k Q) x kv A 2 1S m

While |Ey| has a minimum value of 1.89 mV/m around A; =
20 m, the growth rate (time) has a maximum value of 56.0s '
(minimum value of 0.09 s) near Ay = 6 m. Although meter-
scale irregularities have the fastest growth rates. larger-scale
(tens and hundreds of meters) irregularities can still be
excited by the present instabilities in reasonable time (a few
to tens of seconds). However, the thresholds and growth
time of kilometer-scale irregularities increase drastically.
Consequently, kilometer-scale irregularities cannot be excit-
ed by the present instabilities as favorably as by the thermal
self-focusing instabilities {Perkins and Valeo, 1974, Cragin
and Fejer, 1974; Berger et al., 1975).

4. DiscusstoNs AND CONCLUSIONS

Along the line of Perkins' [1974) approach. we consider
the saturation spectrum of parametric decay instabilities as
the source of heating-induced ionospheric irregularities.
Instead of three-wave coupling, we analyze four-wave inter-
action whereby the Langmuir pump wave can excite two
daughter Langmuir waves (wave vector up-shifted and
down-shifted sidebands) and ionospheric irregularities (pure-
ly growing modes). This is. essentiaflly. the filamentation
instability of Langmuir waves in a4 magnetized plasma.
Moreover, nonoscillatory beating currents as well as differ-

10? 108
860
10' 102
= P 4100
L] L]
& 107} 10° -
10t 10!

0 0%
|°'l " |0'2
0! 10° o' 102 0* 104
A{m)

Fig. 3. Growth rates y and growth times 7 as a function of the
scale lengths of the excited ionospheric irregularities. Curves A and
B represent respectively the growth rates and growth times of purely
growing instabilities. Growth time is defined to be the time interval
for the amplitude of excited modes to exceed their thermal level by
five e folds of magnitude.
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ential ohmic heating and nonlinear Lorentz force are the
nonlinear effects in the formation of field-aligned ionospheric
irregularitics. Because the excited low-frequency modes are
purely growing modes, the beating current always provides a
stabilization effect to counterbalance partially the ditferential
ohmic heating and nonlinear Lorentz forces. The principal
results of our analyses are summarized as follows. (1) A
broad spectrum of ionospheric irregularities can be produced
with scale lengths ranging from meters to hundreds of meters
under reasonable experimental conditions. (2) The analyses
of four-wave interaction reflect new fcatures of purely
growing instabilities not discovered before in the analyses of
three-wave interaction. The threshold field |E| of the insta-
bilities decreases with the scale lengths A of the ionospheric
irregularities as |E,;) x A% in the small-scale range (<15 m)
but becomes an increasing function as |Ex| = A in the large-
scale range. The threshold field has a4 minimum value of ~2
mV/m at A ~ 20 m. The growth rate y of the instabilities
maximizes at A ~ 6 m and decreases drastically as y x A 2
with scale lengths larger than a few kilometers.

There is one important point to be made regarding the
maximum scale lengths of ionospheric irregularities excited
by electrostatic pump waves. As shown in Figures 2 and 3,
the instabilities do not favor the excitation of large-scale
(kilometers) irregularities. On the other hand, the ionospher-
ic inhomogeneity aiso imposes a limitation as explained
below. To generate large-scale irregularities as the beat
product of two Langmuir waves, it requires that the coher-
ence of these two short-wavelength Langmuir waves be
maintained over a distance of many wavelengths in the
transverse direction. Under quiet and spatially uniform (with
typical scale height of a few tens of kilometers) ionospheric
conditions, the maximum scale lengths of the excited irregu-
larities are determined by the instabilities themselves. Other-
wise, they are primarily determined by the spatial inhomo-
geneity of the medium.

It should be pointed out that although growth rates are
determined by ionospheric and experimental parameters, the
location of their maximum (around Aa = 6 m in Figure 3)
does not change significantly with different parameters (e.g..
varying |E\]: 0.3-1.2 V/m). The result that meter-scale irreg-
ulanities have the fastest growth rates generally agrees with
the experiments. However, whether the growth rates of
irregularities maximize at the meter-scale lengths as predict-
ed by this theory cannot be thoroughly checked from the
available backscatter radar measurements [e.g.. Rao und
Thome, 1974, Minkoff, 1974] and awaits future experimental
verification. The apparent experimental difficulty is that. for
instance, irregularities with a scale length of 10 m can be
picked up by a backscatter radar of 15 MHz. but HF radar
echoes cannot be simply attributed to the scattering from
irregularities, because refraction is important too. Lower-
frequency HF probing radar signals cannot even reach the
heated ionospheric F region.

The use of unattenuated Langmuir pump waves is not as
unrealistic as it appears 10 be. As mentioned before, they are
waves with saturated intensities maintained by CW heater
waves. As soon as the heater waves are turned oft, they die
out within milliseconds. The induced ionospheric irregular-
itics do not decay quickly. however. The reason is that the
field-aligned nature of these irregularities prevents them
from being removed promptly by the diffusion dumping.
Meter-scale irregularities can persist for seconds. and large-

scale (hundreds of meters) irregularities can even survive for
hours.

Although our attention has been addressed primarily to
the generation of field-aligned ionospheric irregularities, the
filamentation of Langmuir pump waves is also an important
result in our work. Schmidt [1975] shows that the breakup of
solitons is just a continuation of the filamentation instability.
A comparison between the present work and the recent work
on a soliton and its cotlapse [Weutherall et al., 1982 Hafizi
et al., 1982] cannot be made directly, however. This is
because only ponderomotive force is included to analyze the
nonlinear evolution of Langmuir waves via the oscillating
two-stream instability {Weatherall et al., 1982) or via the
scattering of Langmuir waves off ion acoustic quasi-modes
[Hafizi et al., 1982]. In our future work. we plan to take a
broadband Langmuir pump in the analysis of the modula-
tional instability. Then. the nonlinear evolution of this
instability can be studied and compared with the resulits of
the present linear stability analysis. As mentioned before,
cascading processes and nonlinear ion Landau damping
[Fejer and Kuo, 1973a; Perkins et al., 1974) have been
suggested as the saturation mechanisms of the parametric
decay instability. The process discussed in our paper can
also be considered as a saturation mechanism of the para-
metric decay instability. It occurs on a much slower time-
scale than the cascading processes or the nonlinear ion
Landau damping. It, then, contributes to depleting and
broadening the saturation spectrum of Langmuir waves
determined by, for example, the cascading processes. There-
fore the depletion and broadening effects of the present
process on the Langmuir pump waves should be taken into
account in our future analyses. If pump depletion is the
saturation mechanism of the instability proposed here. the
intensity of the purely growing modes can then be deter-
mined.

In conclusion, purely growing instabilities driven by the
saturation spectrum of parametric decay instabilities can
excite not only meter-scale but also tens and even hundreds
of meter-scale irregularities within seconds (see Figure 3}
under optimum (i.e., quiet and spatially uniform) ionospher-
ic conditions. The excitation of kilometer-scale irregularities
is strictly restricted by the instabilities themselves (i.¢.. their
spatial coherency) and by the spatial inhomogeneity of the
medium. It is true that parametric decay instabilities encoun-
ter competitive processes as indicated probably by the
overshoot phenomenon of plasma line intensity {Showen and
Kim, 1978]. However, since the threshold fields of purely
growing instabilities are a few millivolts per meter in the tens
of meters scale range (see Figure 2), parametnc decay
instabilities may still play a significant role in generating
intermediate-scale wnospheric irregularities in the presence
of other competitive processes.
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Faraday Polarization Fluctuations of Transionospheric Propagation

M. C. Lee

Regis College Research Center, Weston, Massachusetts 02193

Rapid. intense Faraday polarization fluctuations of satellite HF and VHF beacon signals have been
shown to be caused by wave scattering from density irregularities. Except in the case of HF signals (e.g., 20
MHz), irregularities with Gaussian spectra cannot affect the polarization of satellite signals as effectively as
irregularities with power law spectra. It is adequate 10 use the theory of single scattering for describing the
Faraday polasization fluctuations even in cases involving large density fluctuations, such as those of
41-MHz signals near the magnetic equator and those of 136-MHz signals near the equatorial anomaly

region.

INFRODUCTION

Rapid. intense fluctuations in Faraday rotation angles have
been observed at middle and high latitudes in low orbit satellite
beacon signals of 20, 40, and 54 MHz [Kent, 1959; Par-
thasarathy and Reid, 1959; Yeh and Swenson, 1959; McClure,
1964; Roger, 1965). Similar Faraday polarization fluctuations
{FPF) of 136-MHz signals from geostationary satellite have
also been seen at locations like Ascension Island, Calcutta, and
Delhi, situated near the equatorial anomaly region [ Klobuchar
and Aarons, 1980; Das Guptu and Muitra, 1980; Lee et ul., 1982
and references therein]. In the observations at Ascension
Istand. Lee et al. [1982] noted the coexistence of FPF with
strong L. band amplitude scintillations as displayed in Figure 1.
These two phenomena appeared together during the post-
sunset hours and disappeared simultaneously near or after
midnight.

FPE of satellite signals have been interpreted as the de-
polarization of lincarly polarized waves by wave scattering
from ionospheric irregularities [ Yeh and Liu, 1967; Lee et al.
1982]. Yehand Lin [ 1967] show that small density fluctuations
with Gaussian spectra are suflicient 1o cause FPE of 20-MHz
satelbte signalds. In the case of 136-MH2 F P, Lee et al. [1982]
show that small-scale { {200 m) density fluctuations with power
law other than Gausstan spectra are responsible for this effect.
High ambient plasma densitics have been shown to be required
to cause the FPFE of 136-MH7 signals.

‘The purposes of this paper are to investigate the different
nature of ionospheric irregularities that give rise to the FPF of
satellite HE and VHF beacon signals and to discuss the validity
of weitk scattering theory and the eflect of multiple scattering in
the studv of FPF 1n the ionosphere.

FARADAY POt ARIZATION FrucTuations (FPF)

A hincarly polarized satellite beacon signal can be decom-
posed mio an ordinary and an extraordinary mode for its
transionospherie propagation If a slab of uniform density ir-
regulanities is assumed to existan the 1 oregion, cach mode can
ueract with density srecgabirttios sn o didlerent manner as
deseribed below. Assuming that the arregularity scale sizes of
mterestare much geeater than the wavelength of the signal, one
can neglect the relraction caused by spittual inhomogencity and
the reflection from density srregularities. For simphicity, one
may only consider single scattering process, which introduces
different complex shifts into the original ordinary and extra-
ordinary modes, ie., Egq(2o) = ¥, exp(-1¢,). where
Ex (Fg ) refers 10 the received wave field of the ordinary

(extraordinary) mode in the presence of density irregularities,
E; (E, .) is the wave field of the ordinary (extraordinary) mode
in the absence of density irregularities, and ¢ ,(¢_) the phase
shift caused by wave scattering from density irregularities. The
phasc shifts are given by

b = —izor, Jd’r AN(r) exp [ —iks{r + R — 20)]
v Rr

where r(~282 x 10" '3 m) is the classical electron radius,
AN(r) is the local density fluctuations, k,(k_) is the wave
number of the ordinary (extraordinary) mode, V is the total
volume of density irregularities, and as illustrated in Figure 2,
2, is the distance between the satellite and the ground-based
receiver, r that between the satellite and the scatterer ¥, and R
that between the scatterer V¥, and the receiver, respectively. For
quasi-longitudinal propagation in the ionosphere, k, = k(1
+ XY cos /21 - X)] where X, Y.and 0 are the squared ratio
of the ambicnt plasma frequency ( fy) to the wave frequency ().
the ratio of clectron cyclotron frequency () to the wave fre-
quency, and the propagation angle of the signal with respect to
the geomagnetic field: A = 2afct (1 - X)"? s the wave
number for propagating in an isotropic medium (ie.. Y - 0L

An mduced Faraday rotation angle (AQ) due to wave scatter-
ing by density irrcgularities is just the half of the differcntial
phase shift between the ordinary and the extraordinary modes,
e,

AQ:h‘f’o —¢.)= —zr,

j‘ s, AN exp [—ikir + R — z4)]
| dr
v Rr

sin [ek(r + R — z,))

wheres = XY cos 0/2(1 - X).

An induced wave field that is perpendicular to the ariginal
one can be visualized 10 be associated with the induced Fara-
day rotation angle. The ratio of the induced to the original
wive fliclds is anproximaicly equal to the induced Faradav
rotation ane'e, if the dilferential phase shift between two char-
avtenstics modes is Jess than one radan.

The physical quantity of interest 1s the variance of the in-
duced Faraday rotation angle, ie..

(AN V*
CIAQEY =zt jd'r, J.d"r_. \——-—“——-""Ah ra)>
h v R\R;ryry
“cos[ktry + Ry — z9) - k(ry + Ry - 2o)]

— csin|fAtrg + Ry - zp)l sin fektrs + Ry — 2o))
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= Fig. 1. Sample data of the geostationary satellite signals received at Ascension Island on January 2, 1980. The amplitude
scintillations of the 136-MHz signals transmitted from SIRIO and those of the L band (1.541 GHz) transmitted from
L MARISAT-(1) are displayed in channels (A) and (B), respectively. Shown in channels (C) and (D) are the Faraday rotation
. measurements of 136-MHz signals in a ramp format with one channel displaced by 90 relauve to the other. Rapid, intense
fluctuations make the last two channels almost undistinguishable { Lee et al., 1982 ].
P where the angle brackets indicate that the spatial average is where D is the thickness of irregularities layer, y the zenith
- taken over the volume V; (AN(r,JAN®(r;)> is the auto- angle;  F(1) = 2ok{|20(2z — zo) + 42z — z* - (L/2°]1} ",
- correlation function of ionospheric irregularities. 1 =0, +¢ It is clear in (2) that if F(+¢) = F0), (]AQ)»

vanishes and no FPF can be observed. Therefore, F'PF requires

IONOSPHERIC IRREGULARITIES

Power law spectra and Gaussian spectra with a scale size of 1
km have been seen to be associated respectively with the early
and the late developed phases of irregularities in the observ-
ation of satellite scintillations [ Basu et al.. 1980a]. To simplify
the problem mathematically, statistically isotropic density ir-
regularities are considered and assumed to be generated by
spatially homogeneous processes, namely, the correlation func-
tion can be expressed as CAN(r,JAN*r,)> = (AN)* exp [ — (I,

— £,}/"~™), where (AN)? is the mean square fluctuations of
the ambient plasma density; m == 1 for the power law type and
m = 2 for the Gaussian type of ionospheric irregularities.

Making the following coordinate transformation in (1): x =

x, + x50y =¥y, +y2). 2 =4z, 42 E=x, =y,
— y3. { = 2, — 2, and integrating (1) over x and y from —~x.
° to + o, one obtains

@t Daecy o
1AQPY = AN} J' dz ”J.d( dn d¢

. exp[_(cl + "2 + :l‘m/ll—-m]
- {2F(0) sin [FOOXE + 1)

$(0,0,0)

N R(0,0
- Fle) sin [F(eXE + nh) , 0.Za)

Fig. 2 Geometry of transvionosphenc propagation and wave scalter-
S FC ) sin FC-eNE s i 2) ing by denwty irregulanues
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that

defzzy — 22 — (/DY) 2 2M22 — z,) k)

in F(+¢), I's have replaced {'s in (3) since { is of the order of L.
On the above condition it can be shown that

<I1AQP) = 22, *((AN/N)*) N*D

- sec ylezalzo — ZW)AN2R2Z0)]'? @)

for irregularitics with power law spectra [Lee et al., 1982],
where 4 = 2nr/k, and z,, is the distance between the satellite and
the mean altitude of density irregularities, and that

<|AQ|2> = n'ml’i‘r,zNz((AN/N)’)G
- [ezdz0 — zu)/z0]’D sec x  (5)

for irregularities with Gaussian spectra [ Yeh and Liu, 1967].
Equations (4) and (5) can be used to estimate the required
density fluctuations (((AN/N)?)>''?) for causing different de-
grees of FPF ((| AQ|*)"?) under the given ionospheric condi-
tions.

Equaling the right-hand sides of (4) and (5) leads to

_ {AN/NY'

- <(AN/N)2>,,”2

= Zn“zlyzf,, - J/z[zo l:"(zo - Z.ll" {cos 0)] R 121

LI P i e
which gives the ratio of Gaussian to power law types of density
fluctuations in causing the same level of FPF; where f,,, Q. ¢,
and / arc the ambient plasma frequency, electron cyclotron
frequency, speed of light in vacuum, and the signal frequency.
respectively.
If the scale sizes of irregularities are assumed to be much less

than the slab thickness of irregularities. one may neglect (/2)?
n {3) and obtain

At ML - 1A !

cgos 0z (20 -

(6)

(N

on the substitution of ¢ = A Y cos (21 - X). Z's have been
replaced in (3) by z,'s. which represent the distance between the
satellite and the mean altitude of density ieregulanities. Taking
the equality in (7). one can determine the outer scale sizes (/) of
irregularities involved in causing the FPEF of satellite beacon
signals under the given ionospheric conditions.

) 2 U2,

- o)

FFPE OF GEHOSTATIONARY SATELLITE BEACON S1GNALS

As mentioned before, FPE of geostationary satelhte beacons
at 136 MH/ have only been reported from ground-stations
such as Ascension Istand. Calcutta, Dethi, ete . near the equa-
torial anomaly region during the current solar maamom
period In the observations made at Ascension Istand (31 S
dip). very high £.4. (16-20 MHZz) were indicated from the THC
measurements (1. A Klobuchar. private commumication, 1981)
and from the wirborae-ionosonde measurements of ionization
density prohles (). Weber and 1 G Moore, private com-
mumication. 1980 While large FPE of low orbit satellite
J0-MH/ signals hisve been seen at auddle-latitude stations, e.g..
Cambndge. England [ Kenr, 1959). Faradsy rotation measure-
ments of geostationary satelhite (ATS 6) 41-MH7/ signals made
at Huancayo (1.3 N dip). Peru in 1975 did not show rapid,
intense fluctuations (J. A. Klobuchar, private commumnications,

7583
I
o
2
°
=
N—
S
d
~
0.0 q 0 i
10 10 10 10
2b2
CCAN/NY Y, (%)
Fig. 3a. (AN/N)*''2 versus (| ARIY'? for power law type of

irregularities to cause the FPF of geostationary satellite 41-MHz bea-
cons at Huancayo (curves (A) and (B)) and the FPF of 136-MHz
beacons at Ascension Island (curve (C)) and at Huancayo (curve (D)).
The propagation angles () and the zenith angles (x) of 136MHz
signals at Ascension Island and at Huancayo are 52°, 10" and 85, 70°,
respectively. 0 and x of 41-MHz signals at Huancayo are 82° and 70"
The ambient plasma densities N (or frequencies fy) at Ascension Island
and a1 Huancayo are taken to be 405 x 10'> m 3 (or 18 MHz) and
1.25 x 10'> m " (or 10 MHz), respectively. But in the solar minimum
case at Huancayo (curve (B)), N (or fy) is assumed to be 6.13 x 10'!
m 3(or 7MHaz).

1981). The fF at Huancayo were generally less than 10 MHz in
this solar quiet year.

Let us assume that ionospheric irregularities have a thickness
(1 of 200 km at a mean altitude of 600 km(z, — z,). Figure 3a
shows the theoretically calculated ((AN/N)Y, "2 versus < | AQ
[>" 7 (equation (4)) for power law type of irregularities to cause
the 41-MHz FPF at Huancayo and the 136-MHz FPF at
Ascension Island and at Huancayo; (|AQ|*>' ? = 0.1 radians
corresponds to appreciable FPF and (]AQ}*>'? = 0.5 radians
to large FPI'. The outer scale sizes of irregularities [ (equation
(7)) involved are displayed in Figure 3b. I versus f, (equation
(o)} arc plotted in Figure 3¢. The product of I' and
LAN/N)?) . gives the required Gaussian type of density fluc-
tuations (AN N)*> ' ¢ for causing the same level of FPF.

The 136-MHs FPF at Ascension Island turns out to be
caused by smaill-scale { <200 m) irregularities with about 1.
density depletion. It is, however, impossible for Gaussian type
of irregularities to cause the 136-MHz FPF, since absurdly

25['

20}

|
15}

~
T
3 10
4
o==— (ST S NIV N W RS Ui
0 [ 2 3 4
10 10 10 10 10
/ (m)
Fuye W The outer saale sizes (6 of arregulanties versus ambient

plasma frequenaies (1) 1n causing the 41-MHz FPE at Huancaye
{curve (C) and the 136-MHz FPF at Huancayo (curve (A)) and at
Ascension Island (curve (B)).
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Fig. 3c. T versus fy. The product of T and ((AN/N)?),'"* gives the
required Gaussian type of density fluctuations ((AN/N)*>¢'/? for caus-
ing the same level of 41-MHz FPF at Huancayo (curve (A)) and for
causing that of 136-MHz FPF at Huancayo (curve (C) and at Ascen-
sion Island (curve (B)).

large density depletions (e.g., ((AN/N)?*>''? = 834°., for {|AQ
[>12 = 0.1) are required. The 136-MHz FPF arc, therefore,
not expected during the late phase of ionospheric irregularities.
Since both the L band amplitude scintilation and the 136-M11~,
FPF are caused by small-scale (<1 km) density irregularties.
the coexistence of these two phenomena observed at Ascension
Island can be so explained. In contrast. the observation of
136-MHz FPF at Huancayo is not expected. This is because
Huancayo is located near the magnetic equator, where the f,F ,
is relatively low and the propagation angles 0 of geostationary
beacons are nearly perpendicular to the geomagnetic ficld,
therefore as shown in Figure 3. meter scale irregularities with
unrealistically large fluctuations (1.4% for (JAQ|3' % = 0.1)
are required.

The theory predicts that the 41-MHz FPF at Huancayo, if
any, are caused by irregularities with an outer scale of severai
hundreds of meters. This leads to the expectation of the coexist-
ence of 41-MHz FPF and the I. band amplitude scintillation.

(B) (C)(D) (E) (F)

)
an Q> (radion)

0.2
00

10 10! P d 102

|
((AN/N)Z):F %)

Fig. 4a. lonospheric irregularities at middle- or high-latitudes are
assumed to have a thickness of 50 km at a mean altistude of 400 km.
Curves (A), (B), {D), and (F) correspond to the FPF of low orbit satellite
20, 40, 54, and 136-MHz signals, respectively, caused by power law
type of irregularities within plasma density background of 1.25 x 10"?
m ’(or fy = 10 MHa). Both the propagation angles (0) and the zenith
angles (x) are taken to be zeros for simplicity. But irregularities of 200
km thick within high plasma density environment 0of 405 x 10'? m *
{or fy -~ 18 MHz) have been assumed in obtaining curve (C) for the
FPF of low orbit satellite 136-MHz beacons at Ascension [sland.
Curve (E) shows the condition for the FPF of 20 MHz signals caused
by irregularities with Gaussian rather than power law spectra.

25
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Fig. 4b.  Curves (A), (B), (C), and (1)) show the outer-scale sizes of
irregularities involved in causing the ¥PF of 136, 54, 40, and 20-MH:2
signals. respectively, within different plasma environments (f ).

No large FPY of ATS 6 41-MH7 signals observed at Huancayo
in 1975 probably can be attributed to low f,F, in the year of
low sunspot numbers and small AN near the magnetic equator.
Indeed. the . band amplitude scintillations, which are pn-
marily affected by AN, show small fluctuations under low sun-
spot conditions observed at Huancayo [ Basu et al., 1980b]. It 1s
possible 10 sce large FPE of geostationary 41-MHz beacons
at Huancayo during the current solar maximum period. How-
cver, if AN and N in the anomaly region are greater than those
at the magnetic cquator. as darons ¢f al. [ 19817 have discussed.
the FPE of geostationary 41-MH/ beacons recorded at Huan-
cayo will not be as large as those of geostationary 136-MHz
beiacons measured at Ascension Island.

FPE or Low Ormr SATELLITE BEACON SIGNALS
Since the FPE of geostationary satelhite 136-MHz beacons
have heen observed at Ascension Island. it is natural to specu-
late that the FPF of low orbit satellite 136-MH7 beacons could
also be seen at the same location. As shown in Figures da, 4b,
and 4c, the ionospheric conditions for causing the fatter are not
very difterent from those for the former. It also may be ex-
plained by small-scale irregularities with power-law spectra.
Kilometer-scale irregularities with low density fluctuations
are sufficient to give rise to the FPF of low orbit satellite
beacons at 20, 40, and 54 MHz as illustrated in Figures 4a- ¢
Except in the case of 20-MHz s«gnals, Gaussian type of irrcgu-
laritics cannot clicctively cause the FPY of satellite signals.
Imagining that four polarimeters at Ascension Island are
turncd on to record low orbit satellite beacons of 20, 40, 54, and
136-MHz scparately, one expects to see the FPE of 20-MH?
signals for most of the time. Once. all the polarimeters have

Fig 4c. I versusfy Uurves (A), (B), and (C) for 20,40, and $4-MH{z
signals al middle or high latitudes. Curve (D) for 136-MHz signals at
Ascension Island.
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measured the FPF of 20- to 136-MH, signals, the 136-MH.
FPF fades out lirst with the 1. band amplitude scintillauon ; the
54-MH:. FPF and then, the 40-MHz FPF dic out later on; cven
in the late phase of irregularities characterized by Gaussian
spectra, the 20-MHz FPE can still persist for quite a while.

DISCUSSION

Single wave scattering lrom ionospheric irregularities has
been used to study the FPF of satellite HF to VHF beacon
signals in this paper. It shows that weak kilometer-scale density
fluctuations are sufficient 1o cause the FPF of 20- to 54-MHv
signals at locations not near the magnetic equator. ls use is
questionable for its extension to cases wherein relatively strong
density fluctuations are involved, such as the FPF of 41-MHz
near the magnetic equator and that of 136-MHz near the
anomaly region. The validity of weak (single) scattering theory
as applied to the cases concerned is. therefore, briefly discussed
as follows.

Let W(®) represent the power of satellite beacon signals
scattered per unit solid angie. per unit incident power density.
and per unit volume by irregularities: @ is the angle between
the direction ol incidence and the direction of scattering. If the
wivelength is much shorter than the irregularity scale sizes, the
scattering has a sharply directed character, namely, most of the
scattered power Wid) is restricted within a small solid angle ®.

Wby — Rar I AANYSLL + 4niil0lat] ¢ )

for scattering by trregularities with power law spectra | Booker
and Gordon, 1950], and

Wil = = r P OANYS exp (- riERt A {9}

for scattering by srregulanties with Gaussian spectra [ Fejer,
19831,

The power a removed, per unit length, from a beam of unit
power density, incident at a zenith angle y on the irregularity
Luyer (see Figure 2)is given by

T = f dP2adW(D) sec g (10}
0

After the incident wave traverses the layer of irregularitics, the
power density of the unscattered wave becomes P = P, exp
(=il @ dz) == P, exp (=X) where P, is the incident power
density, I? the layer thickness of irregularitics, and X == [P dz.

Weak scattering requires that the unscattered power density
should not be very much less than the incident power density,
namely. Z has to be small in comparison with 1.

z, = 2r, LIINZGANINYD sec y )

from (%) and (10} corresponding to power law type of irregu-
lanties; and

X, = n Ur PAANEUANINGDD see y (12)

from (9) und (10} corresponding to Gaussian type of irregu-
larities. 2, ~ O.11f one substitutes into (11) those relevant iono-
sphernic parameters required for causing appreciable FPF (ic.,
AQHYE = 00) of 41-MH/ signals at Huancayo as de-
scnibed in Figure 3. X, ~ 0.27 ceiresponds 1o the ionospheric
conditions for causing appreciable FPF of 136-MHz signals at
Ascension Island. Weak scattering is, therefore, adequate for
the description of FPF cven in the presence of large density
fluctuations. However, since Z, can be larger than 1 in cases
involving large FPF (e.g.. (| AQ|?)""? > 0.5), it is intercsting to

estimate the eflect of multiple scattering on the current analyses
bused on weak (single) scattering theory.

Multi-scattered waves have larger angles of deviation @ than
the singly scattered wave [ Fejer, 1953]. Consequently, multiple
scattering can result in larger phase shifts of ordinary and
extraordinary modes. Since the induced Faraday rotation angle
is proportional to the differential phase shift between the two
modes, multiple scattering is essentially equivalent to the effect
of increasing the density fluctuations ((AN/N)?>""? for causing
large FPF via single scattering. In other words, (| AQ)?>'? x
CAN/NYYY? is not true for large FPF. ((AN/N)?>'2, there-
fore, have been overestimated for large FPF. say. (AQ%)'?
= (.5, on the basis of single scattering theory. The over-esti-
mation is, however, not serious, since there is just a factor of
5 between the ((AN/N)*>'? for the appreciable FPF (ie.,
CAQ 2 = 0.1) and that for large FPF (ic. (|AQ[*)'? =
0.5). No gualitative or significant quantitative changes are ex-
pected in the results presented in this paper after multiple
scatiering is taken into account.
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The nighttime polarization fluctuations of linearly polarized 136 MHz satellite signals received at
Ascension Island, located near the southern crest of the equatorial anomaly, have been shown to be the
manifestation of depolarization effect due to the diffractive scattering by small-scale (<200 m) density
irregularities with power law spectra. The theory can explain its coexistence with L band scintillation.
The absence of this phenomenon at equatorial locations off the anomaly crests is attributed to two factors:
(1) the ambient plasma densities are relatively low, and (2) the propagation angles of satellite signals
are more nearly perpendicular to the geomagnetic field.

1. INTRODUCTION Similar observations of fast fluctuations of Faraday
rotation angles associated with strong, fast amplitude

: . intillation have been observed as far away from the
angles have been observed from low-orbit satellite scintil . ony A .
beicon signals transmitting on 20 MHz by Parthas- equator as Delhi (44°N dip). India (Y. V. Somaya-
arathy and Reid [1959], Yeh and Swenson [1959] julu, private communication, 1981), but they have not
and Roger [1965], on 46 MHz by Kent (1959] an(i been seen at Arequipa (7.9°S dip), Peru, located near
on 54 MHz by h’l Clure [1964). Kaushika an'd de the geomagnetic equator, nor have they been reported
Mendonca [1974] observed that tllxe Faraday rotation by Yeh et al. .[1979a. .bl, in observations taken at
z angle of the 137-MHz VHF signals from a geosta- Nalta 1.9 de'p)’ !Brazdt: A ion Island
- tionary satellite sometimes exhibited fluctuations of n our observations from Ascension Isiand, we

Intense and fast fluctuations in Faraday rotation

. . . have noted the coexistence of Faraday polarization
, fi X . . .

glaat;::lty :':or:urrpc:::: J‘:n lg:cifl ::;:o:\ed: :;‘:‘g; fluctuations with strong L band amplitude scintilla-
E spread F echoes at the low-altitude station of Sao Jose tion. They appear together dunng the postsunset
, dos Campos (24°S dip), Brazil. Recently, Klobuchar hours and disappear at the same time near or after
and Aarons [1980] and bas Gupta and M;u'tra (1980] midnight. Saturated 136 MHz amplitude scintillations
have reported intense and fast fluctuations of the Far- with a fast fading rate are always seen during the ob-
aday rotation angles, in association with strong and servations of Faraday polarization fluctuations. A
- fast amplitude scintillation, respectively, from Ascen- sample re.cord IS sho.w n in Figure 1. In an experiment
- sion Island (31°S dip) and Calcutta (32°N dip), both at Ascension Island in December 1979, we separately

. . recorded the amplitude of the left-hand circular and
situated near the crests of the equatorial anomaly. right-hand circular components of 136-MHz signals

from the SIRIO geostationary satellite observed at 80°

_: 'NAS/NRC Senior Resident Research Associate on leave from  ¢levation transmitting nominally linearly polarized
X the University of Caicutta, India. waves. We found that, during the times of strong, fast
. amplitude fading when polarization fluctuations oc-
Copyright © 1982 by the Americsa Geophysical Union cur, there was a loss of correlation of the opposite
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Fig. 1. Sample data of the geostationary satellite signals received at Ascension lIsland on January 2, 1980.
Channels (A) and (B) show the amplitude scintillation of the 136-MHz signals transmitted from SIRIO and that
of the L band (1.541 GHz) transmitted from MARISAT 1. respectively. Shown in channels (C) and (D) are the
Faraday rotation measurements of [36-MHz signais in a ramp format with one channe!l displaced by 90° relative
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to the other. Intense and fast polarization fluctuations make the last two channels almost undistinguishable.

sense circularly polarized wave components (i.e., or-
dinary and extraordinary modes), indicating that, dur-
ing those times, the concept of simple Faraday rota-
tion was not valid at our observation frequency. It is
the purpose of this paper to explain the reasons for
those observations and to suggest why polarization
fluctuations of VHF radio waves have not been ob-
served very near the magnetic equator.

Ionospheric density irregularities are responsible
for the irregular fluctuations in the Faraday rotation
angles of satellite signals. We believe that the polar-
ization fluctuations as shown in Figure | indicate the
depolarization of linearly polarized transionospheric
satellite signals. Two mechanisms have been sug-
gested for interpreting the polarization fluctuations of
HF satellite signals, specifically, at the frequency of
20 MHz. One concemned the effect of refraction im-
posed by large spatial inhomogeneities that give rise
to large path separation of the ordinary and cxtraor-
dinary modes, and, consequently, these two charac-
teristic components of a linearly polarized signal can

43

scintillate independently [Roger, 1965). The other
one proposed by Yeh and Liu [1967] is the process
of wave scattering by density irregularities. Induced
fluctuations in Faraday rotation angles due to this
scattering may cause depolarization effect on the lin-
early polarized satellite signals.

In Roger’s mechanism, it is the ray path separation
of the two modes but not the density irregularities that
is primarily investigated for the polarization fluctua-
tions of satellite signals. The magnitude of path sep-
aration, which is large enough to decorrelate the two
modes, is estimated roughly as Ar = I/{(Ad))'"?,
where [ is the scale size of density irregularities, and
((Ad))"? is the rms phase variation of the signals.
Roger assumed that / = 1 km, ((A))"* = 2 rad for
20-MHz signals and obtained Ar = 0.5 km. The cur-
rent in situ data, however, indicate a power law type
of irregularity power spectrum encompassing scale
sizes from meters to tens of kilometers. Moreover,
Roger’s mechanism cannot be used in the case of con-
cern here to explain the close relationship of polari-
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zation fluctuations with L band scintillations and oth-
ers.

By contrast, no significant path separation of or-
dinary and extraordinary modes is necessary in Yeh
and Liu’s mechanism. The wave scattering by density
irregularities is considered to be the principal process
responsible for the polarization fluctuations of satel-
lite signals. Nevertheless, Yeh and Liu's theory can-
not be extended to the case of VHF signals con-
cerned, as explained later. As a matter of fact, density
irregularities with Gaussian spectra, as assumed in
Yeh and Liu’s theory, turn out to be ineffective in
causing the depolarization of VHF satellite signals.

Along the line of Yeh and Liu’s approach, we show
that the polarization fluctuations of linearly polarized
136-MHz satellite signals is the manifestation of de-
polarization effect due to the diffractive scattering by
small-scale (<200 m) density irregularities with power
law spectra. The absence of this phenomenon at equa-
torial locations off the anomaly crests is attributed to
two factors: (1) the ambient plasma densities are rel-
atively low, and (2) the propagation angles of satellite
signals are more nearly perpendicular to the geomag-
netic field. It can be shown that these two factors lead
to the requirement of rather unrealistically large frac-
tional fluctuations of ionization density for the de-
polarization of VHF signals to be seen at other equa-
torial locations.

This paper is organized as follows. The theory of
single wave scattering by density irregularities is pre-
sented in section 2. In section 3, the variances of
phase shift, field amplitude ratio, the Faraday rotation
fluctuations, and the induced field component of
transionospheric signals are formulated and evaluated
for density irregularities of both power law and Gaus-
sian types. Interpretation of observations and discus-
sion are given in section 4.

2. TRANSIONOSPHERIC WAVE SCATTERING
BY DENSITY IRREGULARITIES

For simplicity, density irregularities are modeled
as a uniform mean square fractional fluctuations of
ionization density ((AN/N)?) within a slab of ioniza-
tion in the F region of mean density N. A linearly
polarized wave transmitted from a geostationary sat-
ellite S is received on the ground at zenith angle x.

The center of the coordinate system is chosen to be
located at the geostationary satellite S as illustrated
in Figure 2. In Figure 2, Z, represents the distance
between the satellite and the receiver, a represents

DEPOLARIZATION OF VHF SATELLITE SIGNALS 401
$(0,0,0)
4
- X
------ (0,0,0)
""" f
———h ) D
------ )
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6
. 8
b
R(0,0,Z,)

Fig. 2. Geometry of the transionospheric propagation con-
cemed. The center of the coordinate system is located at the geo-
stationary satellite S. Z, = 35,000 km, a = 34,300 km_ » = 500
km, D = 200 km, 8 = 52°, and x = 10°.

that between the satellite and the topside of density
irregularities, b represents that between the receiver
and the bottomside of density irregularities, D rep-
resents the thickness of the slab, and 0 represents the
propagation angle. The unscattered ray path within
the density irregularities is D sec x. In the case of
concern here, Z, = 35,000 km, b = 500 km, D =
200 km, a = 34,300 km, 8 = 52°, and x = 10° are
assumed.

For quasi-longitudinal propagation in the iono-
sphere, the refractive index of electromagnetic waves
can be approximated as

=1-flQ) ()

at frequencies large compared with the electron gy-
rofrequency, where 7 = f%/f?, i.e., the squared ratio
of the ambient plasma frequency to the wave fre-
quency, @ = /f, i.e.. the ratio of the electron gy-
rofrequency to the wave frequency, and ©, = 1 cos
0. The plus and minus signs in (1) refer, respectively,
to the extraordinary and ordinary waves that are the




ST e e A R R T AT o '*""‘T’"‘r'_ SR A R A
-
&
o 402 M. C. LEE ET AL.
g
S location. That is,

Ep(r) = (2E/r)|£ cos (ekr) + ¥ sin (ekr)]

, el iI.,.*,
x
<

Z - exp [i(wt — kr)} 4)

" showing that thé polarization vector of the linear-
“ ! ly polarized wave is rotated by an angle of ekr =
(1/2)(k, — k,)r known as the Faraday rotation.

_ In the presence of density irregularities, namely
4 2 = (f2) + Af% (where (f2) corresponds to the mean
- ionization density and Af? corresponds to the density
irregularities), an additional change of Faraday rota-
k Z‘o v tion angle is introduced by wave scattering from den-
- S

ve .avd

« -
)

sity irregularities. Since satellite signals are received
at a high elevation angle and the wavelength is as-
sumed to be much shorter than the scale sizes of the

X L most intense density irregularities concerned, wave
= 2 reflection and the refraction due to horizontal strati-
- 1 R fication may be neglected. Only the forward scatter-

ing is considered here.
‘ Let us first consider the scattering of ordinary
waves by density irregularities. The incident electric
field at scatterer V, (see Figure 3) is represented by
E, = (E,/r) exp [i(wt — k,)}. For single forward
R scattering with small angles of deviation, the resultant
field (E,) of the scattered waves reccived at R(O, O,
Fig. 3. Geometry of the wave scattering by density imegularities.  Z) is approximately given by

w | (E, .
two characteristic modes of a linearly polarized wave E, = -7 {('Z‘O) exp (i(w — kozo)]}
in the ionosphere.
Since the refractive index n is defined as kc/w, J’ 7 Af%r) exp [—ik(r + R — Zp))
‘ r
\4

5)

expression (1) can be written as Rr
: k,=k(l +€) k. =k(1~-¢) where V is the total volume of density irregularities.
Ff-f as the wave numbers of the ordinary and extraor- The.total ﬁel:;;f ordinary wave;::cen;e:lhat k.0,
e dinary waves, respectively, where & defined as Z,) is compo of the unscattered and the scattered
w £29,/2(1 = F) has a small value (~107*) for the parts. i.e.,
] VHF propagation in the ionospheric F region, and Ero(Zo) = |E(29)/Z,) exp {itwr ~ k,Zy)]
" = (@/cX(1 — f2)"/? is the wave number in an isotropic )
- medium (i.e., € = 0). - Zyw J gy M) exp [~ik(r + R - zon}
w In the far-field approximation, the wave fields of anc ], Rr
s these two modes received at a distance of r from the
: source are given, respectively, by ©)
rd = - - If the scattered waves are weak compared with the
- E () = (E/n(£ + iPexplit. - k)] 2
v Nexpl 4 unscattered waves, (6) may be also expressed as 4
. and
. Epo(Zy) = E(Zo) exp (—id,) 0))
. E.(n) = (E/rN% - i¥) exp |i(wt ~ k1)) 3 _ o
': / V) exp litw ) This means that weak wave scattering by density ir- ¥
s The summation of (2) and (3) yields the field of the regularities introduces a complex phase shift into the
E linearly polarized spherical wave received at the same  original wave. Expanding the exponential function in
;o
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(7) to the first order of ¢, and equating it to (6) yields

LW f & AfMr) exp [~ik(r + R ~ Z,)]
12

®, = =i 4n Rr ®)

The phase shift (b,) of extraordinary waves due to
weak scattering by density irregularities can be sim-
ilarly obtained as

9)

o= ~iZe %’f 5, Minexp [—ik(r + R - Z)]
4m c* ), Rr

The field of the linearly polarized waves received at
R(0O, 0, Z,) is, therefore, given by

E; = E(Zy) exp (—id,) + EJ(Z ) exp (—id) (10)

which reduces to (4) in the absence of density irreg-
ularities.

A new xy coordinate plane is so chosen that the
new x axis coincides with the polarization vector of
the unscattered linearly polarized wave at R(O, O,
Z,), i.e., (4) is expressed as

Ex(Z,) = (2E/Z,) exp {i(wt — kZy))£ (1)

In this new system of coordinates, expression (10)
assumes the following form

ExZ,) = (2E/Z,) exp lilwt — kZy)] exp | —i(d, + $,)/2]

. [2 cos (‘b’ ; ¢’) + ¥ sin (¢° ; ¢') ] (12)

a comparison between (11) and (12) shows that den-
sity irregularities cause phase shift, amplitude vari-
ation, and Faraday rotation of the linearly polarized
waves. An induced field component along the y axis
can be visualized to be associated with the induced
Faraday rotation and to result in the depolarization of
the linearly polarized waves. They are summarized
as follows.

Phase shift
= b+ b, __EQ“_’_Z 2 AFHP)
A¢-Re( 3 )— an Vdr—-——Rr
- cos (ek(r + K — Z,)] sin [k(r + R — Z,)] (13)

Amplitude variation

s b §l
=) _ b td)\_Z, w )
l"(E,) lm( 2 ) an Vd ""Rr

- cos [ek(r + R — Zy)] cos [k(r + R — Z,)) (14)

. e s W L TR OO MY TR TR T e . oYy

DEPOLARIZATION OF VHF SATELLITE SIGNALS 403

Faraday rotation

o, -6, Z, w [ A
= = - s | d'r =
A 2 an )T R
cexpl—iktr + R - Z)| sinlekir + R - Z ) (1S

Change of polarization vector

E b, ~ & |) 2, o Afin
i e ) L e - V
E, fan ( 2 v [ dr Rr

-

cexpl—iktr + R - Z))| sin [ek(r + R — Z,))} 6y

for |b, — &,| < 1 rad. As noted in (8) and (9). & and
¢, are in general complex, the real parts of which
correspond to phase shifts, and the imaginary parts
of which indicatc changes in logarithmic amplitudes
of wave fields. Therefore, the induced Faraday ro-
tation angles (A€}) and the polarization vector change
(E /E ) have complex values as expressed in (15) and
(16), respectively. Physically, it means that AQ and
(E/E)) result from the differential phase shift (i.e..
Re (b, — ¢,)) and the differential changes in loga-
rithmic amplitudes of ordinary and extraordinary
modes. The spatial averages of Ad, 1n(Eg/E,). AQ),
and (EV/E‘.) are zeroes; their variances, which are of
main physical interest, are not, however.

3. VARIANCES OF Ad. in (Ep/Eg), AS), AND (L /ED

Let us first evaluate the induced Faraday rotation
(15) or the change of polarization vector (16) for |,
- &, < Irad,ie.,

_ % w? 3 A7) . _
= E— Vd r Rr exp {—iktr + R — Z,)))
- sin [ek(r + R — Z,)] a7

In the system of coordinates (see Figure 3) used to
evaluate (17), r = (* + v + z)'*and R = (Z, —
72 + x + Y12 Since Z,, Z, — = > (¢ + v)is
assumed, therefore, r = z + (x* + y))/2- and R =
(Z, ~ 2) + (X + y')/2(Z, — 2) lead to

r+R—Z,=(+ VZ,/221Zy - D) (18)

Equation (18) is used to substitute for (r + R — Z))
in (17), and Rr in (17) is simply replaced by 2(Z, -
z). These approximations are based on the assumption
that the outer scale of density irregularities responsi-
ble for the depolarization effect is small compared
with the distance between the altitude of density ir-
regularities and the receiver. This assumption also
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assures forward scattering with small angles of de-
viation.

The variance of AQ) or (E,/E)) over space can be,
therefore, approximated as

z; o ar | o ((AF2r )NAF AT )
ton’ ¢ | © 7 ) T 2202, - 2 (2, - 2,)

4 =

k(3 + y3
COS[ (xy + y1)Z,

_kud +y)Z,
2242, - z)

2202, — 2;)

. N 2 Y 2 + f
sin [tk(x, + _\,)z,,] in [sk(x: y‘)Z(,] (19)

22(Z, — 2) 2202, - 2,)

where ((Af3(r ) £, (r,))*) is the autocorrelation func-
tion of density irregularities. To carry out the inte-
gration in (19). it is convenient to make the following
coordinate transformation:

£=1x —x n=vi—yw {=2-1

X=1/206+ )  ¥Y=1/2 + ) (20)
Z=1/2z + 2,

Integrating (19) over X and Y from —= to +x leads

to
. 't Dreex Drecx
((/f’)=l—6-m—))—z~f dZ’J’_" Vdi
a wex
. j finJ dEAS AP INAS (1, )%)
~{2G(0) sin |GONE + 02 ~ Gee) sin [GleXE + m))
- G(—&) sin |Gl—eXE + o)} 1)
where
G() = 220027 - 2,) + M|Z2, - 7} = /D7)
where

t =0, ¢

The form of the autocorrelation function has to be
determined for the further evaluation of (21). Two
types of power spectra are assumed for density irreg-
ularities: (1) power law type and (2) Gaussian type.
which have been seen to be associated respectively
with the early and the late phases of density irregu-
larities in the observation of satellite scintillation
|Basu et al., 1980).

For simplicity, density irregularities are assumed
to be generated by spatially homogeneous processes.
The autocorrelation functions. therefore, depend only

TR — L,

on the coordinate differences £ = x, — x,, n = y,
= ¥, and { = z, — z,. Moreover, only statistically
isotropic density irregularities are considered. In this
case the autocorrelation functions are only functions
of (gz + _n2 + LZ)I/Z.

3.1. Densirv irregularities with power law specira

For isotropic density irregularities of power law
type, the autocorrelation function is taken to be

(AR )AFUEN") = (A7)

cexp [-7(E + 9 + )7
where ((Af%)*) corresponds to the mean square fluc-
tuations of ionization density and / is the correlation
length. The integration in (21) over & and n can be

conveniently evaluated with the transformation of (€.
m) into the polar coordinates (r, ¢), namely,

f dﬁj dnG exp [ + ' + ()7

- sin [G(EF + o)) = -rrf dr
0

~exp | =17 UGH e + 1GILY') sin () (22)

Although the general analytic solution of (22) can-
not be obtained, an approximate form that is appro-
priate for the case of kI > 1 is shown in the appendix
to be

f drexp |17 "(IG) ™"t + |GILH ) sin (1)
0

=exp (—7'Igh( = 17|67 (23)

Since G ~ kI > 1, the second term in parenthe-
ses of (23) is less than the first one by an order of
(k). However, if the second term in (23) is ne-
glected, the integration in (21) over £ and m cancels
and thus (/|)) = 0. This indicates that the depolari-
zation of satellite signals, if any, is a second order
ionospheric effect.

Using the identity of integration given by (23), (21)
yields

LA T
(4 = 1601 = (7)) (fi))‘J; dz

hwecy
J ayl 1222 - Z,)/Z )"

= Dewecy

Il + €222, - ZF - (/2)/(2Z ~-Z)1'"?
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+ L - ez, - 28 - {/2H/(2Z - Z))'?
= 27"} exp (=171 (24)

It is quite clear in (24) that (|/|*) = O if the terms
involving € in the integrand are much less than {. We
assume that €2{ZZ, — Z* - ({/2))/(2Z - Z,) ~ 2ed
is comparable to { = I, where d is the distance be-
tween the receiver and the mean altitude of density
irregularities. Then

1~ 2ed = 2d(fu/f PO = F2/f) " cos @ (25)

can be used to determine the outer scales of irregu-
larities that are responsible for the 136-MHz Faraday
polarization fluctuations.

Neglecting { in the braces of (24) and replacing the
limits of integration £D sec x by *x, since D > [,
we can easily carry out the integration of (24) over
{ and obtain

KAFD

R =3 -

a+Dsew g 12
eZ(Z, — Z)
WECTE)

Because a > D, the integral in (26) can be simply
represented by the product of the interval of integra-
tion and the integrand wherein all Z's are replaced by
Z,, where Z_ is the distance between the satellite and
the mean altitude of density irregularities. We finally
obtain the following result

K(AN/NYY fL):
201 - (f2)

During the current solar maximum period, total
electron contents (TEC’s) as large as 100 units (1 unit
= 10" m™?) have been frequently measured at As-
cension Island. This indicates a large F, maximum
plasma density N,, (= 100 units/250 km ~ 4.1 x 10"
m~’, where 250 km is the assumed slab thickness of
the ionosphere), namely, a large ambient plasma fre-
quency (~18 MHz). lonograms obtained at Ascen-
sion Island from airborne measurements also indicate
large f,F, between 16 MHz and 20 MHz (E. Weber
and J. Moore, private communication, 1981).

Iff, = 18 MHz, 1, = 1.5 MHz, and d = 600 km
are used in (25), the polarization fluctuations of 136-
MHz satellite signals received at Ascension Island
(6 = 52°) turns out to be caused by density irregu-
larities with an ‘outer scale length’ of <200 m. It is
interesting to note that recent rocket [Rino et al.,
1981] and satellite in situ [Basu et al., 1981) mea-
surements at F region heights show a break in spectral
slope generally around several hundred meters.

4 = (ekd)'"’D sec x 27N

AP W
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Therefore, the outer scale length so termed here may
refer to that portion of irregularity power spectrum.

At Ascension Island, the Faraday rotation mea-
surements were made at an elevation angle of 80°,
namely, x = 10° in (27). If the thickness of density
irregularities is taken to be 200 km and the ambient
plasma frequency is taken to be 18 MHz, (27) shows
that 0.33% rms fractional fluctuations of ionization
density can cause appreciable polarization tluctua-
tions of 136-MHz signals, i.c., (/I"* = 0.1, and that
1.65% ionization density fluctuations may result in
large depolarization effect. i.e., ([f[)"* = 0.5.

Similarly, ((Ad)?) and (1a(E,/E,)’) can be derived
from (13) and (14), respectively, as

(Ad)) = Ar: N (AN/NYINUD sec x/(1 — (f))  (28)
and

{(AfAY) 2
— ) 5 3 - 2
a- (f;,))zl k sec x(kd) (29)

(HE/ERI) =
where [ represents the scale sizes of density irregu-
larities that cause the phase fluctuation of VHF sat-
ellite signals, r,(~2.82 x 10" ""m) is the classical
electron radius, and A the wavelength of VHF signals.

3.2. Density irregulurities with Guussian spectra
(AF e DT U = (Af exp | =1 HE + o7+ 1)
30)

is the autocorrelation function used to represent the
density irregularities with Gaussian spectra. In situ
measurements indicate that Gaussian spectra are as-
sociated with the late developed phase of irregularities
with a correlation length of | km [Basu et al.. 1980).
Therefore, [ is taken to be 1 km in (30). Substituting
(30) into (21) and integrating with respect to € and
7, we obtain

. k:((Afi)z) ot ey ' [
(III ) = 161 - (i-i)): ] dZ dl

cexp (—1 ONAFW) - Fe) - Fi-e) 31
where
s PANES |
. AQRZ - 2,) (ZZ, -~ 2% - (&/2»
~ A1+ Tula g
F {' [ ZokT: ! FATE
(32

where t = 0, *¢.
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Since 20(2Z — Z)/Zkl" is of the order of 2/kl ~
7.0 x 10™* and 4eZ(Z, — Z)/ZkI’ of the order of
ded/kl’ ~ 5.0 X 10 *. F(0) and F(*¢) have the gen-
eral expression of (1 + &%) ' with 8 < 1, which can
be well approximated as (1 — &°). The expression in
the braces of (31) is, consequently. simplified to be
2[4e2(Z, ~ Z)/ZkI*|’. Straightforward integration of
(31) over { and Z leads to

(P = 47" w"AN/ND - F DD
- sec x cos’ 8 (33)

Substituting into (33) the same parameters as used in
the case of power law type irregularities shows that
unrealistically large density fluctuations are required
for causing the polarization fluctuations of 136-MHz
signals, namely ((AN/N))"? = 843% for ([I]})'? =
0.1 and ((AN/N))? = 4215% for (I]’) = 0.5. A rea-
sonable ionospheric density depletion (((AN/N)%)"?)
with Gaussian spectra is about a few percentage
points, say 5%. According to (33), the ambient
plasma frequency must be as high as 65 MHz so that
the Gaussian type of irregularities is able to cause the
appreciable depolarization (i.e., (J|"* = 0.1) of
136-MHz signals. Such a high ionospheric plasma
frequency is, however, unrealistic under the normal
conditions.

The derivation of ((Ad)’) and (1n(E;/Eg)’) can be
easily done in the case of Gaussian type irregularities.
They are

w'2INPNY(AN/N)Y)
44 - (fHy

(Ad)) = 0 + J(1)} (34)

and

7' 2INPNY(AN/NY)
a1 - (f)r

AIME/END = {0 - J()

(35)

where
a Ve
J(o) = j dz{l + | %4242, ~ IV ZAPF)

wherc
v - 001

Equations (34) and (35) can be reduced. respectively,
from the (26) and (27) of Yeh and Liu [1967), wherein
J(&) reduces to J(0), since € -~ 10 * for the 136-MHz
wave propagation.

Yy RSN VLA T W I W WY VLI U PR Sy S

4. DISCUSSION AND CONCLUSION

In this paper, wave scattering by density irregular-
ities with power law spectra has been proposed as the
process for cau ing the intense and fast fluctuations
of the SIRIO 136-MHz signals received at Ascension
Island. Based on the above analysis, the following
things can be understood: (1) the nature of density
irregularities that result in the polarization fluctua-
tions of satellite signals, (2) why the polarization fluc-
tuations of 136-MHz signals has a close correlation
with the occurrence of the L band scintillation, (3)
why the polarization fluctuations of 136-MHz signals
has only been seen at locations near the equatorial
anomaly crests, and (4) the frequency limit beyond
which density irregularities will not affect signifi-
cantly the polarization vector of satellite signals.

We have already shown that the polarization fluc-
tuations of 136-MHz satellite signals result from the
wave scattering by density irregularities whose power
spectra exhibit power law rather than Gaussian dis-
tribution. In situ measurements [Basu et al., 1980]
show that, while density irregularities have relatively
flat power spectra obeying a power law slope in their
early phase, density irregularities in their late phase
are seen to have a sharp slope essentially character-
istic of a Gaussian distribution. This indicates that,
during the change of power spectra from power law
to Gaussian types, relatively short-scale (say, less
than | km) density irregularities decay. As shown in
(25), the polarization fluctuations of 136-MHz satel-
lite signals turns out to be caused by those short-scale
density irregularities with an outer scale length less
than about 200 m.

Density imregularities with scale lengths of a few
hundreds of meters are responsible for the L band
scintillation. Therefore, the L band scintillation is not
expected during the late phase of density irregularities
characterized with Gaussian spectra, indicating the
decaying of short-scale density irregularities. Obser-
vations of the 257-MHz scintillation at Ascension Is-
land in the presence and absence of the L band scin-
tillation, indeed. indicaie the characteristic increasing
of the correlation lengths of the 257-MHz signals
(Basu et al., 1981]. That both the L band scintillation
and the polarization fluctuations of the 136-MHz sig-
nals are caused by relatively short-scale density irreg-
ularities is likely to account for the coexistence of
these two phenomena.

The ambient plasma density (V) and the propaga-
tion angle (8) are the most location dependent param-

............

—————
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Fig. 4. Fractional fluctuations ({(AN/N))""*) of the plasma density N versus the outer scale lengths / of density
irregularities or the ambient plasma density N, as required to cause the polarization fRuctuations of 136-MHz
satellite signals at Ascension Island. Scale (A) for ([/)"* = 0.1, scale (B) for (f"? = 1.0.

eters. As mentioned before, the ambient plasma den-
sity measured at locations near the Appleton anomaly
crests may be larger than those at other equatorial lo-
cations by a factor of 2-4 during the solar maximum
period [Rastogi, 1966; Aarons et al., 1981). Let us
look at the possibility of observing the 136-MHz po-
larization fluctuations near the magnetic equator,
e.g., Natal, Brazil (geographic coordinate 5.85°S,
35.23°W, 9.6°S dip).

The propagation angle at Natal is about 80° (cf. 52°
at Ascension Island). If the ambient plasma frequency
at Natal is taken to be 10 MHz (cf. 18 MHz at As-
cension Island), f2 cos 0 obtained at Natal is less than
that at Ascension Isiand by a factor of 11.5. There-
fore, according to / x f2 cos 8 in (25), the density
irregularities causing the polarization fluctuations of
136 MHz signals at Natal, if any, have an outer scale
shorter than 20 m (cf. 200 m at Ascension Island).
On the other hand, since the ratio of f3(cos 8)"/? at
Natal to that at Ascension Island is 35.6, ({f|) «

((AN/N))f3(cos 8)"% in (27) requires that ((AN/N))
at Natal be larger than that at Ascension Island by
35.6 times to cause the same level of 136-MHz po-
larization fluctuations. i.c.. ((AN/N))'? = 10% for
(UH'* = 0.5. This example shows clearly that low
ambient plasma densities and large propagation an-
gles at the magnetic equator make it impossible to
observe the polarization fluctuations of 136-MHz sat-
ellite signals at equatorial locations except near the
anomaly crests.

In (25), / = f} « N indicates that, in an environment
of high ambient plasma density, density irregularities
with longer scale lengths can also be involved in pro-
ducing the polarization fluctuations of satellite sig-
nals. Eliminating f, from (25) and (27) yields

((AN/N)Z)UI = C(,,[I)llzl -8/4 (36)

where C = 4(Q/f)dk™ 4D sec x) "* cos 8 ~ 16.5
for the assumed ionospheric condition at Ascension




¥ e« « ¥ " 2 2 a e gt s F R e kRS e BTy TY TTYTOYRTTOYW O T T
b - R S e N N e A e S e A S AP A T TSI T T, ST T T e Ty W T ™

S 408

M. C. LEE ET AL.

APPENDIX: AN APPROXIMATE SOLUTION
OF [ drexp =1 "(G) "¢ + G LY} sin ()

For GI* ~ ki, which is much greater than one
as assumed, the integrand in (22), i.c., exp
[=17'GH Y + |GIEH)'?} sin (f) can oscillate for
many cycles before it dies out. As illustrated in Figure
S, only the unhatched area does not vanish and rep-
resent the approximate integration of (22).

Integration by parts twice in (22) yields

o
PR SAAD EREREREND
AP AN S . N
AL PN
feteto o, . Lol

)
’

Fig. 5. Plot of fin) = exp | =1 '(iGD ¢ + |GIt)""] sin (1) for
GI? >> |. The unhatched area represents approximately the inte-
gration of f(1) over ¢ from O to =.

a r-v
e
.
.

J drexp [-17Y(G) ™t + |G|E)' Y sin ()
(1]

Pl
s
U

®

2
=exp(-17'|L) —j dt sin (t):—,z

[}

Island: d = 600 km, D = 200 km, {} = 1.5 MHz,
f= 136 MHz, 8 = 52°, and x = 10°. It is clear from
the plotting of (36) in Figure 4 that, in the presence
of density irregularities, high ambient plasma density
provides the favorable environment for the VHF po-
larization fluctuations to occur. This may explain why
the polarization fluctuations of 136-MHz signals has
been frequently observed at Ascension Island during
the current solar maximum period.

For illustration, the frequency limit beyond which
density irregularities cannot cause significant polari-
zation fluctuations of satellite signals is loosely de-
fined as that at which ({/|)'* = 0.1 requires 1% of
density fluctuation under the aforesaid ionospheric
condition. This frequency is determined as 235 MHz
from (27), and the outer scale length of density ir-
regularities is determined as 28 m from (25).

It should be pointed out that the theory of single
wave scattering discussed in this paper cannot explain
the observed saturated amplitude scintillations of 136-
MHz signals. It is well known that the saturation of
VHF amplitude scintillation is attributed to muitiple
scattering. Therefore, deductions of the present the-
ory for the amplitude scintillation may not be true.
The validity of single scatter approximation as applied
to the problem of polarization fluctuations can be jus-

~exp [~17'(G) (@ + IGIH' ) (A1)

Since exp [—!7'(IGD)™"A¢ + |G|{})"/?) vanishes effec-

tively at distances of the order of the correla-

tion length, the double differentiation of exp

1=1'(Gh "¢ + |Gi)"*) with respect to t may be

approximated by

max {exp [~/ (G« + GIEY /G
= exp (—1"'[ghy G (A2)

Sin (1) in (A1) may be represented approximately by
the parabolic function (2)"*. The integral in (A}) can
therefore be approximated as

* 2
I dt sin (1) %expl—l"(iGl)'m(t +1GIgH'"™
0

= |GII? - (IGI1H"? - exp (~17"IKh/GT*
= exp (~1"'|IH/AIGH" (A3)

Substituting (A3) into (Al) leads to the approxi-
mate form of (22) for GI> >> 1, namely,

j dt sin (1) exp [ —17(IG) V(e + |G|
0

tified [Lee, 1981]. Multiple scattering is expected to
give rise to the saturation of polarization fluctuations

=exp (~=1"'[(HI1 = I7IGH ' (Ad)

7‘7‘-‘.". T
F A

in the presence of large density irregularities. How- Indeed, that the approximate form in (A4) carries the
ever. the effect of multiple scattering does not impose  right functionai relationship with G and ! is confirmed
r-.- significant quantitative changes in the results derived by the exact integration in (22) for { = 0.
from the theory of single wave scattering. Si
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paper was presented at the AGU 1981 spring meeting held at Bal-
timore, Maryland, May 25-29, 1981.
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VHF Faraday polarization fluctuations
and strong L-band

amplitude scintillations

near Appleton anomaly crests
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The Faraday rotation angle of a lincurly polarized transionos-
pheric very high frequency (VHF) signal near the crests of the
Appleton anomaly, around the recent solar maximum period,
often exhibits fast and intense fluctuations, when the amplitude
of the signal shows saturated and very fast scintillations' 2. These
fluctuations usually occur during the post-sunset hours and
decay around midnight. The occurrence pattern has been found
10 be similar to that of microwave amplitude scintillations at
L-band. We present here certain observed characteristics of
the fast polarization fluctuations and report the results of an
experiment, which shows that there is a loss of correlation
betweea fadings on the two circularly polarized component
modes of the signal during the periods of VHF polarization
fuctuations. Hence. the usual concept of Faraday rotation is
no longer valid during these times. The above features are
discussed in terms of our present knowledge of small scale
irregularity structures in the equatorial ionosphere.

Equatorial ionospheric irregularities have been exiensively
investigated during the past decade by techniques such as rocket
and satellite in situ mcasurements, radar, airglow and propaga-
tion cffects on transionospheric signals'. It has been shown that
the plumes of cquatorial irregularities associated with deple-
tions in hackground electron content can be studied in a very
simple and inexpensive manner from simultancous measure-
ments of amphitude scintillations and Faraday rotation of a
VHF signal propagating through the ionosphere®*. While the
occurrence of depletions of the integrated electron content is
commonly observed with Faraduy rotation records obtained
near the magnetic equator™’, a new feature, fast and intense
fluctuations of the Faraday rotation anglc, has recently becn
reported from stations situated ncar the crests of the Appleton
anomaly'~, a region characterized by severe amplitude scintilla-
tions during solar maximum ycars*”. Polanization fluctuations
of 136-MHz signals have been observed at Ascension Island
(31°8 dip). which is situated close to the southern crest of the
equatorial anomaly in the African zone, and at Caleutta (32°N

dip) and Ahmedabad'' (34°N dip) near the northern crest of
the anomaly in the Indian sector. These have sometimes been
ohserved even at Delhi 140°N dip)j (Y. V. Somayajulu, personal
communication) near the northern edge of the anomaly, but
no such phenomenon has been observed at Arequipa (9°S dip),
Peru or at Natal (10°S dip), Brazil which are close to the
magnctic equator. Kaushika and deMendonca' possibly obser-
ved the same type of fluctuations in the polarization records of
137-MHz signals recorded at Sao Paulo (26°S dip) which is
also situated near the crest of the anomaly, but they had no
amplitude scintillation measurements. In their attempt to
associate the fluctuations with atmospheric gravity waves, they
were concerned with slower fluctuations of period 2 min and
longer.

Figure | shows a typical polarimeter record obtained during
post-sunset hours at Ascension Island (7.9°S, 14.4°W, 31°S
dip). The channel at the top is the amplitude of the 136-MHz
transmission from the geostationary satellite SIRIO (15°W)
and the two bottom channels are the Faraday polarization angle
of the signal with one shifted from the other by 90°. The
polarization fluctuations are often too intense to render the
Faraday data useful. The station also recorded signals from the
satellite Marisat (also at 15° W) at 257 MHz and 1.54 GHz for
amplitude scintillation measurements. The sub-ionospheric
points of the two satellites are essentially identical. The third
channel from the top shows amplitude scintillations of the
1.54-GHz signal. Polarization Ructuations are found when the
amplitude of the VHF signal shows saturated and very fast
scintillations, which generally occur during the pre-midnight
hours. We have found during more than 2 yr of observations
around the recent solar maximum period that the polarization
fluctuations  coexist with intense L-band scintillations  at
1.54 GHz. During the post-midnight period polarization fluctu-
ations decay, even though VHF amplitude scintillation remains
saturated, but with slower fading rates.

The change in fading rates of VHF amplitude scintillations,
with and without polarization fluctuations, is clearly evident in
the power spectra of 136-MHz scintillation measurements as
prescnted in Fig. 2a and b respectively. The corresponding
power spectra obtained at 257 MHz and 1.54 GHz are also
shown. The approximate corner frequencies of the power
spectra are indicated by arrows. The corner frequency of a
power spectrum gives a measure of the fading rate, a higher
corner frequency corresponding to a faster fading rate. In the
present casc, a lowering of the corner frequency is obvious in
the late phase, as shown in Fig. 26, when no polarization
fluctuations are observed.

Power spectrum analysis of scintillation measurcments is
generally used to obtain information on the characteristics of
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the ionospheric irregularities responsible for scintillations.
However, the interpretations of the power spectrum in condi-
tions of weak and strong scintillations involve different scatter-
ing mechanisms by the ionospheric irregularities. According to
the theory of radiowave propagation, for weak scintillation
conditions, the amplitude fading rate of a transionospheric
signal from a geostationary satellite is proportional to /[,
where v is the drift velocity of the irrcgularities and /; the
Fresnel dimension®. Because (- VA (where A s the radiowave
length), the fading rate should increase with observing
frequency in weak scatter conditions. In contrast, in the case
of severe scintillations, the wave propagation has to be con-
sidered in the framework of multiple scatter theory and the
recorded scintillation data pertain to the ground diffraction
pattern, which cannot be related to the irregularity pattern in
the ionosphere in a simple manner'”. The fading rate, in severe
scintillation conditions, is inversely related to the autocorrela-
tion distance of the ground pattern. The autocorrelation interval
is determined by the dnift velocity as well as by the strength of
scattering. As the strength of scattering (in other words, scin-
tillation index) increases, the autocorrelation distance
decreases'”, and an increase in the fading rate is observed'*.
The scintillation index is usually inversely related to the observ-
ing frequency. Thus, in the case of severe scintillations, with
an increase of the observing frequency the autocorretation
distance should increase and hence, a slowing down of the
amplitude fading rate occurs.

In the equatorial region amplitude scintillations obscerved at
136 MHz and 250 MHz are usually scvere (saturated or near
saturated) for most of the time the phenomena are observed.
Near the crests of the Appleton anomaly, scvere scintillations
in excess of 20 dB are quite frequent even at [.-band (such as
1.54-GHz observations at Ascension Island) during the pre-
midnight hours, particularly around the recent solar maximum®.
The power spectra depicted in Fig. 2 are representative of
scintillations observed at the corresponding frequencies in the
developed and late phases of cquatorial night-time ionospheric
irregularities respectively.

During an intensive campaign of measurements in December
1979, in order to investigate the nature of fast polarization
fluctuations, the left and right circular components of the 136-
MHz signal were recorded separately in addition to the routine
observations. The data were recorded on a magnetic tape in
analog form, which was digitized at an 18 samples s ' rate for
later analysis. The cross-correlation between the amplitude
fadings of the two component modes was computed over 3-min
intervals. The scintillation index S, trefs 1S5, 16), which is a
measure of the r.m.s. amplitude Huctuations about the mean
level, is also computed for each 3 min interval at differemt
observing frequencies. Figure 3 shows the variation of the
cross-correlation cocflicient between the amplitude fadings of
the two circularly polarized component waves at 136 MHz with
changes in the scintillation index S, observed at 1.54 GHz.

The correlation coefficient decreases as S, increases and
attains low values (<0.2) when S, is 0.5 or more. The intervals
with §,°-0.5 at 1.54 GHz generally exhibit fast polarization
fluctuations at 136 MHz. In other words, the two circularly
polarized components undergo quasi-independent fluctuations
when strong L-band and polarization fluctuations are obtained.
if the two modes become quasi-independent, the usual concept
of Faraday rotation breaks down. The close correlation of
occurrence of 136-MHz polarization fluctuations and the | 54-
GHz scintillation, clearly scen in Fig. 3. implies that cither
wregulanihies of nearly the same scale size are responsible for
the two phenomena or that the irregularitics causing the two
phenomena coexist in the ionosphere.

Lee et al.'” have shown that ionospheric power law density
irregularities with an outer scale size in the range S0-200m
are responsible for the 136-MHz potarization fluctuations,
Faraday polarization fluctuations result from ditferential phasce
shift and the diferential change in the logarithmic amplitude
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Fig. 2 Power spectra of amplitude scintillations at dilferent
frequencies for a 3-min sample centred on the time indicated. «,
21 h 46 min 30« 10, Faraday polarization channels show intense
and rapid fluctuations during this period. b, 22 h 4 min 30s 10
no fast polarization fluctuation was observed during this perod.
The approximate corner frequencies are given by arrows.

of the two circularly polarized modes introduced by wave scat-
tering from these short-scale density irregularitics. The theory
shows that a deviation of ~-1-2% in a high ambicnt ionization
density, say, not fess than 3.0 10" m ', corresponding to a
plasma frequency of aver 1S Mz, s required 1o provide a
favourable environment for the 1 36-MiHz fluctuations to oceur.
When the r.m.s. differential phasc departure exceeds ~(0.S rad,
the two circularly polarized modes are expected to become
practically uncorrclated. Scintillations at 1.54 GHz are most
cHectively produced by irregularitics with scale sizes of a few
hundred metres (~300 m in the present case), which are of the
same order as the Fresnel zone dimension. Both the 136-MHz
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ations of the two opposite cirewlarly polarized components of the

136-MH7 signal with the amplitude scintiffation index 4 at

1.54 Gillz. The intervals $; - 0.5 correspond 10 infense and fast
Faraday polarization Buctuations.

polarization fuctuations and the 1.54-GHz scintillations
involve density irregularities of a fcw hundred metres scale size.
1f the irregularity power spectrum follows a power law, with
diminishing spectral density at shorter scale lengths, and if the
overall strength of the irregularitics is high enough to have
spectral density in the 50-200 m scale size range sufficient to
cause polarization fluctuations at [36 MHz, it is implied that
irregularities at # =300 m scale size range will also have enough
spectral power to produce appreciable amplitude scintillations
at 1.54 GHaz. Thus, the presence of fast polarization fluctuations
at 136 MHz may be taken as an indication of the possible
scintillations at L-band and lower frequencies. The reverse may
not, however, always bhe true.

From multi-technique observations Basu ef al.'® have repor-
ted that, while during the pre-midnight period the power spectra
of equatorial irregularities follow a power law, during post-
midnight hours the overall strength of the irregularities is
eroded and there is a transition to a quasi-gaussian type of
spectrum indicating the decay of shorter-scale (typically <1 km)
irregularities. As the 1.54-GHz scintillation became weak, with
the decay of short-scale density irregularities, the two circularly
polarized modes were seen to have high cross-correlation
coeflicients, reflecting no, or very small, polarization fluctu-
ations.

Except in the HF band (for example, 20 MHz), the polariz-
ation fluctuations of satellite signals cannot be effectively caused
by irregularities with quasi-gaussian spectra'®. Near the
Appleton anomaly crests, in solar maximum conditions, the
ambient ionization density (n) is very high and the high level
persists during the evening hours. As a result, the absolute
value of the irregularity intensity (An) is also very high in the
anomaly region”. In contrast, in regions near the magnetic
equator, the relatively smali n and An and the relatively large
angles of propagation with respect to the geomagnetic field
make it impossible to give risc to significant polarization fluctu-
ations of 136-MHz signals'’.
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