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Modeling of spaced-receiver scintillation measurements
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Spaced-receiver scintillation measurements are modeled applying
scintillation theory together with model spectral representations

of nonfrozen turbulent media.

The effects of velocity distribu-

tion of scatterers, diffusion of irregularities and velocity
gradient across the scattering layer on parameters derived from

spaced-receiver scintillation experiments are studied.
relation and dispersion analyses are considered.

Both cor-
The results from

modeling are compared with observational data from the equatorial

region.

It will be demonstrated that self-consistent models can

be constructed in interpreting the data and information about the
drift velocity field in the ionosphere can be obtained from

spaced-receiver experiments.

1. INTRODUCTION

The spaced-receiver technique is used
extensively to measure the velocity of
moving patterns formed on the ground by
a radio wave after being scattered by ion-
ospheric irregularities. Most commonly
used techniques are the correlation and
dispersion analysis of fluctuating signals
either reflected from or passing through
the irregular ionosphere. There is a large
number of papers on the subject including
several comprehensive reviews [cf. Briggs,
1968a, b, 1977; Fedor, 1967 ;Kent and
Wright, 1968; Wright and Pitteway, 1978].
The quantities directly available from
spaced-received data analysis are the mean
drift velocity and its direction, the char-
acteristic random velocity which is a
measure of random changes in the pattern,
and the spatial scales and orientation of
the principal axis of the pattern which can
be related to the spatial form and orienta-
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tion of the irregularities responsible for
the signal fluctuations. Usually the mean
drift velocity has been interpreted in
terms of the bulk ionization velocities
(ExB drift or neutral winds) or in terms
of the phase velocities of wave motions,
such as gravity waves. Considerably less
clear is the meaning of the characteristic
random velocity V . It was introduced by
Briggs et al, [1950] in a somewhat arbi-
trary manner without relating it to any
specific possible physical mechanisms
causing variations of the irregular ion-
ospheric structure, such as fluctuations
of the drift velocity, diffusion of irreg-
ularities, and the dispersive nature of
the motion of the irregularities in the
ionosphere. At the same time, it seems
apparent that the temporal evolution in
the scintillation pattern should reflect
important dynamic processes that take
place in the turbulent ionosphere and such
easily measured parameters as the charac-
teristic random velocity might be useful
in studying these processes.

The problem of relating V to its pos-
sible causes has been discuSsed for inter-
planetary irregularities by Little and
Ekers [1971] and Ekers and Little [1971].
Lotova and Chashey [1973, 1976, 1977a, b,
1978, 1981] and Chashey and Shishov [1977]
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discussed the dispersion analysis applied
to interplanetary scintillation. Random
motion of scatterers has been incorporated
in the numerical simulation of ionospheric
drift measurements by Wright and Pitteway
[1978]. They have shown that the charac-
teristic random velocity can be identified
with the rms value of the scatterers' vel-
ocity.

The effect of drift velocity variation
along the propagation path has been quali-
tatively discussed by Briggs and Golley
[1968] in reference to the radio star scin-
tillation measurements. They have shown
that it may cause a systematic skewness
of the cross-correlation function and pos-
itive velocity dispersion, i.e., an appar-
ent increase of the drift velocity with
frequency.

In the present paper we will use
Shkarofsky's [1968] description of the
nonfrozen turbulent medium together with
the phase screen scintillation theory to
model effects of velocity distribution,
diffusion, and velocity variations inside
the scattering layer on parameters derived
from the spaced-receiver scintillation
data., Both correlation and dispersion
results will be compared with satellite
scintillation data taken at Ancon, Peru,
near the magnetic equator.

This paper attempts to model quantita-—
tively the spaced-receiver scintillation
experiments and to demonstrate that impor-
tant information about the drift velocity
in the lonosphere can be obtained from
spaced-receiver scintillation data. 1In
section 2, a brief discussion of the var-
ious models of space-time spectra is pre-
sented. Correlation analysis based on the
models and scintillation theory is derived
in section 3. Dispersion analysis using
the cross-spectrum is discussed in sec-
tion 4, In section 5, the modeling re-
sults are compared with observational data
to demonstrate the self-consistency of the
model. Some conclusions are given in sec-
tion 6.

2. STATISTICAL CHARACTERIZATION
OF NONFROZEN IRREGULARITIES

In order to model scintillation it is
necessary to adequately characterize the
irregular medium through which a wave
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propagates. Most commonly it is assumed
that the electron density fluctuation
AN(r) 1is a random function of position,
sufficiently described by its first two
moments: mean and autocorrelation. If
all irregularities move with a constant
velocity and do not vary with time (so
called "frozen-in" assumption or Taylor
hypothesis), spatial and temporal charac-
teristics of the medium are related by a
simple translation of the motion [cf.
Tatarski, 1971; Rino and Livingston, 1982;
Yeh and Liu, 1982]. In reality, however,
the electron density fluctuations vary
also in time and the frozen-in assumption
may not be valid. Several processes might
be responsible for the violation of the
frozen-in assumption, such as (1) regular,
temporal and spatial variations of the
drift velocity, (2) dispersive nature of
the motion, (3) fluctuations of the drift
velocity, and (4) decay of irregularities
due to diffusion. The problem is to ob-
tain an adequate representation of these
processes, so that they can be easily in-
corporated into the scintillation theory.
A useful representation has been suggested
by Shkarofsky [1968]. 1In his description
of the nonfrozen flow of turbulent plasma
it is assumed that the outer scale of tur-
words, the temporal variations of the gen-
eration mechanisms are slow as compared to
other mechanisms that can change the
space-time structure of the irregular-
ities, such as drift velocity fluctuations
or diffusion. With this assumption it is
possible to decompose the space-time spec-
trum of electron density fluctuations
§AN(K,w) into a spatial part dependent on
k only, ¢, .(k), and a part Y(x,w) nor-
malized such that

©0

J V(k,w)de = 1 (1)
Thus =
Syn(s0) = 4e(0 b0 (2)
Sug(s0 = 4 (¥ (k, )
where ¢, (k) is identified with the usual

spatial irregularity spectrum, and w(E,w)
and its temporal Fourier transform y(x,T)
are associated with different decay mech-
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anisms. If the flow is strictly frozen
with velocity vy we have

Pk, w) = 8(wtkevg) (3)

The Fourier transform of y(k,w) with re-
spect to w gives

plc,1) = e 7EVOT (4)
Shkarofsky suggested the following general
form of the function yY(k,t):

_ —iksvaT —k2A2
W) = e ixevgT -k“A4/2 (5)
where A is a function of time and repre-
sents the rms displacement of an irregu-
larity in time T due to some decay mech-
anism. If the decay is caused by drift
velocity fluctuations, the so-called
"locally frozen'" field condition may some-
times apply. Under this condition, the
velocity of the individual irregularities
can be considered constant over a period
short compared with Lg/vg, where Lj is

the outer scale of turbulence and v is
the mean flow velocity. If these velocity
fluctuations are normally distributed with
a standard deviation ¢ of each velocity
component, it can be shown that y(x,T) be-
comes [Tatarski, 1971]

-ik-vyT-k20212/2

P(k,T) = e (6)

Thus, for this case, A=oT.
Equation (6) reduced to the frozen field
result (4) if

2
o
— <<
Vo

(7)

KTV g

The irregularity size most effective in
producing amplitude scintillation is of
the order of the Fresnel zone dimension
/XE; where A is the wavelength and z is
the observer's distance from the irregu-
larity slab. TFrom (7) we see that high-
frequency waves are more susceptible to
velocity fluctuations than low-frequency
waves. Also the high-frequency part of
the scintillation spectrum will be more
susceptible to nonfrozen flow effects.
Another decay mechanism that might be of
importance for ionospheric irregularities
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is diffusion leading to temporal vari-
ations of the rms electron density fluc-
tuation. For this case, according to
Shkarofsky [1968], A = v2D|1| with D
representing the diffusion coefficient.
The functions y(k,T) and Y(k,w) become

—iE;;OT—K2D|T|

V(c,1) = e (8)

— 2
Y(k,w) = _EK D &)
(w+K-v0)2+K”D2

The condition for the validity of frozen
field can be derived as D<<vy/k, which is
independent of time.

So far we have discussed effects of the
time decay of turbulence. It turms out
that a smooth, regular variation of vel-
ocity inside the turbulent layer can also
have effects on scintillation. Let us
assume that the flow velocity is constant
over distances shorter than the outer
scale of turbulence Ly. This means that
in a certain region G with dimensions of
the order of Ly, the field can be con-
sidered as frozen and moving with a cer-
tain velocity vj;. On passing to another
region G, at a distance not less than Lg
from G, the field is still frozen and
has the same statistics but moves with
different velocity v,. As we mentioned
tude scintillation comes from irregular-
tude scintillation comes from irregular-
ities with sizes of the order of the Fres-
nel zone in the plane (x,y) perpendicular
to the direction of propagation, which is
much less than the outer scale. Thus the
x, y dependence of the velocity can be
neglected and restructuring of the scin-
tillation pattern will be entirely due to
the velocity variation along the propaga-
tion path. With this in mind the effective
space-time spectrum of electron content
fluctuations can be written as

L

S,y (Ksw) = ¢ (k) | 8(uwtk-v(E)) dg/L
ANT N L (10)

where the integral is taken along the
propagation path of length L through the
irregular layer and v({) is a function
describing the velocity variation. Thus
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the space-time spectrum is of the Shkarof-
sky's form with
L

Y(k,w) = L L § (wte-v(E))dE

A corresponding w(E,T) function is
L

w(E,T) g% l e—iT?'V(E) dg ( )
11

In particular, if we assume that the
velocity varies linearly along the propa-
gation path, i.e., v(§) = vytvi&/L, then

W(<,T) = _i e—iTK'VO a - e-iTK'Vl)
itkevy
(12)

For |T?-$1[ << 1, (12) converges to the
frozen field result (4).

These model spectra of nonfrozen irregu-
larities will be applied in the following
sections for the development of the corre-
lation and dispersion analysis of spaced-
receiver scintillation measurements.

3. MODELING AND CORRELATION ANALYSIS

To model temporal characteristics of
scintillation we will adopt the phase
screen theory, which has been shown to be
satisfactory [Rino, 1979, 1982]. 1In our
model, the screen is taken as located at
z=0, in the middle of the irregularity
slab. As the wave propagates to the
ground, the phase mixing leads to the de-
velopment of a complicated diffraction
pattern whose statistics can be related
to statistics of the phase on the screen,
which in turn is related to the irregular
structure of the ionosphere. For details
of the theory the reader may consult a re-
cent review by Yeh and Liu [1982]. For
simplicity we assume that a plane wave of
frequency f is incident normally onto the
screen. The scintillation pattern is
studied at a distance z below the screen.
For a "shallow screen" such that the vari-
ance of the phase ¢02<1, the space-time
correlation function of the log amplitude
x 1s given by
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BX(E,T) = JJ S¢(EifT) sinz(fi z/2k) -

cos (Kl;p) dzﬁL (13)
where k=27f/c is the wave number of the
incident wave and S (x|,T) is related to
the two-dimensional¢spectra1 function of
electron density fluctuations S,, (x;,0,T)
by AN

— _ ’ —
S¢(KlfT) = ZNLAZre SAN(KlfO’T) 16

In the above relation, L is the thick-
ness of the irregularity layer, r is
thglglassical electron radius (=2?818X
10 ""m) and A=c/f.

Making use of the relations (2) and (5)
the correlation function B (p,T) can be
put in the following form:

BX(E,T) = 2an2re2 IJ ¢AN(E ,0) -

sinz(Kl?z/Zk) cosf;L-(EJGOT)] .

—Kl?AZ/Z
e dZKJ_ (15)
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Fig. 1. Relationship between the apparent

velocity v', mean velocity v|y and velo-
city variance ¢ for the model with elon-
gated and isotropic irregularities and
classical drift pattern analysis.
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where v represents the component of the
mean velocity transverse to the direc-
tion of propagation.

We wish to relate the correlation func-
tion as given by equation (15) to the par-
ameters measured with the spaced-receiver
method. The most 1mportant parameter is
the apparent velocity v defined as the
ratio of the distance between the two re-
ceivers to the time lag T at which the

cross-correlation is maximum. To find T
we compute first
2 o2 ([, -
AT = 21 LA r, JJ ¢AN(Klfo)

sin? (KJ_ZZ/ZR){(?J_';J_())

sin [EJ_' (E—;J_()T)] -

3A - o~ =

KJ_Z A F cos [KJ_'(D- J_OT)]}

-k 2A2/2

e ] dZKJ_ (16)

For strictly frozen flow A=0, BX(Q,T)

reaches its maximum value at 7, such that
oT . The apparent velocity is defined

by 'y /cosa=p/1 , where o is the angle
between and vl_ If measurements at
three nonlinear receivers are avail-
able, then both a and vl_ can be deter-
mined. 0

When A is not constant and for a general
propagation geometry, an analytical deriva-
tion of 1, and v' is not possible. Num-
erical integration has to be used. How-
ever, approximate expressions can be ob-
tained if p is parallel to v If we
write T =p/ l-+5T, where theLoadditional
time shift -0 &t of the maximum caused
by the nonfrozen property of the irregu-
larities is assumed to be small, then it
can be shown from (16) by a perturbation
analysis that

A
ot - 2B /Bt (17)

- v
Lo v=p/v|

0
If the nonfrozen variation is caused by
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the velocity fluctuations with standard
deviation o, the total time shift of the
maximum, Tn» and the apparent velocity,
v', are glven respectively by

g2

VJ_O

T =L (1 -2
m

) (18)
“Lo

v' =v, (1l- 2——2"2 )-1 2
Lo v

0 (19

2
l.+ 2 2
v
© Tl
Expression (19) shows that the apparent
velocity increases due to the velocity
fluctuations. Compared with the formula
derived by Briggs [1968a] which relates
the apparent velocity to the mean drift
velocity and characteristic random velo-
city Ve

v =vlo+— (20)

the meaning of v_ for the model is now
straightforward: 2 is equal to a two-
dimensional variancg of the velocity fluc-
tuations 202. This result agrees with
that obtained by Wright and Pitteway
[1978] who simulated numerically the drift
measurements. However, according to our
discussion, it is valid only when the
ratio ¢ /YL is small. 1In general the
relation between the apparent velocity
and velocity fluctuation is more compli-
cated.

Figure 1 shows the relation between
v'/v|, and ¢?/v| ? as derived from direct
numerical computation of B, (p,T). Two
cases corresponding to isotropic and
elongated irregularities are shown. The
elongation is assumed to be perpendicu-~
lar to the mean velocity and for this case
02 is the one-dimensional velocity vari-
ance. Also shown is the relation (20)
from Briggs' original derivation. In com-
puting BX(O,T) it was assumed that the
irregularity spectrum is of the power law
type « ©~ with the outer scale much greater
than the Fresnel zone size. It turns out
that the curves shown in Figure 1 are al-
most independent of the spectral index p,
the separation of the receivers d, the
wave frequency and the distance z. This



748 WERNIK ET AL.:

figure shows that as ratio o?/v 02 in-
creases the characteristic random velocity
v _1is no longer equal to the standard de-
viation of the velocity fluctuation.

Consider now the case when decay is
caused by diffusion, so that A = V2D Tl.
function and the apparent velocity are
given by

S.L - 2 _Z.D
Tm VJ- VJ_
0 0 (21)
1
0
vi=— ;\;VJ_(].'FVZDD)
1 - 2D 0 0

Unlike for decay by velocity fluctua-
tion, diffusion causes the apparent vel-
ocity to be dependent on the separation
of the receivers. TFor large separation
the effect of diffusion is small and the
apparent velocity is close to the mean
flow velocity.

Huba and Ossakow [1981] have shown that
classical or anomalous diffusion for scin-
tillation causing irregularities is very
slow. It is easy to see, using numerical
values given by Huba and Ossakow, for F
region irregularities that for irregu-
larities larger than 500 m the anomalous
diffusion coefficient is smaller than
40 m?/s, which means that the additional
time shift &1 of the correlation function
is less than 0.03 s for a typical value
of mean velocity (> 50 m/s). Therefore
in most cases the effect of diffusion on
the time lag for maximum correlatiomn is
negligibly small.

Velocity variations along the propaga-
tion path also cause the apparent velocity
to deviate from the mean flow velocity.
Numerical computation of B, (p,T)_for a
linear velocity variation “v(g)=vgtvi&/L
shows that the following relation holds
for the case of elongated irregularities
with elongation in the direction perpen-
dicular to the line joining the two an-

tennas, v 2

v' = <vl? + 0.0875

(22)
<V_L >

where <v|> is the average transverse vel-

ocity equal to V[, * VLI/Z.
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In the correlation analysis, the so-
called true velocity is obtained from the
time shift T, at which the autocorrelation
and cross-correlation functions have the
same value. Mathematically, v satisfies
the relation ¢

BX(D,TC) = BX(O,TC) (23)

From (15) one can easily see that T,
can be used to derive the mean flow vél-
ocity, as the relation

p = 2v Tc
0

(24)

is valid independent of the form of the A
function. 1In the model with linear vel-
ocity variation along the propagation
path v| must be replaced by the average
velocity v| + v 1/2 in (24).

We now turfl our attention to the results
of numerical computations. We concentrate
mainly on the case when irregularities are
infinitely elongated in the direction per-
pendicular to the line joining the two
receivers. Such geometry is encountered
at the equator, the case of interest here.
Scintillation caused by isotropic irregu-
larities will be also mentioned for com-
parison purposes.

For elongated irregularities, with a
three-dimensional power law irregularity
spectrum of the form k P and a normal
velocity distribution, (15) simplifies
to
k2z

-+l . 5 X

BX(X,T) v J Ky sin< ( K )
0
-k21202/2

cos [Kx(x-voxr)] e de (25)
where o is the rms velocity. The above
integral is defined for 1<p<5 and can be
expressed in terms of the degenerate
hypergeometric function ;F;(a,b;x):

p-2 p-2
BX(X,T) N F(EEE) (-ﬁ y 2 (n 2 o &/,
p=2
1F1(’§—1, %; £/m)-Re[(n-i) 2 e E/(n-1),
1Fle§l,-%; £/ (n-1))]1} (26)
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MEAN V= 8080.M/SEC

— _ ©@. M/SEC
— —.20. M/SEC
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Fig. 2.
tion, for three values of o.

where n = t20%k/2z and £=(x—v0x1)2 k/b4z.
At x=0, t=0 the cross-correlation is
given by

p-2
B (0,0 w13 (£) 2 cost™E2

Thus for the normalized cross-correlation
we have -2

BE— -£/(n-1)

Rx(x,'r) = {Re[(n-1) e .

1F1(P,_L—1 s % 3 E/(n-1))]

P2
-&/n _
-n 2 e 1F1('REl ,'% 3 E/n)}
¢ cos [ 1B=2) (27)

TIME IN SEC

Autocorrelation in the model with the normal velocity distribu-

This expression has been used to calcu-
late the cross-correlation for several
values of the mean velocity v_. , rms vel-
ocity o and separation of the Feceivers x.
In the computations, p=4.2 and z=350 km
were assumed. Some examples are shown in
Figures 2, 3 and 4. In Figure 2 the auto-
correlation is depicted. One can see
that fluctuating velocity mainly affects
wings of the autocorrelation, destroying
its oscillatory character related to the
Fresnel oscillations. Figure 3 shows
that velocity fluctuations have a more
dramatic effect on the cross-correlation,
not only reducing oscillations, but also
introducing positive skewness which can
be quite appreciable for large o. 1In
general, velocity fluctuations cause de-
correlation of scintillation, i.e., a
smaller peak value of the cross—correla-
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Fig. 3.
tion, for three values of o.

tion, and a shift of the peak toward a
smaller time lag. This last effect is
utilized in the correlation analysis to
estimate 0. As Figure 1 shows, the cor-
relation analysis underestimates velocity
fluctuations if the ratio o2/vyZ is
large. It is interesting to note that
the slope of the cross-correlation at
zero time lag is independent of o.

Figure 4 shows how the cross-correla-
tion changes with the separation of the
receivers. The skewness increases, with
increasing separation especilally at
large 1-1_, but it is always positive.
At large geparation, decorrelation is
more pronounced.

For the case of linear velocity varia-
tion along the propagation path the nor-
malized cross-correlation function can
be expressed as

TIME IN SEC

Cross-correlation in the model with the normal velocity distribu-
Receiver separation is 366 m.

L p-2
R (x,0) = l {Re[(-1) 2 75,
p-2
-1 1 . Yt 2
(=, 25 i) -—T—¢ }dE
+ Lcos [ ELE-_Z)] (28)

where E=[x-v(z)1]? k/b4z.

Figures 5, 6, and 7 show results of cal-
culations using (28) for v(&) = v, +
VIXE/L. It has been assumed that FThe
scattering layer is 50 lkm thick. Chang-

ing the layer thickness and keeping v

and v the same do not affect the re-
sults.” Figures were constructed for the
mean velocity equal to v_+v. /2 = 80

0x

m/s. With the assumed 1ayer1¥hickness
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-.5
Fig. 4.

TIME IN SEC

Cross—-correlation in the model with a normal velocity distribu-

tion, for different receiver separations.

the gradients 0.8, 1.4 and 2 n/s/lm cor-
respond to v__=60, 45, 30 m/s and v__ =
40, 70 and 1 B m/s, respectively. Hie
corresponding rms velocities (=0.29v1 )
are 11.5, 20.2 and 28.9 m/s. X
Figures 5, 6 and 7 indicate that the
velocity gradient along the propagation
path has an effect on the cross—-correla-
tion similar to that of the velocity fluc-
tuations. This conclusion is quite ob-
vious, as in both models the correlation
function is computed by averaging over
the velocity. Therefore it is dependent
on the moments of the velocity distribu-
tion rather than on its form. This means
that it is not possible from a study of
correlation function alone to distinguish
between the effects caused by the velocity
fluctuations and regular velocity varia-
tions along the propagation path.

4. CROSS-SPECTRUM:
DISPERSION ANALYSIS

The correlation analysis makes no pro-
vision for the possibility of a disper-
sive pattern motion when components of
the pattern differing in scale sizes move
with different velocities. In such cases
a different type of analysis is required,
in which a pattern is Fourier analyzed
and a velocity of each Fourier component
is calculated. An analysis of this type
is called dispersion analysis. 1In prac-
tice, the phase of the cross-spectrum for
a pair of records is computed as a func-
tion of the frequency f. It can be shown
that this is equal to the phase differ-
ence between the Fourier components of
the two records. If the Fourier compon-
ent at frequency f is produced by the
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the propagation path.
thick.

passage of a sinusoidal wave over the re-
ceivers, the phase difference will be
equal to 2nfp/v_, where p is the distance
between the receivers and v_ is the phase
velocity of the wave. Thus, from the
measured phase of the cross-spectrum, the
velocity of each wave can be found. As
noted by Briggs [1968b] the assumption
that a given frequency is produced by a
single wave is very crucial. If several
waves with the same wavelength but dif-
ferent directions of propagation are
superimposed, the analysis will still
give a certain velocity but it will not
have the meaning of the phase velocity of
a wave. A similar situation occurs when
the waves move with a randomly fluctuat-
ing velocity.

Dispersion analysis has been used by

TIME IN SEC

Autocorrelation for three values of the velocity gradient along
The gradient corresponds to a scattering layer 50 km

several authors [Briggs and Golley, 1968;
Elkins and Papagiannis, 1970; Jones and
Muade, 1972; Lotova and Chashey, 1977 a,
b, 1978]. In most cases positive dis-
persion has been found, i.e., the velo-
city increases with frequency, event-
ually reaching certain asymptotic values
at high frequencies. Briggs and Golley
[1968] suggested that the positive dis-
persion might be caused by a regular vel-
ocity gradient along the propagation
path. Elkins and Papagiannis [1970]
have shown that dispersion of the direc-
tion of the velocity will lead to a dis-
persion of apparent velocity. Their ex-
planation can account for both positive
and negative dispersion. Lotova and
Chashey [1977a, 1978] attempted to in-
terpret dispersion in terms of the ran-
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Fig. 6.
the propagation path.

domly fluctuating velocity of irregular-
ities and eventually derived the param-

eters of the velocity distribution from

measured v(f) curves.

To model the dispersion analysis of
spaced-receiver measurements, the space-
transformed with respect to time. For
the decay mechanisms described by the
function y(x,7) given in (5) the cross-
spectrum Pw(p,w) can be written as

PX(E,w) = 2qL A2 Tez II ¢AN(;L,0)
_ 1K) *p
sinz(Kzl?/Zk) w(Klfw) e dZEL (29)

where y(k|,w) is the Fourier transform of
= 1

IP(KJKT) -
Fér a frozen flow with velocity vg,

TIME IN SEC

Cross-correlation for three values of the velocity gradient along
Receiver separation is 366 m.

Px(x,y,w) = 27 LAZTe2 JI ¢AN(ElfO)

sin? (K%l?/Zk) G(wﬁ;lfVOl? .

ik 0o
e J— dZK_l_
21TL)\2re2
= v { ¢AN(qx’Ky’o) *
0¥ o
1(q t+x y)
sin2(q2z/2k) e y de (30)
where
Vo
q s-%——-+ K ;_X g2 = q2 + k2
0x y 0x y
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Fig. 7.
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Cross-correlation for a fixed velocity gradient along the propaga-—

tion path and three different receiver separations.

Let us assume that the decay is due to
the velocity fluctuations. Referring to
(6) and the definition of characteristic
function it can be found easily that

q;(?rw) = ” ¢(V)a(w+EL-VL) d?-vJ_ (31)

with ¢(;) standing for the velocity prob-
ability distribution function. Substitu-
ting (31) into (29) and comparing with
(30) we find that the cross-spectrum of
scintillation in the situation of non-
frozen flow due to the velocity fluc-
tuations is equal to the cross-spectrum
under the frozen flow assumption aver-
aged over the velocity.

To simplify further discussion let us
assume that the x axis is parallel to

the line joining two receivers and that
the flow is one-dimensional, i.e.,
¢(v)=¢(vx)6(v ). The cross-spectrum
takes the form

i
Px(x,w) = 21TLA2re2 J ¢(vx) e

J JRICITINY sin? (q2%z/2k) dc (32)

where q, = w/vx and q2 = q2 + « 2.
In the dispersion analys?s th¥ function
of interest is the velocity v(w) defined

as
v(w) = % (33)

where a(w) is the phase of the cross-spec—
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trum. It can be easily seen from (32)
that for the § function type of the velo-
city distribution (frozen flow), a(w) =
wx/Vy, and therefore v(w) is equal to
the flow v .. The case of general dis-
tribution of v. was discussed by Lotova
and Chashey [1981].

Let us now discuss the situation when
the velocity v_ varies along the propaga-

tion path. In*this case,

, L equx
P (x,w) = 27t —— d§ -
ERD dl v

J ¢AN(q »k_,0) sin? (q2z/2k) dk
—o Xy Y (34)
where q =w/v_(£) and q?=q%+«2,

Equatfons ¥32) and (34)xwiX1 be used in
the numerical computations of the cross~
spectrum and the resulting phase function
a(w) can then be used for the dispersion
analysis.

5. COMPARISON OF THE MODEL
WITH MEASUREMENTS

In this section we compare numerical
modeling results described in the previous
section with the spaced-receiver scintil-
lation data taken at Ancon (11.71°S,
77.15°W) on March 29, 1977, using trans-
missions at 249 MHz from LES 9 satellite.
Three receivers were aligned in the east-
west direction. The recelver spacings
were 122, 244 and 366 m, with the smallest
spacing between the west (W) and middle
(M) recelvers. Because our model applies
to weak scintillation, we have chosen the
postmidnight segment of the data corres-
ponding the the decaying stage of equa-
torial scintillation. The data were dig-
itized with the sampling period 0.021 s
and the segment analyzed was 2.5 min long.
The scintillation index was S,=0.5.

For each receiver the mean amplitude
was subtracted and the difference nor-
malized to the rms amplitude. Because
the power spectrum of the original data
shows effects of the satellite spin at
frequencies higher than 5 Hz, the nor-
malized amplitude was low-pass filtered
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using a 6-pole Butterworth filter with
the cutoff frequency 5 Hz. To eliminate
the phase distortion introduced by the
filter, the data were passed through the
filter twice, in the direct and reversed
order. To save computation time, the
data were decimated by 4. The resulting
records were used to compute three auto-
correlation and three cross—correlation
functions using the conventional method.
Figure 8 shows the records as they appear
after filtering. Figure 9 depicts the
average autocorrelation and three cross-
correlation functions.

The following procedures have been
applied to derive the mean and apparent
velocities. TFrom the autocorrelation
function and the three cross-correlation
functions derived from the data, three
crossover points where the autocorrela-
tion function intersects the cross-corre-
lation functions and three additional
crossover points among the cross-correla-
tion functions were found and the corres-
ponding time lags were plotted as a func-
tion of distance p;+p,, where p; and p,
are the spacings of recelvers (Figure 10).
For the crossings between autocorrelation
and cross-correlation, py=0. The straight
line passing through the origin was least
square fitted. The mean pattern drift
velocity <v> is obtained by taking the
inverse of the slope of the line and
similar procedure was used to estimate the
apparent velocity v' using the plot of
peak lag times versus recelver spacings.
The inverse of the slope of the least
square fitted straight line passing
through the origin yields directly the
apparent velocity. 1In the actual com-
putations the time lags at the crossings
were computed by fitting a second-degree
polynomial to the segments of the corre-
lation functions. This eliminates the
error caused by the fact that the corre-
lations are given at discrete time inter-
vals.

With the mean and apparent velocities
known, assuming either velocity fluctua-
tion or velocity gradient, the rms velo-
city o or vi; can be found from Figure 1
and (22), respectively. For the data
segment under discussion, <v> = 86 m/s
and v' = 91 m/s; thus the rms velocity
is 20 m/s or vi = 70 m/s. Remembering
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Fig. 8. Sample spaced-receiver amplitude records.

that <v> = vg+vi/, we obtain vy = 51 m/s.
The model assumes that the spectral index
p and a distance z between the receiver
and phase screen are known. The spectral
index is estimated from the data in the
usual way, using the log-log plot of the
scintillation power spectrum. In Figure
11 the power spectra are depicted. In
the frequency range from 0.2 to 1.2 Hz
the average spectral index was found to
be 4.2. Using these parameters, we can
now compute the autocorrelation and cross-
correlation functions for the three sta-
tions for the two models. A distance
z=350 km was chosen, as this gives the
best agreement between the modeled and
measured correlation functions. Figure
12 shows the measured and modeled auto-
correlations and cross-correlations, for
a receiver separation of 244 m. Only the
model with the velocity gradient along
the propagation path was shown for this
comparison but the model with velocity
fluctuations gives essentially the same
picture. The velocity gradient corres-
ponds to a scattering layer 50 km thick.
From the figure, we see that the model

reproduces very well the main portion of
the measured correlations. The peak
cross—-correlation predicted by the model
is slightly higher than the measured
value. This may be due to the fact that
at §,v0.5 some decorrelation of scintil-
lation, due to multiple scattering, is
is unable to reproduce the oscillations
at large time lags. These oscillations
indicate that the scintillation pattern
is not exactly random, but some regular,
large-scale periodic variations are
present. Indeed, a closer inspection of
the original and preprocessed amplitude
records reveals the presence of periodi-
cities with the period approximately
12-14 s. Discussion of this effect is
beyond the scope of the present paper; we
only mention that it might be caused by
the wave diffraction on large-scale, reg-
ular electron density structures. The
stochastic approach used to develop our
model does not include effects caused by
the regular structures.

The data segment was also spectrum
analyzed. The three cross-correlations
were Fourier transformed and the cross-
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Fig. 9. Autocorrelation and cross-correlations computed for records shown

in Figure 8.

phase a(w) was determined as the arc tan-
gent of the ratio of quadrature and in-
phase components of the spectrum. The
velocity dispersion function was obtained
from (33). It must be noted that the
variance of the phase increases if the
coherency spectrum K2 [Jenkins and Watts,
1968] decreases:

2N 1 _
Oa v (EZ 1)

hﬂH
H

where I/T is the smoothing factor, con-
trolled by the form of the window. The
coherency spectrum is defined as

|P1o(£)|?

Kz(f) -
P1(£) P2 (£)

Py, is the cross-spectrum and P; and P>
are the autospectra of scintillations
recorded at each receiving point. In our
calculations we used the Tukey window,
the data segment is 1750 points long and
number of lags 400, which gives I/T=0.17.
Thus for K2<0.5 the rms phase is larger
than 0.23. Therefore, only frequencies
for which K2>0.5 were analyzed. This
forced us to limit the analysis to fre-
quencies less than 0.75 Hz.

The resulting velocity dispersion func-
tions v(w) for each pailr of receivers are
shown in Figure 13. The general behavior
of all three curves is similar, although
the maximum at frequency 0.1-0.13, which
approximately corresponds to the Fresnel
frequency Vo //XE; is not so clearly
visible for the palr of receivers with
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Fig. 10. Time lag of the peak cross-cor-

relation and crossover time between auto-
correlations and cross-correlations as a
function of receiver separation.
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the smallest spacing (MW pair). At high
frequencies the curves tend to approach

a constant value v 100 m/s, eventually
exhibiting some oscillations. Again,
using the parameters obtained above, we
computed the cross-spectra using (32) and
(34). From these spectra, o(w) and hence
v(w) were obtained. The comparison be-
tween the model and measurements is shown
in Figure 14 for the EM pair of receivers.
The model with a constant velocity grad-
ient was chosen for comparison, exactly
the same as that used earlier for correla-
tion modeling. We see that the main
features, such as the maximum at the Fres-
nel frequency and the approximately
constant v(w) at high frequencies [Lotova
and Chashey, 1981], are reproduced by

the model quite accurately.
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Fig. 11.

Power spectra computed for the records shown in Figure 8.
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Fig. 12a. Comparison between the measured (dashed line) and modeled (solid
line) autocorrelation for receivers separated by 244 m (ME pair).

6. CONCLUSIONS

We have shown that by applying scintil-
lation theory together with appropriate
irregularity models taking into account
the processes responsible for the depar-
ture from the strictly frozen-in situa-
tion, one can effectively model the
spaced-receiver scintillation experiments.,
First, correlation analysis of the scin-
tillation is investigated. In the classi-
cal analysis of the drift patterns by the
full correlation method as discussed by

Briggs et al. [1963], no assumptions were
made about the physical mechanisms under
which the drift patterns are formed. The
only assumption is a mathematical one con-
cerning the dependence of the correlation
function on the spatial coordinates and
the time, namgly, that the correlation
functions B (p,T) = const form concentric
ellipsoids.x In our model, the correlation
functions are actually computed from scin-
tillation theory, relating them to physi-
cal parameters such as the rms velocity

o and the velocity gradient Vv. The rela-
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Same as Figure 12a except for cross-correlation.
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Fig. 13. Velocity dispersion function computed for sample records shown in
Figure 8.



762 WERNIK ET AL.:

RANCON LES-9

5:11:58.

1977/ 3/29

140

130 +

120 1+

120 +

ap |

8y 1

70 +

80 +

52 +

OMNONI Z+ <L+H=Oorm<

40 +

30 +

20 +

10 +

SPACED-RECEIVER SCINTILLATION

MEAN V= 86.M/SEC

GRAD V= 1.4M/SEC/KM

2. 1 .2 .3
.05 15 .25 .35

.5 & .7 .8
.45 .55 .65 .75 .85

FREQUENCY IN HZ

Fig. 14.

Comparison between the measured (dashed line) and modeled (solid

line) velocity dispersion function for receivers separated by 244 m.

tionship between ¢ (or Vv) and the char-
acteristic velocity v_ in the classical
analysis is derived ifi this study. It is
shown that from correlation analysis
alone, it is not possible to distinguish
between effects arising from random velo-
city fluctuation, and from variation of
drift velocity along the propagation path.
we also modeled the dispersion analysis
using the cross-spectrum of the spaced
signals. The dispersion analysis may be
useful if the motion of the irregularities
is truly dispersive, i.e., irregularities
of different sizes move at different vel-
ocities.

Applying the modeling results to a set

of observational data, we have demon-
strated that self-consistent models with
either velocity fluctuations or velocity
gradient can be constructed that yield
excellent agreements between computed re-
sults and those from the observational
data. Thus the modeling technique seems
to have the potential to yield important
information about the velocity fields in
the ionosphere using spaced-station scin-
tillation data.

The derivation in this paper is based on
weak scintillation theory. For situations
of strong scattering, the derivation has
to be modified. The procedure will still
be the same but the computations will be-
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come more involved. It is expected, how-
ever, that some of the main features of
our results may still be valid.
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