Indian Journal of Radio & Space Physics
Vol. 34, February 2005, pp. 23-32

Spatial correlation function of intensity variations in the ground scintillation
pattern produced by equatorial spread-F irregularities

B Engavale & A Bhattacharyya
Indian Institute of Geomagnetism, New Panvel, New Mumbai 410 218

Received 15 March 2004; accepted 6 August 2004

A theoretical model is used to relate the spatial variations found in intensity scintillation patterns formed on the ground
due to scattering of VHF radio waves by equatorial ionospheric irregularities, with the spatial structure of these
irregularities. As equatorial ionospheric irregularities are closely aligned with the geomagnetic field, they may be considered
to constitute a two-dimensional dispersive random medium. Electron density variations, which produce refractive index
irregularities in the medium, are assumed to be characterized by a power law spectrum. A numerical solution of the equation
satisfied by the fourth moment of intensity variations, in the plane of the receiver, is obtained using the split step method.
The S4-index, which is the standard deviation of normalized intensity variations as well as spatial correlation function of
intensity, is obtained by considering special cases of the fourth moment of intensity variations. Variation of S,-index with
the standard deviation of phase fluctuations imposed by the ionospheric irregularities is studied for irregularities with
different power spectral indices. Effect of varying phase fluctuations on the 50% de-correlation scale length is also studied
for weak as well as strong scintillations. The S4-index and spatial scale lengths in the ground scintillation pattern depend on
parameters like thickness and height of the irregularity layer, background plasma density, standard deviation of electron
density fluctuation and irregularity power spectrum. The thecretical model is used to understand the roles of these

parameters in determining the S4-index and spatial correlation function of intensity in the ground scintillation pattern.
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1 Introduction

Spatial variations develop in the amplitude of VHF
and higher frequency radio waves, transmitted from a
geo-stationary satellite, when they propagate through
the ionosphere containing electron  density
irregularities, resulting in a pattern of varying
intensity on the ground. As the ionospheric
irregularities drift across the path of the radio signal,
the spatial pattern of varying intensity is converted
into temporal fluctuations or scintillations and
recorded by a ground receiver. The strength of
scintillations is usually measured by the S,-index,
which is defined as the standard deviation of
normalized intensity variations. The nature of the
ground scintillation pattern formed by the propagation
of radio waves through ionospheric irregularities is
medium-dependent. Ambient ionospheric conditions
play important roles in the evolution and structuring
of ionospheric irregularities. Hence significant day-to-
day variations in the structure of equatorial
ionospheric irregularities are observed'”. Parameters
like height and thickness of the irregularity layer,
strength of density fluctuations, background plasma

density, irregularity power spectrum and frequency of
the radio wave determine the S;-index and the
distribution of spatial scale lengths in the ground
scintillation pattern. Therefore, the spatial scales and
Ss;-index obtained from recorded scintillation
measurements contain information about the
irregularities that produce the scintillations. A
theoretical model is used in this paper to understand
the role of the various parameters, mentioned above,
in controlling the spatial structure of the ground
scintillation pattern, so that information obtained from
scintillation observations may be related to the
characteristics of equatorial ionospheric irregularities.

The sizes of electron density irregularities, which
contribute to scintillations on VHF radio waves, are in
the intermediate range of a few hundred metres to a
few kilometres. The fluctuations in electron density
are space-time dependent and hence the ground
scintillation pattern has spatial as well as temporal
variations. The temporal variations in the signal
intensity recorded by a receiver have contributions
from the drift of the irregularities across the signal
path as well as from temporal changes in the
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irregularity characteristics. Using classical correlation
analysis, the average zonal drift of the ground
scintillation pattern and the random velocity, which is
a measure of temporal changes in the pattern, can be
estimated. The irregularity drift speed, and hence the
drift of the ground scintillation pattern, changes
considerably over the course of a scintillation event®.
Therefore, obtaining the spatial scales of intensity
variations in the ground scintillation pattern from
recorded scintillations is not straightforward. As far as
weak scintillations are concerned, major contribution
comes from irregularities with scale sizes approxi-
mately equal to the Fresnel scale. In this case,
information about the size of irregularities can be
obtained from the time lag for which the auto-
correlation function of weak intensity scintillations
decreases to 0.5, provided the drift speed of irregu-
larities transverse to the signal path is known’.
However, this method cannot be used when scintill-
ations are strong. Recently, Bhattacharyya et al.% have
developed a method to obtain directly the spatial
correlation function of the ground scintillation pattern
at any instant of time from spaced receiver scintill-
ation observations. Using this method, a distinct
seasonal difference has been found in the distribution
of spatial scale lengths of ground scintillation patterns
produced at Ancon, a station near the dip equator, by
equatorial spread-F (ESF) irregularities®. A theoretical
model is required to interpret the observed variations
in the spatial structure of the ground scintillation
pattern in terms of seasonal variations in the evolution
of ESF irregularities.

2 Theoretical model

Space-time dependent electron density fluctuations
AN (7,t), which characterize ionospheric irregulari-
ties, give rise to space-time dependent fluctuations in
the refractive index as

A’Z
An(F,1) =—Z—rAN(F,1) (D)
2

where A is the wavelength of the incident radio wave
and 7, the classical electron radius. At a given instant
of time, phase fluctuations imposed on a radio wave

propagating in the Z -direction assumed normal to the
irregularity layer, which extends from z=0 to z=L
and is replaced by a single phase-changing screen, are
a function of the transverse spatial coordinate

p=(xy) only’, i.e.

L

L
AY(P) = [ An(p,2)dz = - A, [N (p.2)dz
0

0
.. (2
Information about the spatial structure of the
irregularities in the x-y plane is contained in the

covariance function of these phase fluctuations as

Bpo(P) = (AP(P))AY(P,)) = A%r,’ By (B) ... (3)
where, p=p,-p,, and BANT (P) is the covariance
function of fluctuations in total electron content along
the signal path.

As equatorial ionospheric irregularities are very

closely aligned with the geomagnetic field, which is
assumed to be in the y-direction, fluctuations in the

total electron content and, hence B, > area function
of the x-coordinate only. The standard deviation, O,

of phase fluctuations is obtained from

Ucpz =B,y (0)= A%rBy ny (0)

n +ea .. @
=1 r 27tLJ. q)AN(qx’.)de

where @,y (qx,qz) is a two-dimensional power

spectrum of the geomagnetic field-aligned equatorial
ionospheric irregularities. The incident plane wave is
considered to have unit amplitude. If the irregularity
layer is sufficiently thin, the incident radio wave
acquires complex amplitude (different from unity), at
the bottom of the irregularity layer, which imposes
only phase perturbations on the wave. The complex
amplitude changes during further propagation of the
wave in free space, and this results in the formation of
a diffraction pattern in the plane of the receiver. It is
assumed that receivers are placed in the plane z=z;.

If E(x,z) is a component of the wave electric field at
a point (x,z), for a plane wave propagating in the
Z-direction, the complex amplitude, u(x,z), of the
wave field is defined by

E(x,2) =u(x, z)exp [—ikz] ... (5

where k=27m/A is the signal wave number. Fourth

moment of the complex amplitude of the wave field in
a constant z-plane is defined as
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F4(x1,x2,x3,x472)

=(u(x,2) u(xy,z) u*(x3,2) u*(xy,2))

. (6)

The one-dimensional spatial covariance function of
intensity variations in a constant z-plane is given by

By (x) ={I(x,2)1(x,2)) o (D

where the angular brackets denote an ensemble
average, x =x; — X, is the spatial lag, and in terms of
the complex amplitude, the intensity [ is

I(x,2)=u*(x,2) u(x,2) ... (8)

The S;-index, which is generally used as a measure of
the strength of intensity scintillations, is defined by

52 _(!2> B (1>3

B X L X ... 9)

(1y

Therefore, the intensity correlation function in the
plane of the receiver as well as the S4-index may be
derived from special cases of the fourth moment of
the complex amplitude of the wave.

The coherence scale d,, which is the spatial lag at
which the intensity spatial correlation function falls to
50% of it’s maximum value of unity at x =0, gives
an estimate of the dominant spatial scale length
present in the ground scintillation pattern. In order to
calculate d, and the S, index, the fourth moment, [y,
of complex amplitude in the plane z=z,, where the
receivers are located, is calculated by solving the
equation satisfied by I';. Since the size of the
irregularities is much greater than the wavelength of
the radio wave signal under consideration, the waves
are essentially scattered in the forward direction. For
three-dimensional irregularities, the moment equation
satisfied by T’ is given by’

d S
'é"z"rat(plvpz,pypvz)

=2__11<[(V‘2 ~V2)+ (V) -V )]rA
A2 [2A,(0) = Ay, (P, — D5)
—Aw (P, —P,) + Ay (D — D,)
—Auw (B, = Py) = Apy (P Py) + Ay (B = P)]T,
... (10

where r, is the classical electron radius and A,,(P)

the integrated spatial covariance function for electron
density variations defined by:

A (D)= [ Bpy (P.2)d2 L. (1D)

For two-dimensional irregularities, with no density
variations in the y-direction, A,, is a function of the
x-coordinate alone. In order to simplify Eq. (10), a

transformation is carried out to a set of new variables
£,E,,X,x and G as

X=%”(xl +x2+x3+x4)

x=k0[(x,+x2)—(x3+x4)]

& %[(x,+x3)—(x2+x4)]
ky -x X, — X,
52:7[()‘1 3) ( 2 4)]
gz% .. (12)

with k,=2m/R,, where R, is a characteristic scale

size of the irregularities, which will be defined later.
In terms of these variables, Eq. (10) assumes the form

2 2
%24 |~ 'fa;aéz _ZQ%F(L&’Q) i

.. (13)
where ’
S.=ks Lfk
and

1
26,
[24,0 (0) = Apy (X, = X3) = A gy (X, = X, ) + Ay (X, — X,)

Ay (X, = %,) = Agy (X, = X3 )+ Ay (5, — x,) ]

Fx.6,€,) = lzrez

... (14)
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Here, F is independent of X, because AN is assumed
to be a homogeneous random field, so that its
covariance function can only depend on spatial lag
and not on the coordinates of a point in space. The
spatial covariance function of intensity defined by Eq.
(7) is obtained as a special case of [,, when
X, =xyand x, = x,. In this case x=0, and I'4 is only a

function of &, &, and ¢, and satisfies the equation
a, | . o

1
= -—F SR ... (15
o5 | 9gaE g, " (9

Equation (15) is solved using the ‘split step’ method
developed by Bhattacharyya and Yeh®. In this
method, the random medium of thickness L is
divided into a number of phase screens, separated by
diffraction layers. When a radio wave enters this
random medium and encounters the first phase screen,
the wave phase gets modulated. This modulated wave
front propagates through the adjacent free-space layer,
forming a diffraction pattern at the next phase screen,
which again modulates the phase. In this way, phase
modulations and propagation effects are imposed on
the wave at and between phase screens, respectively,
during the course of propagation through the random
medium. When the modulated wave front finally
emerges from the last phase screen and approaches
the ground, only free-space propagation effects take
place and a diffraction pattern is formed on the
ground. In the ‘split step’ method, the solution of ['4
at N+1" phase screen is obtained from the solution of
I, at N phase screen to finally calculate I’y in the
plane of the receiver.

Equatorial ionospheric irregularities generated due
to plasma instabilities in post-sunset hours are usually
characterized by a power law spectrum with different
spectral indices under different conditions’. In the dip-
equatorial region, where the earth’s magnetic field is
horizontal and nearly northward, irregularities are
usually elongated along the field lines and, therefore,
as noted earlier, a two-dimensional model of the
irregularities may be used. A two-dimensional power-
law spectrum with spectral index m is obtained as a
special case of the general form of the three-
dimensional irregularity power-law spectrum with
spectral index p . A power-law irregularity spectrum

is valid within some inner and outer scales. An
isotropic two-dimensional irregularity spectrum with

integral power-law index #, valid within an inner
scale ryand an outerscale R, is of the form

m=-2

(ANY) KON 47 (g y5
21: K 1 (qﬂﬂ.]) (q[l: T ()’: )m‘“

CDLW (q ):

"

(1]

... (16)

where ¢ is the irregularity wave number, ¢, the
outer scale wave number given by g, =27/R;, and

K the modified Bessel’s function of order mi. For

irregularity wave numbers that satisfy
r, << l/q << 1/g,, Eq. (16) reduces to the single

component power-law forms

AN
D,y (q)= <( )> : = l S for m=2
2n Ku(fn’nfh) (g, +4°)
.. (17)
AN 2 o _ (m=2)
D, (q) = WAN)) @B g s
2 (g +q)"
.. (18)

Occasionally, ESF irregularities have been found to
follow a two-component power-law spectrum'®'*,

where a break in the spectral slope occurs at the
‘break scale length’ R, . In this case, the irregularity

spectrum has the form
Cy

ney (10 y=m |}

(402'*' (Iz)T (sz*' qz) 2

... (19)

(DAN((I):

where, C, is a normalization constant, ¢, the break
scale wave number given by ¢q,=27/r, (R,<R,)
and m, (m,) the low (high) wave number two-

dimensional power-law indices, respectively. The
normalization constant C, depends on the indices

m, and m, . For m; =2 and m,=4, Cy is given by

- <(AN )2> (%2 _'?02)

C
¥ 2 In(g,/q,)

... (20)
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The first step in the calculation of I'; by solving Eq.
(15) for realistic irregularity characteristics is to

derive an expression for A,, (x) in terms of the

observable power spectrum ®,, (@) of density

variations in the ionospheric irregularities. Since
®,, (4) is the Fourier transform of B, (x,z), it is

seen from Eq. (11) that A, (x) may be written as

Ay (x)=27 J ®,y (g,,0)e"*" dg,

—-o0

.. @2

This yields the following forms for A, (x) for the

different irregularity power spectra considered above:
(@ m=2

Ay, (x)= ﬁé—% ;—0 exp [—qom ]
(b) m=3

Ay (0) = 2(ANY") |4 K, (6]])

(c) m=4

A (X)=

n((f:w)z)(

0

1+ |+]) exp[ gy ]

(d) m=5

Ay (x)=2q0((AN )2) x K, ((]0 |x|)

(e) m=2and n,=4
2

AAN (X)Z—M_ 1

In(gy/d) 904

x[f]b eXp ('—qO | xl) = (o EXp (—qb |x')]

... (22)

These expressions are used in the calculation of S,
index and the spatial covariance function of intensity
for each case. It is necessary to consider different
power spectra, because the irregularity spectrum
changes as the irregularities evolve, and also as stated
earlier, different irregularity spectra may be
encountered under different conditions.

Intensity correlation function and S;index for a 251
MHz radio wave signal are estimated by choosing
different values of the thickness of irregularity layer
L, average height of the irregularity layer
H,.=2,—L/2, standard deviation of the

normalized density fluctuation &, = ((AN )2)" : / Ny,

and the average background ionospheric plasma
density Ny, which is represented by the corresponding

plasma frequency @,. Usually, the observed

maximum plasma density of the ionosphere
corresponds to a plasma frequency of the order of 10
MHz and, therefore in the model, background plasma
frequency is taken as 10 MHz. Height of the
irregularity layer is assumed to vary within the range
of 200-700 km. Thin irregularity layers with thickness
L ~ 5-10 km, and thick layers with thickness L ~50-
200 km are used in the model. Two different values of
the outer scale equal to 10 km and 20 km, which are

much greater than the Fresnel scale, d, =./2Az

R ki
have also been considered.

3 Computation of intensity correlation function
and Ss-index
3.1 S;-index

In the theoretical model, it is assumed that plane
waves of unit amplitude are incident on the
irregularity layer, in which case
(I(x,z)) =(u(x,z) u*(x,z)y =1. Further, it is seen
from Eqgs (6) and (12) that at z =z,, where the
receivers are located

(12> =<[M(I,ZR)U*(.Y,ZR )]Z >=F4 (0,0,6;) ... (23)

where G, = kj ZR/ k . Also Ry, a characteristic scale
size of the irregularities, which appeared in Eq. (12)
through K, that was used to normalize the spatial
scales, is now identified with the outer scale of the

irregularity power-law spectrum. The S4-index is now
calculated as a special case of the solution for I'y, i.e.

5.2 =T,(0,0,6,)-1 .. (29)
3.2 Intensity correlation function
The spatial correlation function, C,(x), of

intensity variations in the plane of the receivers is



28 » INDIAN J RADIO & SPACE PHYS, FEBRUARY 2005

derived from the covariance function B, (x)of
intensity as follows
C,(.l‘)=<1(.‘-I,:R)l(x2’:”)>_-<I>- _B,(x)-1 L 25)

(r*y-(y “Be-1L

where x=x,-x, and B, (x)=(l(x,,z,){(x;,2;))
is obtained as a special case of [y by setting x, = x;

and x,=x,, so that & =0. Therefore, C,(x) is
given by the expression

C,(x)= ... (26)

& 2
ﬂﬁ-——l ,where & = k,x

4

4 Variation of S, with irregularity characteristics

The combined effect of thickness of the irregularity
layer and irregularity strength as measured by the
standard deviation of electron density fluctuation, is
studied by considering the variation of S; with the
standard deviation, oy, of phase fluctuations imposed
by the irregularity layer as a whole [Eq. (4)]. Figure 1
shows the variation of Ss-index with oy for
irregularities with power spectral indices m =2, 3, 4
and 5 when the average height and thickness of the
irregularity layer are taken as 500 km and 20 km,
respectively. Figure 2 shows the variation of Ss;-index
with 0, for irregularities with a two-component
power-law spectrum with power spectral indices sz, =
2 and m, = 4, for different values of the break scale

length R, when the average height and thickness of

the irregularity layer are taken as 500 km and 20 km,
respectively. It is seen that initially the S,-index
increases with increasing o, in both Figs 1 and 2,
although at different rates depending on the power
spectrum of the irregularities. From Fig. 1 it is seen
that the initial increase in S;-index is most rapid for
the shallowest slope. For m = 2, S, saturates for large
values of 0y and tends to a value of 1. On the other
hand, for m=>3, S, attains maximum values

exceeding 1 before asymptotically tending to a value
of 1. Booker and MajidiAhi * had earlier obtained a
similar result and suggested that when the irregularity
power spectrum is sufficiently steep such that the
irregularities with large scale-sizes dominate, then
these irregularities tend to focus the radio waves to
produce small scales in the ground intensity pattern

—— m=2 |
0.2+ —— m=3
—— m=4 |
—— m=5i
0 N . , , ) I, 5%t ==
0 10 20 30 40 50 60 70 80

cr0 , rad

Fig. 1—S4-index versus standard deviation, o, of phase
fluctuations imposed by two-dimensional irregularities at an
average height of 500 km, having power-law spectrum with index
m =2, 3, 4 and 5, and outer scale of 10 km (Thickness of the
irregularity layer is 20 km.)

Silndex

30 40
c. , rad

Fig. 2—S,-index versus standard deviation, o, of phase
fluctuations imposed by two-dimensional irregularities at an
average height of 500 km, having two-component power law
spectrum with indices m; = 2 and m; = 4, outer scale = 10 km, and
different break scale length R, (Thickness of the irregularity layer
is 20 km.)

and values of S, exceed one. This tendency of large-
scale irregularities to focus the incident waves is also
in agreement with theoretical results obtained by
Singleton'® who considered Gaussian irregularities.
The new result obtained here is for the two-
component power-law irregularity spectrum shown in
Fig. 2. It is seen that the break scale length must be
sufficiently large for S; to show any focusing effects,
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otherwise the small-scale irregularities have enough
strength to scatter the radio waves and the focusing
effect is lost.

Figure 3 shows the variation of §4-index with o, for
two different values of the average height,

H .. =2z —L[2, of the irregularity layer, ie H =
300 km and 500 km, when the irregularities have
single component power-law spectra with spectral
indices (i) =2 and (ii) m = 5. It is seen from Fig. 3
that, while there is no dependence on H ,, for m=

2, for the steeper slope, focusing effects set in earlier
for a lower height of the irregularity layer.

S Variation of spatial correlation function of
intensity

The coherence scale d , » which is defined by

1.2

(a)

1} M PP T S S U A TGS

08f 1

0.6

S 4-Index

0.4}, 1

o |

—— HJWG-:’OOkm.
—-— HAVG=5°°kmi'

0 10 20 30 40 50 60

1.4 (b)

Sﬂndex

06

0.4F

0.2 —.—HA = 300 km

0 =
+_HAVG =500 km

0 10 20 30 a0 50 60 70 80
c',rad
Fig. 3—Variation of S;-index with standard deviation, oy of
phase fluctuations imposed by two-dimensional irregularities
having power-law spectrum with (a) index 71 = 2 and (b) index
m = 5, located at average heights of 300 km and 500 km
(Ro=10 km).

C,(x=d) =05 .. (27)
provides an estimate of the dominant scale size in the
ground intensity scintillation pattern. It is seen from
Fig. 4 that if only the standard deviation

o (: <AN2 >l/2 /N ) of normalized electron
N 0

density fluctuations in the irregularities is changed,
keeping all other irregularity characteristics the same,
then the width of C, (x) and, hence the coherence

scale d,, increases as O, and, therefore, 0, decreases,

until d, reaches a limiting value. This is the weak
scintillation limit. On the other hand, in the variation
of Ss;-index with 0y a limiting behaviour is seen for
large values of 0y In view of these limiting
behaviours, dependence of d; on the characteristics of

(a) —~—,=1,0,=19% |
0.95} - 0,=12,0,=23%
—— G =3,0N=5.7%
0.9f ' = Tl
0, =4,0,=76%
—a—0,=5,0,=95%
Y o ¢ 'UN
0.85 o 0,%7,0,=13.2%
0.8 —— ©6,=10,0,=19% |
= - cr’=15,crN-28.5%;'
= 075 e e
(8]
07 )
0.65f -
0.6}
0.55
0.5

150 200 250

1 : - v
(b) —a U.=1.2,0'N=2.1°/- i
0.95} ——0,=15,0,=27% 4
——0,=3,0,=254% |
0.9} Yot Ny
- 0,=5,0,=8.9%
o 0,=7,0, =12.5% |
.85 ¢ N H
E> —— 0,= 10,0, =17.8% |
0.8 — c’=15.0N=26.8%
o —— 0, = ZS,GN’M.G%
= 075 .
o
0.7}
0.65 :
0.6f 1
0.55}
0.5 K
0 200 250

Fig. 4—Plots of C, as a function of x for two-dimensional
irregularities at an average height of 275 km, having a power-law
spectrum with (a) index m=3 and (b) index m; = 2 and m; = 4
(Thickness of the irregularity layer is SO km and Ro= 10 km).
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irregularities has been studied in the two extreme
cases of weak and strong scintillations.

5.1 Weak scintillations

In the following, criterion used for weak
scintillations is that the Ss-index be less than 0.25. In
this case, the computed coherence scales are found to
vary with average height, H,,;, of the irregularity

layer. A plot of log (d,) versus log (H ,,;) is shown

in Fig. 5 for in =2, 3, 4 and 5; and also for a two-
component power-law spectrum with power spectral
indices m; = 2 and m, = 4. From this plot, it is seen
that d, is proportional to (Havg)’, where p is
dependent on the spectral index m. When
scintillations are weak, major contribution to
amplitude fluctuations on the ground comes from
irregularities with scale sizes of the order of the

Fresnel scale’, [dF =,/2/1(z,,—[4!2)} and the

dominant spatial scale in the ground scintillation
pattern is close to the Fresnel scale. Therefore, in this
case, it is expected that d, should be nearly

proportional to/H ,, . Results obtained for different

spectral slopes show that for m = 3 and 4, value of p is
approximately equal to 0.5, as expected from the
height-dependence of the Fresnel scale. For both m =
2 and 5, there is a small departure from the expected
value of p. It is also to be noted that when the
effective height of the irregularity layer is fixed,
coherence scale d, increases with spectral slope i .

2.8 T T T

T ’—1_.A ..I_1
o m=2 '
o m=3
27 | . m=2,m,=4
= m=4
26 G Enss
2.5 &
3
o 24
9 m =2, Slope = 0.39 + 0.01
23 ~ m=3, Slope =0.47 + 0.01 |
22 m, = 2, m, = 4, Slope = 0.43 + 0.01 |
m =4, Slope =0.44 + 0.01
21
o m =5, Slope =0.35 + 0.02
25 5.2 54 5.6 5.8 6 6.2 6.4
LOG (H AVG)

Fig. 5-—Plots of log (d,) versus log (H,,g) in the weak
scintillation regime for irregularities having single component
power-law spectrum with 1 = 2, 3, 4, 5 and a two-component
power law spectrum with 1y =2,m;=4 (R = 10 km)

This is due to the decreasing contribution from small-
scale irregularities to intensity variations on the
ground, as the spectral slope increases. Figure 6
shows the intensity correlation function for 7, = 2 and
5 for outer scales equal to 10 km and 20 km. It is seen
that irregularities with 7, = 2 do not show any change
in coherence scale with increasing outer scale, but for
irregularities with m = 5, the coherence scale changes
significantly with outer scale, although the coherence
scale is still found to remain proportional to (HAVG)P
with p ~0.5. It can be concluded that as the
irregularity power spectral slope becomes steeper, the
spatial structure observed in the ground intensity
pattern for weak scintillations is not only determined
by the effective height of the irregularity layer and the

(a)

[« R,=10km |

0.95| e R0=20km!-

09 71

08} J

0.75f 1

C, (X)

0.7 T
0.65 T
0.6 T

0.55f T

0 25 50 75 100 125 150 175 200
X, m

3

O ' ' — R,=10km
0.95} z R, =20 ka-

0.75¢

c, (X)

0.7f

0.651

0.6

0.55

0'50 5.0 160 150 200 250 300 350 400
X, m

Fig. 6---Plots of C,(x) versus x for irregularities at an average

height of 350 km having a single component power-law spectrum
with (a) m = 2 and (b) m = 5 having outer scales of 10 km and
20 km.
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irregularity power spectral index, but also begins to
show a dependence on the outer scale of the power-
law spectrum of the irregularities.

5.2 Strong scintillations

Scintillations are considered here to be strong when
S42 1. In this regime, for a fixed 0 coherence scales
become independent of the height of the irregularity
layer, as seen in Fig. 7. This behaviour of d, is
entirely different from that found in the weak
scintillation regime, and characterizes the strong
scintillation regime. Figure 8 displays the variation of
coherence scale with o, for strong scintillations, when
the slopes of single-component power-law spectra for
" the irregularities take on values m = 2, 3, 4 and 5, and
also for a two-component power-law spectrum with
power spectral indices my = 2 and m; = 4. The
coherence scale is found to vary as the inverse of Oy,
irrespective of the irregularity power spectrum. This
dependence also holds when the outer scale is
increased to 20 km. This result is in agreement with
the result obtained by Frank and Liu ' using the
asymptotic analytical form of C, (x) under the phase
screen approximation'’. The present results are valid
even when the irregularity layer thickness is large.
Also the dependence of coherence scales on the exact
nature of the irregularity spectrum has been
investigated here. In the strong scintillation regime,
when o, is kept fixed, for a single-component
irregularity power spectrum, coherence scale is found

180 u T r——————— —
C m=2
O m=3 |
160} ¥ m=2,m,=4
. & m=4 L
1401 . X _m=5 I
120+ 1
o, =16 rad
£ 100+ A 2 - - ” + =
5 8of
A= - ¥ *
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a0k -~ A A 2 " o 1
20+ G = = 3 .
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Havg » km

Fig. 7---Plots of d,

regime for irregularities having a single component power-law
spectrum with m = 2, 3, 4, 5 and a two-component power-law
spectrum with 171, = 2 and m; = 4 (Ry=10 km).

versus f,,, in the strong scintillation

1.8f
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Fig. 8—Plots of log (d,) versus log (0,) in the strong

scintillation regime for irregularities having a single component
power-law spectrum with m = 2, 3, 4, 5 and a two-component
power-law spectrum with ;=2 and my =4 (Ry=10 km).

to be larger for steeper power spectral slopes. Also for
each value of 0, in this regime, the coherence scale
obtained for a two-component power-law spectrum
with power spectral indices »y = 2 and m, = 4, is
found to lie between the coherence scales obtained for
single-component irregularity power spectra with
slopes m =3 and 4.

6 Summary and conclusions

Spatial  correlation  function of  intensity
scintillations and the S;-index have been calculated
for ionospheric irregularities  with  different
characteristics, using a theoretical model. It is seen
that large-scale irregularities give rise to focusing
effects (S, > 1) when phase fluctuations are suffi-
ciently large. This focusing effect is absent for
irregularities with power-law spectra that have
shallow slopes (m < 3), which implies a significant
presence of small-scale irregularities. Also, the
focusing effect seen for large-scale irregularities
occurs for smaller values of 0, as the height of the
irregularity layer decreases. For a two-component
power-law irregularity spectrum, the break scale
length must be sufficiently large for S4 to show any
focusing  effects, otherwise the small-scale
irregularities are effective in scattering the radio
waves and the focusing effect is lost.

The dominant scale size in the ground scintillation
pattern is given by the coherence scale d,;, which is
the spatial lag where 50% decorrelation occurs for



32 INDIAN J RADIO & SPACE PHYS, FEBRUARY 2005

intensity variations in the ground pattern. As the
irregularity strength and hence o, decreases, d; is
found to attain a limiting value that is largely
determined by the Fresnel scale, which depends on
the height of the irregularity layer. Hence, for weak
scintillations, height of the irregularity layer basically
determines the dominant spatial scale in the ground
scintillation pattern. However, there is also a weak
dependence on the nature of the irregularity spectrum.
For a fixed height of the irregularity layer, d; is found
to increase with the slope of a power-law spectrum of
irregularities in the weak scintillation regime; while d,
is also seen to increase slightly with the outer scale of
a power-law spectrum of irregularities as the power
spectral slope increases, since the relative contribution
of larger scale irregularities to the ground scintillation
pattern increases in this case. In the saturated regime
(S4 = 1), coherence scale becomes independent of the
height of the irregularity layer, but vary as the inverse
of the standard deviation of phase fluctuations
imposed by it. This in turn is determined by the r.m.s.
density fluctuation in the irregularity layer and its
thickness.

In the present study, no significant change was seen
in either the coherence scale or S4-index when many
phase screens were replaced by a single-phase screen.
This indicates that the widely used ‘phase screen
approximation’ is good for describing scintillations
under many different conditions. The results obtained
here would be useful in future studies of variations in
the structure of ESF irregularities due to varying
ambient ionospheric conditions, using equatorial

ionospheric scintillation data that extend from weak to
strong scintillation regime at different stages of
evolution of the irregularities.
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