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Nighttime equatorial ionosphere: GPS scintillations
and differential carrier phase fluctuations
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Abstract. The presence of scintillation-producing irregularities in the nighttime equa-
torial ionosphere, in the path of Global Positioning System (GPS) signals received at an
equatorial station, causes dual-frequency measurements of the differential carrier phase
of GPS L1 and L2 signals to have a contribution from phase scintillations on the two sig-
nals. Dual-frequency data for fluctuations in the total electron content (TEC) along the
path of GPS signals to the equatorial station Ancon (1.5° dip), sampled at a rate of 1 Hz,
are used to separate this contribution from the slower TEC variations. Rapid fluctuations
in the differential carrier phase, usually on timescales < 100 s, which result from diffrac-
tion, are seen to follow the pattern of intensity scintillations on the L1 signal. Intensity
scintillations are also related to the variations in TEC which arise from density fluctua-
tions associated with ionospheric irregularities. An approximate version of the transport-
of-intensity equation, based on a phase screen description of the irregularities, suggests
that a quantitative measure of intensity scintillations may be provided by the derivative
of rate of change of TEC index (DROTI), obtained from the second derivative of TEC.
This equation also yields the dependence of the scaling factor between DROTI and S, on
the Fresnel frequency. Comparison of DROTI computed from relative TEC data to cor-
responding Sy indices indicates that there may be lesser uncertainity in a quantitative
relation between the two than between the index ROTI, introduced in recent years, and
S4. Power spectral analysis of TEC fluctuations and simultaneous intensity scintillations
on L1 signal, recorded at Ancon, does not indicate any simple dependence of the scaling
factor between DROTI and S4 on the spectral characteristics.

1. Introduction

Recognition of the radio wave signals transmitted
from Global Positioning System (GPS) satellites as
useful tools for probing the Earth’s ionosphere has
led to a number of such studies in recent years [Wan-
ninger, 1993; Aarons et al., 1996; Kelley et al., 1996;
Weber et al., 1996; Musman et al, 1997; Pi et al.,
1997]. At the frequencies of the GPS signals the
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electron-density -dependent refractive index of the
ionosphere introduces range errors and range rate er-
rors which, to lowest order, are due to the change
in optical path length introduced by the total elec-
tron content (TEC) of the intervening ionosphere

[Klobuchar, 1996]. For an undisturbed ionosphere
where the electron density does not vary significantly
over short (< 1 km) scale lengths, this is the only ef-
fect the ionosphere has on GPS signals. However, the
ionospheres in the equatorial and polar cap/auroral
regions often exhibit departures from such a state
when electron density variations in them span a large
range of scale sizes, extending well into the subkilo-
meter range at the small-scale end of the spectrum
[Kelley, 1989]. A number of examples of scintilla-
tions in the intensity of recorded GPS signals have
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been reported in recent literature [ Weber et al., 1996;
Beach, 1998]. The present study is concerned with
the relationships between rapid fluctuations in inten-
sity and differential carrier phase due to scintillations
on the GPS signals and slower changes in differential
carrier phase due to TEC variations.

The GPS signals provide a unique opportunity
to study simultaneously the short-scale-length varia-
tions in TEC along the signal path in the presence of
ionospheric irregularities and the scintillations asso-
ciated with these irregularities. In the phase screen
description of ionospheric irregularities it is the vari-
ation, in the plane of the phase screen, of the TEC
along the signal path, which introduces the initial
phase perturbation that gives rise to the scintillations.
Thus GPS data may be used to clear up some am-
biguity that exists regarding the distinction between
the initial phase perturbation and phase scintillations
which result from further propagation. Whereas the
initial phase perturbation may be simply retraced to
variations in TEC along the signal path, phase scin-
tillations do not relate to density fluctuations in the
same manner. Starting with a simple theoretical de-
scription of phase scintillations in section 2, dual-
frequency observations of GPS signals summarized
in section 3 are used to delineate, in section 4, the
contribution of phase scintillations to the measured
“TEC fluctuations.” A measure of TEC variations
which may be associated with scintillations on GPS
signals is the rate of change of TEC index (ROTI)
introduced by Pi et ol [1997]. While on many oc-
casions it is able to track intensity scintillations, as
measured by the S; index, a quantitative relation-
ship between the two is lacking. In an attempt to
bridge this gap, in section 5 a new index designated
derivative of rate of change of TEC index (DROTI),
which may be derived from 30 s GPS TEC fluctu-
ation data, is introduced on the basis of theoretical
considerations. This index may be directly scaled to
S4 using a scaling factor which is determined by the
Fresnel frequency. Investigation of the spectral char-
acteristics of intensity scintillations and fluctuations
in TEC along the signal path does not shed any new
light on the relationship between DROTI and S4. On
the basis of results described in this paper it is con-
cluded in section 6 that the applicability of the phase
screen approximation, on which indices such as ROTI
and DROTI are based, is an important factor in their
use as a measure of scintillation-producing irregular-
ities.
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2. Theoretical Description of Phase
Scintillations

A theoretical description of phase scintillations
based on the phase screen approximation is briefly
recounted here in order to define phase scintillations
as distinct from the phase variations imposed on a
radio wave by electron density irregularities encoun-
tered in its path. More detailed accounts of various
theories of scintillation may be found in reviews by
Yeh and Liu [1982] and Bhattacharyya et al. [1992]
and references therein. In the phase screen approxi-
mation the irregularities are assumed to be confined
to a relatively thin layer such that the amplitude of
the incident radio wave remains unchanged on emerg-
ing from the layer and only an irregular phase per-
turbation is imposed on the radio wave on its pas-
sage through the irregularities. Further propagation
through free space to the plane of the receiver results
in the buildup of spatial variations in amplitude and
phase. A relative motion between the density irreg-
ularities and the signal path results in fluctuations
of amplitude and phase of the signal recorded by a
stationary receiver on the ground.

For a simple theoretical picture of the spatial vari-
ations that would appear in the reception plane a
model phase screen is assumed to be located in the z—
y plane at z = 0, while an incident plane wave prop-
agates through it in the z direction to a receiver at a
distance z from the screen. It is assumed that there is
no variation in electron density along the y axis, and
the resultant one-dimensional phase screen imposes a
phase perturbation ¢(z) on the incident radio wave,
which is determined by the variation ANp(z) of the
TEC along the signal path through the irregularity

layer:
(1)

where 7, is the classical electron radius (= 2.8x1071®
m). In this situation the complex amplitude u(z, z)
of the wave at a point (z,y, z) in the reception plane
will be given by the Fresnel diffraction result under a
forward scattering assumption [Ratcliffe, 1956]:

u(z,z) = \/g/:: u(z’,0) exp [—im(z—z')?/Az]da’,
(2)

where A is the wavelength of the incident wave and
u(z,0) is the complex amplitude of the wave imme-
diately after it emerges from the phase screen

u(z,0) = e,

é(z) = —Ar.ANp(z),

(3)
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The role of Fresnel diffraction in generating scintil-
lations may be better understood by transforming to
the Fourier domain. A Fourier transform of (2) yields
the relation

up(g,2) = up(g, 0)e =" (4)
between up(q,z), the Fourier transform of u(z,z),
and up(q,0), the Fourier transform of u(z,0). It is
seen that if u(z, 0) has variations only on scale lengths
much larger than the Fresnel scale size dp(= v2Az2),
ur(q,0) will be nonvanishing for only ¢2 < (2Xz)~!,
such that

()

In this case, just the original phase variation ¢(z), due
to the large- scale TEC variations, will be recorded
by a receiver as the irregularities drift across the sig-
nal path. When shorter-scale-length density vari-
ations are also present along with the large-scale-
length ones, as in the case of equatorial spread F
(ESF) irregularities, the effect of Fresnel diffraction
is seen through the exponential term in (4). Thus
fluctuations in phase of the radio wave received on
the ground cover the whole range of scale lengths
present in TEC variations as well as the diffraction
effects they cause, while amplitude scintillations arise
because of irregularities of scale sizes of the order of
the Fresnel dimension or shorter. It is, therefore, ex-
pected that the pattern of phase scintillations, when
separated from the phase trend in the carrier phase
recorded by a ground receiver, should follow that of
amplitude scintillations.

ur(q,z) =~ ur(q,0).

3. Dual-Frequency Observations
of GPS Signals

Simultaneous observations of both L1 (1.57542
GHz) and L2 (1.2276 GHz) signals transmitted from
GPS satellites have provided information on TEC
variations which have beeen used in studies of iono-
spheric irregularities. TEC fluctuations obtained at
intervals of 15 s from dual-frequency GPS receivers
set up at a single equatorial station were used in the
study by Musman et al. [1997], while 30 s samples
of TEC derived from the International GPS Service
for Geodynamics (IGS) network observations consti-
tuted the database for results reported by Aarons et
al. [1997] and P: et al. [1997]. For a GPS L1 sig-
nal, if it is assumed that the effect of ionospheric ir-
regularities may be represented by that of an equiv-
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alent phase screen located at a distance of 350 km
from the ground receiver, the Fresnel scale size dp

is ~360 m. In a situation where the eastward mo-
tion of the ionospheric penetration point for the sig-
nal path from a particular satellite nearly matches the
eastward drift of the ionospheric irregularities them-
selves, the irregularity drift velocity ' relative to the
signal path may be small enough to yield a Fresnel
frequency vp (= v/dF) smaller than 0.1 Hz. Gener-
ally, a sampling interval much shorter than 15 s or
30 s used in the earlier studies is required to quantify

the contribution of scintillations to the observations.
In a campaign carried out in April 1997 by the Cor-

nell University group, an Allen Osborne 1CS-4000Z
dual-frequency receiver was deployed at the equato-
rial station Ancon (11.77°S, 77.15°W, 1.5° dip) to
collect data at a higher sampling rate of 1 Hz, specif-
ically for studying ionospheric effects on GPS signals
[Beach, 1998]. A dual-frequency receiver records the
number of cycles of the carrier of each of the GPS fre-
quencies, starting at the time the receiver locks onto
the signal. The accuracy of measurements is usu-
ally 0.01 cycles or better [Hofman-Wellenhof et al.,
1994]. The receiver used in the April 1997 campaign
was adapted to log pseudorange TEC and phase TEC
directly. The phase measurements do not yield ab-
solute TEC information, but they provide informa-
tion about variations in TEC along the signal path
as the satellite moves, after the receiver locks onto
the signals. As will be seen in section 4, the TEC

fluctuation data are a combination of TEC variations
caused by the presence of ionospheric irregularities in

the path of the radio waves as well as short-timescale
fluctuations associated with phase scintillations on L1
and L2 signals. Carrier-to-noise ratio records logged
by the receiver give a measure of amplitude scintilla-
tions on the L1 signal. A sampling interval of 1 s is
inadequate for obtaining a complete picture of iono-
spheric scintillations, for example, through a study
of their power spectral features. A single-frequency
(L1) GPS scintillation monitor which could record
data at a rate of 50 Hz was developed at Cornell Uni-
versity [Beach, 1998] and deployed at Ancon along-
side the dual-frequency receiver during the April 1997
campaign. In this campaign, TEC fluctuations and
scintillations were simultaneously observed on three
nights: April 8-9, April 10-11, and April 16-17, on
signals transmitted by three satellites, PRN 5, 9, and
26. The tracks followed by the ionospheric penetra-
tion points of the signal paths at an altitude of 350
km, around the time of the scintillation event of April
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Figure 1. Tracks followed by the ionospheric penetration
points, at an altitude of 350 km, of the signal paths from
GPS satellites PRN 5, PRN 9, and PRN 26 to Ancon,
on April 9, 1997. The time marks are in universal time
(UT). Geomagnetic coordinates are given on the grid and
the dashed circle represents the 350 km altitude visibility
limit at Ancon for an elevation of 10°. Thickness of a trace
indicates strength of scintillation activity. [after Beach
and Kintner, 1999].

9, are shown in Figure 1 [Beach and Kintner, 1999].
The times marked in Figure 1 are in universal time
(UT) which is local time plus 5 hours. The tracks fol-
lowed by the ionospheric penetration points of the sig-
nal paths from these satellites, during the other two
nights when scintillations were observed, are similar
to those shown in Figure 1.

4. Contribution of Phase Scintillations

The respective numbers of cycles, ¢; and ¢3, in-
cluding fractional cycles, of L1 and L2 carriers, re-
corded by a dual-frequency receiver after it locks onto
the signal, yield the relative TEC along the signal
path, in TEC units (1 TECU = 10'¢ electrons/m?),
uncertain to an additive constant:

Nr = 117(B1¢1 + B202). (6)

Here 3, and f, are determined by the frequencies f;
and fo, respectively, of the two signals:
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In the presence of electron density irregularities in the
ionosphere, there may be fluctuations in the ampli-
tudes and phases of both L1 and L2 signals. The mag-
nitude of the contribution of phase scintillations on
L1 and L2 signals to the measured relative TEC may
be approximately estimated by using a phase screen
model for the irregularities as described in section 2.
For a simple geometry, where a signal is perpendicu-
larly incident on a one-dimensional phase screen, the
complex amplitude of the signal in the plane of the
receiver is given by (2). Results have been derived by
Rino [1979] for plane waves obliquely incident on a
phase screen. In the case of GPS satellites the situa-
tion is more complex since the geometry of the signal
path vis-a-vis the irregularities keeps changing in the
course of a satellite’s orbit. In order to simply demon-
strate that the magnitude of the contribution of phase
scintillations to the relative TEC derived from dual-
frequency observations of GPS signals may not be
negligible, complications due to changing geometry
shall be ignored at present.

The model phase screen is based in part on in situ
measurements of plasma density in the equatorial F
region, by a retarding potential analyzer on board
the Atmospheric Explorer E (AE-E) satellite [Basu et
al., 1980]. Segments of such data have been used by
Beach [1998] to construct equivalent phase screens for
studying intensity scintillations on a GPS L1 signal.
In the present study, a segment of AE-E measure-
ments made at ~22.13 magnetic local time (MLT),
within a region of depleted electron density in the
equatorial ionosphere, has been used to construct an
equivalent phase screen at an altitude of 350 km above
the plane of the receiver, by assuming that this type
of density variation exists over an altitude range ex-
tending from 340 to 360 km. The variations in TEC
along the signal path, ANp(z), which impose phase
perturbations on the incident radio wave, are shown
in Figure 2a. Artificial smooth transition zones have
been appended at both ends for the computation of
Fourier transforms without significant edge effects, in
the calculation of the complex amplitude of the radio
wave when it reaches the plane of the receiver (2=350
km). In this plane the phases ¢; and @5 of signals L1
and L2, respectively, which are superpositions of the
basic phase variations imposed on the signals by the
TEC variations ANp(z) as given by (1) and phase
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Figure 3. (a) Intensity scintillations on the L1 signal transmitted from PRN 5 to Ancon, and
(b) simultaneous variations in TEC along the same signal path, measured using a dual-frequency

receiver on April 9, 1997.

scintillations, are calculated using (2). Combination
of ¢, and ¢» in accordance with (6) now yields the
relative TEC accompanied by the effects of scintil-
lations on L1 and L2 as seen in Figure 2b. In this
model calculation it is possible to derive the contri-

bution of phase scintillations exactly by subtracting
AN7(z) shown in Figure 2a from the relative TEC
shown in Figure 2b. This contribution, displayed in
Figure 2c, is found to follow the pattern of intensity
scintillations on either of the signals.
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An example of intensity scintillations on the L1
signal transmitted from PRN 5 to Ancon on April 9,
1997, is seen in a plot, in Figure 3a, of the carrier-to-
noise ratio (C/No) recorded by a dual-frequency re-
ceiver. Simultaneous variations in the relative TEC
along the same signal path, measured by the dual-
frequency receiver, are displayed in Figure 3b. The
elevation angle of the signal path was in the range
40°-44° for the duration of this scintillation event. Es-
timation of the contribution of phase scintillations to
the differential carrier phase data derived from dual-
frequency observations requires the separation of this
contribution and the slower TEC variations by the
application of an appropriate filter [Fremouw et al.,
1978; Bhatlacharyya end Rastogi, 1986]. A low-pass,
six-pole Butterworth filter, with a 3 dB cutoff of 0.03
Hz, was applied to the intensity data to isolate the
trend in the data which arises as a result of satellite
motion. Choice of a cutoff frequency is dictated by
the requirement that the computed S; index, which
is the standard deviation of the normalized detrended
intensity, is not significantly altered by excluding the
trend and is hence determined by the Fresnel fre-
quency, which depends on the slant distance along
the signal path from the receiver to the irregularity
layer as well as the transverse drift speed of the ir-
regularities relative to the signal path. The cutoff
frequency is critical for defining phase scintillations
since the measured phase fluctuations encompass all
the scales present in the initial phase perturbation
imposed on the radio wave by the irregular variations
in ionospheric electron density, as well as phase scin-
tillations. The TEC fluctuation data are detrended
with the same cutoff frequency to estimate the contri-
bution, A¢, of phase scintillations. Values of oa4, the
standard deviation of detrended “TEC fluctuations”
or the differential carrier phase fluctuations, are com-
puted along with the corresponding S; values at 1
min intervals. For the data shown in Figure 3, values
of these indices plotted in Figure 4a follow nearly the
same pattern during the scintillation event.

The index ROT, introduced in earlier papers [ Wan-
ninger, 1993; Doherty et al., 1994; Aaron et al., 1996;
Pi et al., 1997] for measuring GPS differential phase
fluctuations, is computed from the time rate of
change of TEC, obtained at 30 s intervals from dual-
frequency measurements on GPS signals. In order to
identify irregularity structures, Pi et al [1997] in-
troduced ROTI based on the standard deviation of
ROT, computed at 5 min intervals. Beach and Kini-
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ner [1999] have compared ROTI with S4 using the
three nights of observed scintillations on GPS sig-
nals recorded at Ancon during the April 1997 cam-
paign. These case studies demonstrate that ROTI
was adequate for tracking qualitatively the irregular-
ities which produced intensity scintillations on the L1
signal received at Ancon on April 9, 1997, but failed
to do so consistently on the other two nights. Fig-
ure 4b shows that for data from PRN 26 on April 17,
1997, oag, as defined in the present paper, follows
the pattern of increase of the corresponding values
of S4. The reason for this can be found in the de-
crease in elevation angle of the signal path for this
satellite from ~40° to 15° during the period covered
in Figure 4b. Data pertaining to elevation angles less
than ~15° have not been considered as there might be
contamination from multipath propagation. During
the period under consideration, motion of PRN 26 is
nearly along the magnetic meridian, along which the
irregularities tend to be aligned, such that the length
of the part of the signal path from PRN 26 to Ancon,
which lies within a field-aligned irregularity, is large
for low elevation angles. This would result in the de-
velopment of significant amplitude fluctuations while
the waves are traversing the layer of irregularities.
The density gradients identified using ROTI would
be effective in tracking the amplitude scintillations
provided the irregularity layer was sufficiently thin to
be adequately described by a phase screen approxi-
mation, which fails when there are significant ampli-
tude fluctuations within the irregularity layer. Phase
scintillations, on the other hand, track the intensity
scintillations through a thick layer of irregularities as
well.

5. Relative TEC-Based Index
for Scintillation Effects

In this section, the possibility of deriving a mea-
sure for density gradients from the relative TEC data,
which would allow a quantitative comparison with the
Ss index, is explored. Once again, as in the case
of ROTI, this index will be based on a phase screen
description of the irregularities encountered by the
signal. The intensity and phase of a radio wave, af-
ter it emerges from a phase screen and propagates to
the receiver through free space, satisfy the so-called
transport-of-intensity equation (TIE) [Teague, 1983].
For a one-dimensional phase screen an approximate
version of the TIE relates the intensity I measured
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Figure 4. The gay (solid line) and S4 (dashed line), computed from 1 Hz, dual-frequency, de-
trended TEC fluctuation data and intensity scintillation data on L1, respectively, recorded at Ancon
for (a) PRN 5 on April 9, 1997, and (b) PRN 26 on April 17, 1997.

by a receiver to the phase variations ¢(x) that are  where z is the distance of the receiver from the phase
present when the wave just emerges from the screen  gcreen along the signal path which is assumed to be
[Bhattacharyya, 1999]:

d2¢ _
T Az

dz?

2

perpendicular to the phase screen and I is the uni-

I(z,2)] form intensity of the incident wave before it encoun-
1——, (8) . " L .
Iy ters the irregularities. Phase variations ¢(x) imposed
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by the screen are related to variations ANp(z) in
TEC along the signal path according to (1). As noted
earlier, spatial variations along the x direction are
converted to temporal variations at the site of the re-
ceiver because of relative motion of the irregularities
with respect to the signal path. Thus, representing
the = component of this motion by v and ignoring
the changes in v with time over relatively short peri-
ods during the course of the scintillation event, (8) is
expressed as

d? 27rv_2[

AN =3y

1_M]. ©)

Iy

This equation suggests that an index based on
the standard deviation of d?ANr/dt? rather than
dANr /dt may be a more natural choice as a measure
of scintillation activity. In fact, the S4 index is the
standard deviation of the normalized intensity I/
which appears on the right-hand side of (9). This ar-
gument forms the basis for the introduction of a new
index DROTI, which may be computed from GPS
data for the relative TEC variation in the same man-
ner as ROTI, except that the second time derivative
of the variation in TEC would now be used. One ad-
vantage of using DROTI is that a quantitative com-
parison with the S index would now be possible, if
the unknown factor v?/z is estimated from the Fresnel
frequency vy = v/\/(Q/\z), where the power spectral
density of intensity scintillations, caused by ESF ir-
regularities, displays a broad maximum. For signals
transmitted from GPS satellites the factor v?/z may
change considerably with satellite motion during a
scintillation event lasting an hour or longer.

In order to simulate the IGS data which have been
used for earlier computations of ROTI [P: et al,
1997], for every interval of 30 s, the last ten sam-
ples of the relative TEC data, which are derived from
dual- frequency measurements of the differential car-
rier phase at the rate of 1 Hz, are averaged to obtain
one value for the simulated data. The second deriva-
tive, d?ANr/dt?, is computed from this 30 s data,
and its standard deviation calculated for a 5 min
interval yields DROTI for the interval. The corre-
sponding intensity scintillation data for the L1 signal
are used to compute the S4 index for the same 5 min
intervals, and vr obtained from a power spectrum of
the intensity data yields an estimate for v2/Az during
the time interval selected for computation of the spec-
trum. According to (9) the scaling between DROTI
and the corresponding S; index should be DROTI
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(TECU min~2) = 8.5 x 10325, when vp is in Hz.
However, the data analyzed for April 9, 1997, indicate
a DROTI which is smaller by a factor of ~5, yield-
ing a scale factor of &~ 1.6 x 103vZ between DROTI
(TECU min~?%) and S;. Values of S; indices are de-
rived by scaling DROTI, calculated from the relative
TEC variation data for the signal paths from PRN §
to Ancon, on the nights of April 9 and 17, 1997, with
the above factor. Another set of S, indices are de-
rived from ROTI, which are obtained from the same
relative TEC variation data, using an arbitrary scal-
ing between ROTI and S;: ROTI (TECU min—!)
= 2.65;. The S, indices computed from intensity
scintillations on the L1 signal from PRN 5 to Ancon
for the same two nights are compared with the re-
spective S4 indices derived from ROTI and DROTI
in Figures 5a and 5b. Elevation angle for the signal
paths varied between 40° and 44° and 36° and 43°,
respectively, during the two scintillation events. Fig-
ure 5 shows that the Fresnel frequency dependence of
the scaling factor between DROTI and S, is able to
accomodate to some extent the different drifts of the
irregularities relative to the signal path on different
nights.

Depending on the relative drift speed between the
irregularities and the signal path, a sampling inter-
val of 30 s implies that the scale lengths associated
with fluctuations in TEC which contribute to ROTI
or DROTI may be much larger than those which con-
tribute the most to intensity scintillations.To test the
conjecture that a shorter sampling interval may yield
a better agreement between Sy derived from intensity
scintillation data and that derived from DROTI, 10
s averages of the 1 Hz relative TEC data are used to
compute DROTI at 5 min intervals. The scaling fac-
tor between DROTI (TECU min~2) and S, is now
closer to the theoretical one, being ~ 3.4 x 10303
for the data of April 9 and ~ 9.4 x 103v% for the
data of April 11 and 17. S; indices computed from
intensity scintillations on L1 and S, indices derived
using the above scale factors with DROTI are com-
pared for PRN 5, PRN 9, and PRN 26 on April 9
and PRN 5 on April 17 in Figures 6a, 6b, 6¢, and
6d, respectively. The agreement is closest for PRN 5
on all 3 days, since there is least variation in the ele-
vation angle for this satellite during the scintillation
events. For PRN 26 the 54 index tends to diverge
increasingly from the value predicted by DROTTI as
its elevation angle decreases. The closer agreement
with theory when the sampling interval is reduced
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April 9, 1997, vp = 0.126 Hz; and (b) April 17, 1997, vF = 0.053 Hz.

Figure 5.

from 30 s to 10 s indicates involvement of shorter- istics of the spectra of TEC fluctuations and inten-
scale-length irregularities in the occurrence of inten- sity scintillations, that cannot be recovered from (9),
sity scintillations. Hence the scaling factor may also which holds only for scale lengths d >> (Az¢/2m)1/?

depend on the relationship between the character- [Bhattacharyya, 1999].



BHATTACHARYYA ET AL.: EQUATORIAL SCINTILLATIONS ON GPS SIGNALS 219

0.25

0.2

0.1

0.05[

Hour( UT)

0.25 T T

(b)

0.2

0.1

0.05|

3
Hour( UT)

Figure 6. .S4 index computed from intensity scintillations on L1 (solid line) and S4 derived from
DROTI (= av%S4) (dashed line) calculated using simulated 10 s data for TEC variations. Figures
6a-6c are for April 9, 1997, with o = 3.4 x 10% and data from all three satellites: (a) PRN 5, (b)
PRN 9, and (c) PRN 26. Figure 6d is obtained with data from PRN 5 on April 17, 1997, using
a=9.4x 103.



220 BHATTACHARYYA ET AL.:. EQUATORIAL SCINTILLATIONS ON GPS SIGNALS

0.18 T

0.12F

0.1

0.08[

0.06

0.04

0.02f

Hour( UT )

0.18 T

012

01

0.08

0.06[

0.04-

0.02

d

Hour( UT)

Figure 6. (continued)

The GPS data studied here are uniquely suited to
a power spectral analysis of intensity scintillations
carried out simultaneously with a similar analysis of
TEC variations associated with ionospheric irregu-
larities, for determining a relationship between the
two. In earlier studies [Rufenach, 1972; Yeh and Liu,
1982; Basu and Basu, 1993], comparisons were made

between power spectra of observed scintillations and
those of in situ measurements of ionospheric density
variations using probes on rockets and satellites. The
latter yield one-dimensional spectra with a power law
form. In order to relate the index which charac-
terizes the power law behavior of scintillation spec-
tra with the power law index associated with a one-
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dimensional spectrum of ionospheric electron density
variations it is necessary to assume that the irregu-
larities are isotropic, which is not the case with ESF
irregularities [Kelley et al., 1987]. In the present situ-
ation, however, the TEC variation data directly yield
a one-dimensional spectrum of the phase variations
imposed on the incident radio wave by a phase screen
equivalent of the irregularities. For a one-dimensional
phase screen with variations only along the z axis and
also assumed to move relative to a fixed signal path
with a speed v along the z axis, the spectrum of weak
amplitude scintillations recorded by a fixed receiver
is given by [Yeh and Liu, 1982):

1 Q\ . 0%z
F(Q)= ;Sw (;) sin’ (2v2k) ,

where S14(g) is the one-dimensional spatial spectrum
of the phase variation ¢(z) imposed by the screen, z is
the distance of the phase screen from the receiver, and
k =2x/). With ¢(z) related to fluctuations ANp(x)
in the TEC along the signal path, according to (1),
the power spectrum of weak amplitude or intensity
scintillations should fall off as 2™ for frequencies
Q/2x greater than the Fresnel frequency vp, if the
one-dimensional spectrum of TEC fluctuations along
the z direction is of a power law form: San;(g) ~
g

Dual-frequency GPS data yield the power spec-
trum of fluctuations in TEC along the signal path,
as the signal path sweeps across the irregularities.
The TEC data are detrended with a low-pass six-pole
Butterworth filter with a 3 dB cutoff at 0.0007 Hz to
remove a basic trend due to changing path length
through the background ionosphere with changing el-
evation of the satellite. A typical power spectrum
of detrended TEC fluctuations along the signal path
from PRN 5 to the receiver at Ancon, on April 9,
1997, is shown in Figure 7a. For frequencies lower
than 0.1 Hz the spectrum has a power law form with
an index of -2.57 £ 0.18. Measurements of intensity
scintillations on the L1 signal from PRN 5 carried out
simultaneously at Ancon, at a sampling frequency of
50 Hz, are averaged over five samples to obtain inten-
sity data at intervals of 0.1 s, which is adequate for
power spectral studies involving weak scintillations.
These data are detrended, and their power spectrum
is displayed in Figure 7b. For frequencies greater than
the Fresnel frequency, which is 0.13 Hz in this case,
the spectrum falls off according to a power law. The
power spectral index of - 2.79 £ 0.15 is in agreement

(10)

with the index derived from TEC fluctuation spec-
trum. Power law indices deduced from TEC fluctua-
tion spectra pertain to irregularities of scale lengths
> dp, the Fresnel dimension, while those derived from
intensity scintillation spectra are associated with ir-
regularities of scale lengths < dr. No inference can
be drawn about shorter (< d) scale length irregular-
ities from TEC fluctuation data because at frequen-
cies > vp, contributions from phase scintillations on
both L1 and L2 are present in this data, in a combi-
nation given by (6), such that the resultant spectrum
does not represent San,(q) for scale lengths < dp.
Thus the power law indices derived from weak in-
tensity scintillation data and TEC fluctuation data
are expected to be in agreement only if there is no
break in the slope of a power law type of spectrum
Sang(q) for actual TEC fluctuations at some scale
length in the neighborhood of dp. This seems to
be the situation for a majority of the cases, while
in the remaining cases the power law index computed
from intensity scintillation spectrum exceeds that of
the longer-scale-length variations in TEC by nearly
1, which may be attributed to a break in the slope
of the actual TEC fluctuation spectrum in the neigh-
borhood of the Fresnel scale, as has been suggested
by earlier studies [Franke and Liu, 1983; Basu et al.,
1983; LaBelle and Kelley, 1986; Bhattacharyya and
Rastogi, 1986)]. In either situation, no simple depen-
dence of the scaling factor between DROTI and S,
on spectral characteristics of TEC variations and in-
tensity scintillations has emerged.

6. Conclusions

With the availability of large amounts of data for
relative TEC along GPS signal paths from the IGS
network, in recent years, ionospheric scientists have
started exploring the possibility of using this database
for studies of ionospheric irregularities. The measure
that was chosen was an index called ROTI, which
was based on the d(TEC)/dt values derived from the
GPS 30 s TEC data [Aarons et al, 1997; Pi et al,
1997]. Musman et al. [1997] defined a “roughness”
measure which was also based on the first derivative
of TEC variations. Musman et al. found a good cor-
relation between the “roughness” and plumes seen
in backscattered power maps, obtained at the same
site on two nights, with a portable radar which de-
tected density irregularities of 3 m scale size. On the
other hand, ROTI has been compared to the S, in-
dex computed from simultaneously recorded intensity
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Figure 7. (a) Power spectrum of detrended TEC variations (detrend cutoff frequency is 0.0007
Hz) for the signal path from PRN 5 to Ancon, on April 9, 1997. (b) Power spectrum of detrended
(detrend cutoff frequency is 0.01 Hz ) 10 Hz intensity scintillation data for L1 signal from PRN 5

to Ancon during the same night.

scintillations on an L1 GPS signal [Beach and Kini-
ner, 1999], which would largely be due to irregulari-
ties of scale sizes of a few hundred meters. Whereas
phase scintillations, which arise because of the same

irregularities and contribute to the measured TEC
fluctuations, would follow the S4 index closely, there
is a distinction between the contribution from phase
scintillations to the measured TEC fluctuations and
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actual TEC variations. This paper attempts to bring
out this distinction using a model phase screen cal-
culation and separating the two in actual data by
the application of a suitable filter. Measures such as
ROTTI or the “roughness” are representative of gradi-
ents in the slant TEC. However, there is no quanti-
tative relationship between these indices and the S,
index which measures the strength of intensity scintil-
lations, although it would appear that the drift speed
v of the irregularities with respect to the signal path
would play a role in quantifying such a relation, since
this speed determines the spatial scale lengths which
contribute to an index such as ROTI. Also, the slant
distance z of the effective irregularity layer from the
receiver would be an important factor since it deter-
mines the Fresnel scale size.

An equation which relates the second derivative,
d2AN7/dt?, of TEC variations on timescales > vy’
to the measured intensity is derived from an approx-
imate version of the TIE. On the basis of this equa-
tion, a second-derivative-based index, DROTI, which
can be easily extracted from GPS TEC data, appears
to be a natural choice as a measure of scintillation
activity due to ionospheric irregularities. The equa-
tion yields a scaling factor between DROTI and Sy
that depends on the Fresnel frequency vp which is
determined by both z and v. This factor explains
only a part of the variability of the relation between
DROTI and S, from day to day and from one satellite
to another. The spectral characteristics of TEC vari-
ations and intensity scintillations are also expected to
have significant effects on DROTI and the S, index.
However, no simple dependence of the scaling factor
between DROTI and S, on these parameters emerged
from power spectral analysis of the relevant data. A
conclusion that can be drawn from the present study
is that indices such as ROTI and DROTI are useful
whenever the phase screen approximation is applica-
ble to the layer of irregularities. As has been seen in
the present paper, this is not always the case when
the geometry of the signal path is such that consider-
able intensity scintillations are very likely to develop
within the irregularity layer. In that situation, den-
sity gradients which cause scintillations may not be
well represented in TEC variations. The contribution
of phase scintillations to the measured TEC fluctua-
tions, however, always follows the pattern of intensity
scintillations, as they arise from the same irregular-
ities whether they are present in a thick layer or a
thin one. It is seen that in the presence of steep gra-

dients in ionospheric electron density, phase scintilla-
tions may introduce as much error in the measured
relative TEC as the variation in TEC because of the
presence of the irregularities, and rapid changes in
phase associated with scintillations may sometimes
result in loss of receiver lock.
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