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GPS L-band scintillations and total electron content (TEC) were recorded at Sanya (18.33◦N, 109.52◦E)
during the period July 2004–July 2005. Automatic recorded raw digital scintillation data are analyzed to obtain
the spectral characteristics of irregularities producing ionospheric scintillations and to estimate the correlation
between amplitude scintillation and power spectral density. Concurrent measurements of TEC are used to analyze
ROTI, defined as the standard deviation of the rate of change of TEC. The statistical results of S4 indices and
power spectral indices indicate that the power spectral indices increase with S4 indices for weak scintillation
(0.1 ≤ S4 < 0.3), but for moderate and strong scintillation, spectral indices tend to be saturated. In the analyzed
data set, the ratio of ROTI/S4 is found to vary between 0.3 and 6, and the variation in estimated zonal drift
velocities during geomagnetic quiet days (K p < 3) shows that the motion of the irregularities is highly variable
in the initial phase of irregularity development. After about 22:00 LT, the estimated drift velocities tend to follow
the same pattern.
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1. Introduction
Ionospheric scintillation is a relatively rapid fluctuation

of the amplitude phase of the radio signal and is mostly

caused by irregularities in the ionospheric electron density

along the path that the signal propagated. The percentage

of irregularities in these fluctuations is usually very small,

but it can be as large as nearly 100% near the equator (Basu

and Khan, 1976). The irregularities are predominantly in

the F-layer of the ionosphere at altitudes ranging from 200

to 1000 km, with the primary disturbance region being typ-

ically between 250 and 400 km. It is well established that

the large-scale plasma depletions are generated first in the

post-sunset period through the Rayleigh-Taylor instability

and that the depleted regions rise quickly to cover the en-

tire F-region, including the topside ionosphere. Plasma

processes then give rise to instabilities acting on the steep

gradients available and generate smaller and smaller scale

sizes in a cascade process (Haerendel, 1973). The gen-

erated plasma bubbles have typical east-west dimensions

of several hundred kilometers, and they contain irregular-

ities with scale-lengths ranging from tens of kilometers to

tens of centimeters (Woodman and LaHoz, 1976). Basu et

al. (1978) showed that between sunset and midnight, 3-m

scale irregularities that cause radar backscatter at 50 MHz,

co-exist with sub-kilometer scale irregularities that cause L-

band scintillations.
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The trans-ionospheric signal scintillation causes consid-

erable communication hazards at a wide range of frequen-

cies and is therefore of great practical interest (Banerjee et

al., 1992). Since ionospheric scintillation originates from

random electron density irregularities acting as wave scat-

ters, research on the formation and evolution of these irreg-

ularities is closely related to the scintillation studies.

Over the past two decades, many excellent reviews of

scintillation theory and observations have been published

(e.g., Aarons, 1982, 1993; Yeh and Liu, 1982; Basu and

Basu, 1985, 1993; Bhattacharyya and Rastogi, 1985, 1991;

Bhattacharyya et al., 1990, 1992). Comprehensive reviews

of the physics of ionospheric irregularities can also be found

in many articles (e.g., Keskinen and Ossakow, 1983; Hepp-

ner et al., 1993; Fejer, 1996). Recently, Aarons et al. (1996,

1997) utilized GPS data to study ionospheric irregularities

of electron density. Pi et al. (1997) have defined a ROTI

index, based on the standard deviation of the rate of change

of total electron content (TEC) over a 5-min period. By

comparing amplitude scintillations (S4) with TEC fluctua-

tions, Beach and Kintner (1999) concluded that the S4 index

is roughly proportional to the measures of TEC fluctuation

for weak scintillation and that the ratio ROTI/S4 varies be-

tween 2 to 5. Using their own data set, Basu et al. (1999)

similarly found that ROTI/S4 varies between 2 to 10.

Most observations of scintillation have been carried out

close to the magnetic equator in African, American and

Indian sectors (Taur, 1973; Chandra et al., 1979; Aarons,

1982; Rastogi, 1982; Rastogi et al., 1982; Basu and Basu,

1985; Pathan et al., 1991). In order to study temporal and
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spatial variations of ionospheric scintillation in the Chinese

low latitude region, a GPS ionospheric scintillation receiver

was established at Sanya (18.33◦N, 109.52◦E) in June 2004

to record scintillations at the L1 band. Employing the ROTI

value, S4 index and estimated irregularity spectral index as

the means of analyzing the TEC fluctuations, we have stud-

ied the spectral characteristics and transverse drift velocities

of the scintillation-producing irregularities, the evolution of

large- and small-scale irregularities associated with scintil-

lation, and the variability of their motion.

2. Observations and Analytical Process
Ionospheric scintillation measurement was performed

using the GPS Ionospheric Scintillation/TEC Monitor

(GISTM), model GSV4004 (Van Dierendonck et al., 1993).

The system is NovAtel’s Euro4 dual-frequency receiver ver-

sion of the OEM4 card with special firmware, which was es-

pecially developed to maintain lock even under strong scin-

tillation conditions. The scintillation monitor uses a semi-

codeless technique to extract the GPS L2 signal, and the

PLL (phase lock loop) tracking loops have a bandwidth (10

Hz) that has been optimally chosen to overcome scintilla-

tion effects. In order to keep the raw digital scintillation

data for our detailed spectral analysis off line, we have de-

veloped a new control and processing software based on the

GISTM to automatically keep the raw digital data (50 Hz)

when scintillation occurs, including 10 min of raw digital

data before and after the scintillation event (Li et al., 2005).

We have used the widely known amplitude scintillation

index S4 to estimate the intensity of the observed scintilla-

tion. The S4 index is defined as the standard deviation of

the received signal power normalized to the average signal

power (Briggs and Parkin, 1963). It is calculated for each

1-min period based on a 50-Hz sampling rate (3000 data

samples). The GISTM also computes the S4 index due to

ambient noise in such a way that a corrected S4 index (with-

out noise effects) can be computed (Van Dierendonck et al.,

1993). The corrected S4 index is used in the following anal-

yses.

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 the ground receiver. Parameters such as height

and thickness of the irregularity, strength of the density fluc-

tuations, background plasma density, irregularities in the

power spectrum, among others determine the S4 index and

the distribution of the spatial scale lengths in the ground

scintillation pattern. Therefore, the power spectra of the

scintillation event contain information about the irregulari-

ties that produce the scintillation. Here, the power spectrum

is computed for each 1-min period of the raw data, with

0.02 s of sampling, via Fast Fourier Transform (FFT) using

the standard software routine. The power spectral analysis

of scintillation has a confidence level ≥0.95.

The standard deviation of ROT (the rate of change of

TEC), defined as ROTI, is computed over 5-min intervals

(Pi et al., 1997). TEC data for ROTI measures are also ob-

tained from GISTM. In the data processing procedure, ROT

is computed for each 30-s interval and converted to the unit

of TECU/min. Since observations at lower elevation angles

Fig. 1. (a) Power spectra of amplitude scintillation recorded at 1-min

intervals at 16:36 UT on September 15, 2004. The Fresnel frequency

and spectral slope are 0.09 Hz and −4.34, respectively during this

period. (b) Power spectra of amplitude scintillation with a clear break

in spectral slope recorded at 1-min intervals at 15:25 UT on Sep 22,

2004. The Fresnel frequency and break frequency are 0.07 and 0.42 Hz,

respectively. The estimated zonal drift velocity is about 38.76 m/s and

the scale length is about 93.40 m.

have passed through a longer path through the ionosphere

than those at high elevation angles, the slant TEC values

were approximated into the equivalent vertical TEC values

by assuming a thin-shell ionosphere at 400 km.

Since Sanya (18.33◦N, 109.52◦E) lies within the equato-

rial anomaly crest region, nighttime scintillations that are

associated with F-region ionospheric irregularities are con-

sidered in this paper. Data from satellites with an elevation

angle greater than 40◦ and with a time of lock greater than

180 s are taken into account. The data in the following sev-

eral nights have been selected in our detailed analyses: (1)

September 15, 2004, PRN 28; (2) September 22, 2004, PRN

04 and 28; (3) October 5, 2004, PRN 31.

3. Results and Discussion
We first consider the power spectral density of scintilla-

tion. According to Fig. 1(a), three main portions of scintil-

lation power spectra can be explained. From left to right, we

have the low frequency, the high frequency roll-off and the

noise floor, respectively. Fresnel frequency ( fF ) is the tran-

sition frequency between the low frequency and the high

frequency roll-off part. Noise floor starting frequency is

the transition frequency between the high frequency roll-

off and the noise floor part. The high frequency roll-off

part contains detailed information on ionospheric irregular-

ities (Banerjee et al., 1992). The spectral slope of this part

is estimated from the linear high frequency roll-off portion

of the log-log plot of power versus frequency by fitting a

straight line to the steepest part using the least square tech-

nique. From Fig. 1(a), the spectral slope works out to be

−4.34. The slope is related to the power spectral index (n)

for the irregularities by

n = −(slope). (1)

Fresnel frequency is estimated from the center of the

broad maxima of about 0.09 Hz in Fig. 1(a).

The temporal power spectrum of radio waves scintillation

is related to the in situ spatial spectrum of scintillation pro-

ducing irregularities on the radio waves traversing through
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the ionosphere. Briggs and Parkin (1963) proposed that

the spectra of the electron density fluctuations along with

the associated autocorrelation function obeyed generalized

Gaussian statistics. However, Rufenach (1972) showed that

a power law electron density fluctuation spectrum was more

appropriate. Wernik et al. (1997) reported that the spectrum

fits the power law quite well at high frequencies for weak

scintillation and that spectrum appears to be Gaussian rather

than a power law for moderately strong scintillation. Pos-

tulating the irregularities are Gaussian, the plot of Fourier

Spectral Power in dB versus frequency squared should be a

straight line above the Fresnel frequency ( fF ). On the other

hand, if irregularities have a power law spectrum, the plot of

Fourier Spectral Power in dB versus log frequency should

be a straight line for frequencies in excess of the Fresnel

frequency (Singleton, 1974; Banola et al., 2005). In our

analyzed data set, the spectrum is always a power law spec-

trum.

On occasion, the spectrum is found with a clear break

in spectral slope. Hysell et al. (1994) once showed that

the wavelength at which the spectrum breaks is determined

by the ambipolar diffusion coefficient. Figure 1(b) shows

that the Fresnel break frequency ( fb) and Fresnel frequency

( fF ) are approximately 0.42 and 0.07 Hz, respectively. In

a situation where the eastward motion of the ionospheric

pierce point (IPP) for a signal path nearly matches the east-

ward drift of the ionospheric irregularities, the irregularity

drift velocity �V relative to the signal path may be small

enough to yield a Fresnel frequency smaller than 0.1 Hz

(Bhattacharyya et al., 2000). Consequently, the subtrac-

tion of the IPP motion can provide the actual information

of the irregularity drift velocity. In general, the irregularity

drift velocity is in a zonal direction, as has been reported by

many authors, and as the trajectory of the GPS satellite is

known, the actual zonal drift velocity of irregularities can

be estimated by using the assumption that the irregularity

drifts in only the zonal direction.

As fb = V/Lb, we obtained the scale size (Lb) of iono-

spheric irregularity of about 93 m. Here, the zonal drift

velocity (V ) is estimated from

�V + �Vs = �V f (2)

where Vs is the IPP velocity, and V f is the velocity esti-

mated from the Fresnel frequency ( fF ) (Yeh and Liu, 1982),

fF = V f /
√

(2λZ), (3)

where λ is the signal wavelength, and Z is the effective

distance between the receiver and the irregularities slab.

Taking into consideration that the height of the ionospheric

F2 layer varies through the night as well as from day to day

and that the coherence scale depends on the height of the

irregularity layer and the irregularity power spectral index

for weak scintillation (Engavale and Bhattacharyya, 2005),

we used the peak height of the F2-layer observed at Fuke

(19.4◦N, 109.0◦E) by the DPS-4 ionosonde as the estimated

height of the F-layer. Also taking into consideration the

signal path elevation angle for different GPS satellite, we

can estimate Z from the following equation,

Z = (RE + Hr ) × cos (α) − RE × sin (β) (4)

Fig. 2(I). Comparison of the amplitude scintillation index with the spectral

index and total electron content observed from PRN 28 at Sanya on

September 15, 2004. (a) Variation in the amplitude scintillation index

(S4) at 1-min intervals. (b) Variation in the spectral index (n) at 1-min

intervals. (c) Variation of n with S4. (d) Variation in the Fresnel

frequency at 1-min intervals. (e) Variation in the total electron content

(TEC) at 1-min intervals. (f) The standard deviation of rate of change of

TEC at 5-min intervals (ROTI) and the mean of the S4 index at 5-min

intervals.

Fig. 2(II). As in Fig. 2(I) for PRN 28 on September 22, 2004.

α = arcsin ((RE/(RE + Hr )) × cos (β)) (5)

where RE is the radius of the Earth, β is the elevation angle

of GPS satellite, Hr and is the height of the irregularities;

here, the height was measured at Fuke, as noted in the

previous paragraph.

Figure 2(I) and 2(II) show the results of the analysis of

data recorded from PRN 28 on September 15, 2004 and

September 22, 2004, respectively. Panel (a) shows the UT

variation in amplitude scintillation, while Panels (b) and (c)

show the variation in the spectral index (n) with the UT

and S4 index, respectively. The Fresnel frequency ( fF ) is

shown in Panel (d). By assuming the ionosphere to be a

single-layer-model, the slant TEC value can be converted
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Fig. 3(I). As in Fig. 2(I) for PRN 4 on September 22, 2004. However,

at most times ROTI is smaller than the fluctuation of S4, and the ratio

ROTI/S4 is less than 1.

Fig. 3(II). As in Fig. 3(I) for PRN 31 on October 5, 2004.

to equivalent vertical TEC,

VTEC = (STEC + Bias) × cos (α) (6)

where α is the incidence angle at the thin-shell ionosphere

altitude of a ray from the GPS satellite to a ground receiver;

replacing Hr with Hsp, it is same as defined in Eq. (5). Hsp

is the height of the sub-ionosphere point and is assumed

here to be 400 km. Bias is instrumental bias.

The variation in the equivalent vertical TEC with UT is

shown in Panel (e). Since ROTI values are obtained at 5-

min intervals, the S4 values, derived at 1-min intervals, have

been averaged over 5-min intervals. Panel (f) illustrates the

variation of ROTI and the mean of S4. A close comparison

of Panels (a) and (b) shows that there is an increase in spec-

tral indices (n) corresponding to the increase in amplitude

scintillation activities. During the decay phase of amplitude

scintillation, the spectral indices are also found to decrease

whether pre-midnight or post-midnight. According to Pan-

els (e) and (f), the presence of some large-scale depletions

Fig. 4. A scatter plot of a 5-min mean of ROTI and S4 when all scintilla-

tion events are considered during the period July 2004–July 2005. The

elevation angle was confined to greater than 40◦.

of TEC or plasma bubbles may be noted during the pre-

midnight to post-midnight hours (16:30–17:00 UT, 23:50–

00:20 LT). TEC depletions in Panel (e) correspond to larger

values of ROTI, and increased fluctuations of S4 are shown

in Panel (f). These show that in the pre- and post-midnight

periods, amplitude scintillations or plasma bubbles are de-

tected with associated large-scale irregularities.

Figure 3(I) and 3(II) show a similar result: the trend

of spectral indices (n) and ROTI correspond well with the

trend of S4 indices during the generation, evolution, and

decay phase of amplitude scintillation. The S4 indices and

spectral indices do not show any clear relationship with

Fresnel frequencies, but the range of variation in ROTI/S4

is different in Fig. 2(I, II). As shown in Fig. 2(I, II), when

scintillation occurs, apparent TEC depletions exist. Hence,

the ratio of ROTI/S4 is greater than 1. However, in Fig. 3(I,

II), ROTI is mostly smaller than the fluctuation of the S4

index, leading to the ratio of ROTI/S4 being less than 1

since TEC is a line-integrated electron density along the

satellite signal path, and S4 is the normalized root mean

square deviation of signal power. In general, ROTI is more

weighted towards large-scale depletion changes and the S4

index is weighted towards small-scale density fluctuations.

When small-scale irregularities (scintillation) exist, large-

scale plasma depletions do in fact exist. Here, the observed

lower value of the ROTI/S4 ratio probably indicates that the

variation of large-scale plasma depletion is not apparent.

Figure 4 shows a scatter plot of 5-min average values of

S4 and ROTI. It indicates that when all satellites are con-

sidered and the scintillation occurs (S4 ≥ 0.1) during the

period July 2004-July 2005, the ratio ROTI/S4 varies be-

tween 0.3 and 6. By using GPS TEC data obtained from

the GPS receivers at Ascension Island (7.95◦S, 14.45◦W),

Basu et al. (1999) found that ROTI/S4 varies between 2

and 10. The quantitative relationship between ROTI and

S4 varies considerably due to variations in the ionospheric

projection of the satellite velocity and the ionospheric irreg-

ularity drift. For different GPS satellites with varying satel-
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Fig. 5. Variation of the spectral index (n) with amplitude scintillation

index (S4) when all scintillation events are considered during the period

July 2004–July 2005. (a), (b) and (c) show the variation in the spectral

index with weak, moderate and strong amplitude scintillation; the slant

of the auto-regression line is 2.48, 0.43 and 0.17, respectively.

lite trajectories, the ionospheric projection of the satellite

velocity is different; even for the same irregularity drift, the

scale length of ROTI for different satellites will be different.

Hence, it is difficult to obtain quantitative estimates of scin-

tillation from the analysis of ROTI. At high latitudes, the

ionospheric motion during active conditions may approach

speeds of a few kilometers per second. Therefore, the ra-

tio of ROTI/S4 at high latitudes may be considerably larger

than that in the equatorial region (Basu et al., 1999).

In order to understand the relationship between the S4

index and the spectral index (n), a mass plot of the S4

index and spectral index is shown in Fig. 5. This plot

indicates that when all scintillation activities are considered,

the spectral index increases with increasing S4 index for

weak amplitude scintillation (0.1 ≤ S4 < 0.3) (Fig. 5,

Panel (a)). However, for moderate and strong scintillation

(S4 ≥ 0.3), the spectral index is likely to be a constant value

(Fig. 5, Panels (b) and (c)). The slant of the auto-regression

line is 2.48, 0.43 and 0.17 respectively. The sub-panel c of

Figs. 2(I, II) and 3(I, II) also show this characteristic. This

probably means that the spectral index tends to be saturated

when moderate and strong amplitude scintillation occurs.

At the high latitude station Aberystwyth (52.4◦N,

4.1◦W), Kersley and Chandra (1984) obtained a spectral

index in the range 2.5–4.8, with average value of 3.58

for scintillation observed from radar and VHF scintilla-

tion measurements. They also reported an increase in the

spectral index with increasing scintillation index S4. At a

low latitude region, Fang and Liu (1984) also found an in-

crease in the spectral index with increasing S4 for scintilla-

tions observed from the GHz band at Hong Kong (22.3◦N,

114.2◦E). These results can be explained on the basis that

the S4 index depends on the phase fluctuation and the fluc-

tuation is further determined by the density fluctuation and

power spectral index. Therefore, when S4 is mainly deter-

mined by the power spectral index, an increase in n with

an increase in the S4 index will be observed. The structur-

Fig. 6. (a) Variation of the zonal drift velocity (V ) with the S4 index when

all weak and moderate scintillations are considered. (b) Variation in

the zonal drift velocity (V ) observed at Sanya during geomagnetic quiet

nights (K p < 3) considering all weak and moderate scintillations.

ing and evolution of equatorial spread F (ESF) irregularities

change from day-to-day and through the night, and they de-

pend on background conditions; the power spectral charac-

teristic of irregularity also changes over time. For a given

time instant, the estimated S4 may derive from a different

combination of density fluctuations and power spectral in-

dex. Engavale and Bhattacharyya (2005) reported that when

phase fluctuations imposing on the radio signal are fixed, S4

decreases with increases in the power spectral index.

By analyzing approximately 100 scintillation events

recorded at Ahmedabad (23.2◦N, 72.4◦E), Vyas and Chan-

dra (1994) reported spectral indices in the range of 1.0 to

5.0, with a mean value of 2.8. Basu et al. (1980) reported

higher values of spectral index at the anomaly crest loca-

tion (Ascension Island, 7.95◦S, 14.45◦W) than at the equa-

torial location (Ancon (11.50◦S, 77.10◦W) and Huancayo

(12.05◦S, 75.12◦W)), but they stated that the results were

not conclusive. At the same time, using in situ data ob-

tained from AE-E satellite, they obtained a spectral index

value of 2.8 for scale sizes of less than 1 km, and 1.5 for

scale sizes greater than 1 km. The spectral indices (n) of

our present study are shown to be between 1.0 and 6.4, and

the mean value is 3.6 for moderate and strong GPS iono-

spheric scintillations (S4 ≥ 0.3); this probably corresponds

to a scale size of meters to hundred meters. Ambient iono-

spheric conditions usually play important roles in the evolu-

tion and structuring of ionospheric irregularities, and these

conditions vary from day to day and may be different at dif-

ferent locations. Hence, the differences in the structuring

of ionospheric irregularities are probably related to the ob-

served location and time period.

Figure 6(a) shows the zonal drift velocity of irregularities

(V ) with weak and moderate amplitude scintillation activi-

ties. As noted in the previous paragraph, the estimated ve-

locity V f from Fresnel frequency is the vector sum of the

satellite motion and the irregularities in a direction perpen-
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dicular to the propagation path. Since the geometry of the

signal path in relation to the irregularities keeps changing in

the course of a satellite’s orbit, the situation is more com-

plex than when a geostationary satellite is used. By using

the assumption that the irregularity drifts in only a zonal di-

rection, the actual zonal drift velocity of the irregularities

has been estimated, as shown in Fig. 6(a) and (b). This fig-

ure shows that the velocity does not have any clear relation

with the S4 index. We are planning to set up a second GPS

ionospheric scintillation/TEC receiver at Sanya. The two

receivers will be aligned along the east-west direction. In

this way, the influence of the satellite motion can be elimi-

nated during the analysis of scintillation spectrum.

Figure 6(b) shows a mass plot of the drift velocities (V )

during geomagnetic quiet nights (K p < 3) with LT for

weak and moderate scintillation activities (0.1 ≤ S4 <

0.6). It reveals a great deal of day-to-day variability in the

velocity before 22:00 LT. After 22:00 LT, the velocities

estimated on different days of the years fall into the same

pattern. This plot may be considered to be representative

of the ambient plasma drift. The results probably indicate

that velocity structures associated with perturbation electric

fields in the equatorial F-region are eroded in a couple of

hours after the development of irregularities is initiated,

while the density structures associated with scintillation-

producing irregularities continue to exist for several hours

longer (Bhattacharyya et al., 2001).

4. Summary
The spectral characteristics of irregularities and TEC

fluctuations are studied using amplitude scintillation and

TEC data recorded by a GPS ionospheric scintillation and

TEC receiver at Sanya. An estimate of the zonal drift ve-

locity of irregularities is also presented.

The main results can be summarized as follows. (1)

When scintillation is considered to occur, the ratio ROTI/S4

varies between 0.3 and 6 in our data set (elevation angle

was confined to greater than 40◦). Small- and large-scale

irregularities may coexist during the pre- and post-midnight

period. Based on the assumptions that the ratio ROTI/S4 is

due to the variations of the projected satellite velocity in the

ionosphere and the irregularity drift, it is difficult to obtain

quantitative estimates of scintillation from the analysis of

ROTI. (2) The spectral index shows a linear change with a

weak amplitude scintillation index (0.1 ≤ S4 < 0.3). It

increases towards the generation phase of amplitude scin-

tillation activities and decreases toward the decay phase.

However, for moderate and strong amplitude scintillation

(S4 ≥ 0.3), the spectral index tends to be saturated. The

spectral indices range from 1.0 to 6.4, with a mean value

of 3.6. (3) There is no evident correspondence between

the Fresnel frequency, the spectral index, and the amplitude

scintillation index during these scintillation events. The

correlation between drift velocity and LT probably demon-

strates that the motion of the irregularities which cause scin-

tillations is highly variable in the initial phase of irregularity

development on geomagnetic quiet days. After about 22:00

LT, the estimated velocity tends to follow the same pat-

tern on different days. This resembles the results of Bhat-

tacharyya et al. (2001) observed at Ancon. (4) We should

note that the previous results on drift velocity are based on

the assumption of the irregularity drifts in only the zonal

direction. The space-aligned GPS receivers are necessary

to eliminate the influence of satellite velocity and provide

actual information on the irregularity drifts.
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