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Abstract
Observations made in non-equatorial regions appear to support the hypothesis that the daytime scintillation of radio
signals at gigahertz (GHz) frequencies is produced by the gradient-drift instability (GDI) in the presence of a blanketing
sporadic E (Esb) layer. However, the only evidence offered, thus far, to validate this notion, has been some observations
of Esb in the vicinity of GHz scintillations. A more comprehensive evaluation requires information about electric field,
together with the presence of a steep gradient, which is presumed to be that of Esb. In this regard, the region in the
vicinity of the equatorial electrojet (EEJ) appears to be an ideal “laboratory” to conduct such experiments. The
dominant driver of electron drift there is the same as that of the EEJ, the vertical polarization electric field, and
indications are that the presence of Esb in that vicinity is controlled by a balance in horizontal transport of Esb,
between the EEJ electric field and the neutral wind, as described in a model by Tsunoda (On blanketing sporadic
E and polarization effects near the equatorial electrojet, 2008). In this paper, we present, for the first time, results
from a comprehensive study of daytime GHz scintillations near the magnetic equator. The properties, derived
from measurements, are shown, for the first time, to be consistent with a scenario in which Esb presence is dictated by
the Tsunoda model, and the plasma-density irregularities responsible for GHz scintillations appear to be produced by
the GDI.
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Background
Amplitude scintillations at gigahertz (GHz) frequencies
have been observed during the day and at night. Nevertheless, daytime GHz scintillation studies attracted as much
attention as nighttime scintillation studies, perhaps because
daytime scintillation have a relatively lower rate of occurrence and milder nature (Patel et al. 2009). For the most
part, scintillations are generally believed to be associated
with the F layer at night and the blanketing sporadic E
(Esb) layer during the day (Kumar et al. 2007; Zou and
Wang 2009; Zou 2011; Seif et al. 2012; Alfonsi et al. 2013).
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The absence of F layer GHz scintillations during the day is
reasonable; that is, plasma structure does not develop in
the F layer because its development depends on the
appearance of polarization electric fields (Ep) that are
associated with currents in the F layer, and such fields
cannot appear during the day in the presence of a highly
conducting, solar-produced E layer. For this reason, daytime scintillations must be associated with irregularities in
the E layer. Moreover, irregularities are not usually found
in the normal solar-produced E layer, the contributing factor is likely to be the presence of the Esb layer.
The basis for the association of radio scintillations to
Esb is largely observational. Given that this association
appears to be real, researchers have invoked the gradientdrift instability (GDI) (Whitehead 1969; Ecklund et al.
1981; BaiQui et al. 2012; Chatterjee et al. 2013) as the
source mechanism. This theory was proposed in the
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mid-latitude ionosphere, where the inclination (I) of the
geomagnetic field (B) is steep enough to produce a thin
layer of high plasma density, via the wind-shear theory
(Whitehead 1969; Miller and Smith 1975, 1978). If the
plasma density is high enough, and the gradient is steep
enough, the geometry should be unstable, in the presence of a background neutral wind, to the gradient-drift
process. According to the preceding discussion, we would
then expect scintillations to occur in the mid-latitude region. In fact, several investigations (Hajkowicz 1977, 1978;
Fujita et al. 1978; Sinno and Kan 1980; Ogawa et al. 1989;
Hajkowicz and Minakoshi 2003), have shown the existence of a close relationship has been found between midlatitude daytime scintillations and Esb. In most studies, the
GDI is usually mentioned as the likely source mechanism.
Low-latitude observations have also indicated a correlation between the occurrence of daytime scintillation
and Esb (Huang 1978; Patel et al. 2007, 2009). Additionally, a few observations of scintillation in the range of
GHz have been also investigated for low latitudes. For
example, Kumar et al. (2007) used radio transmissions
from geostationary satellite Intelsat to determine scintillations at 3.925 GHz at Suva, Fiji (18.08° S, 178.3° E; dip
latitude (Ф) = 22.55° S). They showed that scintillation was
more pronounced during the daytime. Zou and Wang
(2009) and Zou (2011) observed daytime GHz scintillation
from a station at Guilin, China (25.29° N, 110.33° E; Ф =
21.57° N). They found a correlation between occurrences of
daytime GHz scintillation and Esb as seen from signal-tonoise ratio (SNR) measurement obtained from Constellation Observing System for Meteorology, Ionosphere, and
Climate (COSMIC) radio occultation. Recently, Chatterjee
et al. (2013) used a Global Navigation Satellite System
(GNSS) receiver to observe daytime GHz scintillation
from Raja Peary Mohan College (RPMC), India (22.66° N,
88.39° W; Ф = 32.83° N), during the local summer. They
found that daytime scintillation may be associated with
Esb using ionosonde data obtained at Trivandrum (8.73°
N, 77.7° E; Ф = 1.69° N) and mentioned the GDI could be
a source mechanism of daytime scintillation.
To date, no comprehensive investigations of equatorial daytime GHz scintillations have been conducted as
thoroughly as they have been at mid and low latitudes.
In particular, observations of daytime GHz scintillation
in the vicinity of the dip equator have yet to be reported; these observations are the focus of this paper.
However, a few observations in the very high frequency
(VHF) and ultra high frequency (UHF) bands have
been made from stations in the vicinity of the dip
equator (Rastogi et al. 1977; Rastogi and Mullen 1981;
Koparkar et al. 1989). In all cases, researchers have attributed the observed daytime scintillations to be associated with Esb, and GDI is mentioned as the source
mechanism.
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From our literature review, it is evident that very little
is known about the nature of daytime GHz scintillations
in the vicinity of the dip equator. Thus, the observations
presented in this paper are important to understanding
the detailed properties of daytime GHz scintillations and
their relationship to Esb, as well as to interpret the role
of GDI on daytime GHz scintillation as a source mechanism, where B has a zero or very small I.
In this paper, we present the characteristics of daytime
GHz scintillation using GPS Ionospheric Scintillation and
Total Electron Content Monitor (GISTM) systems from
two stations in Malaysia: Universiti Kebangsaan Malaysia
(UKM) (2.55°N, 101.461°E; Ф = 5.78° S) and National
Observatory at Langkawi (6.19°N, 99.51°E; Ф = 1.90° S).
The sites are particularly interesting for their locations
in terms of EEJ strength; Langkawi is situated very close
to the magnetic dip equator whereas UKM is displaced
from the dip equator. These sites offer the opportunity
to determine the latitudinal distribution of daytime GHz
scintillation in the vicinity of the dip equator. In this
paper, we describe experimental results of the investigation of the properties of daytime GHz scintillation in the
vicinity of the dip equator. This experiment led to a large
data set collected over a period of 1 year using two receivers. Our findings are shown to be consistent with
the latitudinal boundary of Esb proposed by the Tsunoda
model (Tsunoda, 2008). We, however, have found that
daytime GHz scintillation can occur very close to the dip
equator. In order to interpret how scintillation might be
produced over the dip equator, we, therefore, envision a
scenario in which Esb can be present at the dip equator
when there is no EEJ. We close the paper with a discussion of our key findings, and we clarify the role of GDI as
a source mechanism of daytime GHz scintillation in the
vicinity of the dip equator. This mechanism requires
irregularities produced by a sufficient gradient in the
electron density and electric current flow produced by
an electric field or a wind (Fejer and Kelley 1980).

Methods
Instrumentation and data

The results presented herein are all derived from measurements made with two GPS receivers. The GSV4004
dual-frequency receiver consists of GISTM systems,
which are based upon NovAtel’s OEM4 installed at UKM
and Langkawi in Malaysia. The primary purpose of GSV4004
receiver is to collect ionospheric scintillation for all visible GPS satellites (up to 11). The GPS receiver is used
to determine amplitude scintillation (at a 50 Hz rate)
for each GPS satellite at the L1 (1.575 GHz) frequency.
The amplitude scintillation is computed by monitoring
the S4 index, which derives from the detrended signal
intensity (SI) (Van Dierendonck et al. 1993). The GPS
receiver provides continuous amplitude scintillation (S4
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index) every 60 s (Van Dierendonck et al. 1993). This
study is based on the analysis of amplitude scintillation
(S4 index) data. The period under investigation ranges
from January to December 2011 at UKM and Langkawi.
The total S4 (S4T), which includes S4 due to the effects
of ambient noise is computed over the same 60 s interval
and is defined as follows (Van Dierendonck et al. 1993):
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

SI2 −hSIi2
S 4T ¼
ð1Þ
hSIi2
where 〈〉 represents the mean value over 60 s.
The GSV4004 receiver also calculates the correction
to the total S4 ( S 4N 0 ), which is the effect of ambient
noise over the same 60 s interval (Van Dierendonck et al.
1993). This calculation can be conducted by estimating
the average signal-to-noise density (S/N0) over 60 s and
by using that estimate to predict S 4N 0 caused by ambient
noise, which is given by
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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þ
ð2Þ
S 4N0 ¼ 〈S= 〉
19〈S=N 0 〉
N0
Thus, the corrected value of S4 is calculated by subtracting the square of S 4N0 value from the square of (1).
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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ð3Þ
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S 4N0 ¼
1þ
19〈S=N 0 〉
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hSIi2
No scintillation is observed in which the value under
the radical might be negative. We remove the effect of
ambient noise under scintillation circumstances. Thus,
the corrected S4 without the effects of ambient noise
can be calculated as follows (Dubey et al. 2006):
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
S4 ¼ S 24T −S 24N 0
ð4Þ
In order to account for varying geometrical effects on
the measurements made at different elevation angles, the
amplitude scintillation index is projected to the vertical
according to the formulae described in (Alfonsi et al.
2013). The elevation and azimuth of every GPS satellite
signal that is received are recorded every 60 s. We focus
our attention on an infinitely thin layer within the E layer
at an altitude of 110 km above the Earth’s surface. The reason is that previous studies (as discussed in “Background”
section) have been shown that daytime scintillation and Esb
are correlated. Esb layer is considered to have the form of a
thin sheet in which the electron density is higher than that
of the background ionization. These sheets have been
observed to occur at altitudes between 90 and 110 km
(Tong et al. 1988; Wu et al. 2005). For this study, we need
the nominal ionospheric pierce point (IPP) height to determine the latitude associated with the scintillation. Hence,
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the height of 110 km is assumed to be that of the irregularity sheet, where scintillation occurs. The IPP is defined to
be the point where an incoming GPS signal ray intersects
the ionosphere. By prescribing the altitude of 110 km for
the IPP, the elevation and azimuth of the GPS satellite may
then be used to calculate the location of the IPP.
For this study, in order to remove the multipath effect,
we have used only the satellite signals that arrive at the
receiver with an elevation angle of greater than 15°, and
only times of lock greater than 240 s were considered.
Moreover, we have used a multipath elimination technique to distinguish whether the S4 measurements were
caused by scintillation or multipath (Van Dierendonck
et al. 1993). In fact, the receiver collects raw sigma code/
carrier divergence (difference between code and carrier
pseudorange) every second. The average and standard
deviation of the sigma code/carrier divergence are then
computed every minute in which S4 is calculated. These
values are indicative of multipath and can be used to distinguish between S4 due to multipath and S4 due to scintillation. In other words, this elimination process is based
upon a comparison of the sigma code/carrier divergence
measurement to the S4 measured (Van Dierendonck et al.
1993). This implies that, if the pseudorange error is less
than a linear function of S4, the S4 is recognized to be
due to scintillation. The reason is that scintillation fading does not cause pseudorange errors (Van Dierendonck
et al. 1993). Therefore, we used filtering equation as follows. In other words, if δPR < 0.625, S4 − 0.125, S4 ≥ 0.2,
where δPR is sigma pseudorange; S4 is due to scintillation;
otherwise, S4 is due to multipath. This technique has been
used to filter out S4 due to multipath from that due to
scintillation.
The sigma code-carrier divergence versus S4 is computed for all the scintillation. To illustrate the effects of
multipath on S4, an example of estimated pseudorange
errors (code-carrier divergence) is plotted against S4 for
the all GPS PRNs as shown in Fig. 1. Figure 1a shows an
example of daytime scintillation occurred on 1 March 2011
at UKM. Figure 1b shows daytime scintillation on 1 March
2011 at Langkawi. The plot helps discriminate the difference between the effects of multipath and scintillation. The
solid line derived from the filtering equation (as mentioned
above) was then applied to scintillation days discriminate
S4 from multipath. In Fig. 1, the solid line divides the points
due to multipath or scintillation. The points that lie
above the line are considered as multipath, whereas the
points below the line indicate scintillation (Van Dierendonck
et al. 1993).
The analysis is further limited to the measurements of
daytime amplitude scintillation activity recorded from
06:00 local time (LT) to 18:00 LT (22:00 universal time
(UT) to 10:00 UT) only, which is thought to occur for a
GPS satellite when S4 ≥ 0.2 for 4 min. Similar to other
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Fig. 1 Multipath technic illustration. Sigma code-carrier divergence versus S4 a daytime GHz scintillation event on 1 March 2011 at UKM and b daytime
GHz scintillation event on 1 March 2011 at Langkawi. Everything above the line is likely to be multipath

researchers (e.g., Zou 2011; Tanna et al. 2013), such
thresholds are considered as a scintillation event. The
intensity of daytime scintillation is classified as negligible
(S4 < 0.2), weak (0.2 ≤ S4 < 0.3), moderate (0.3 ≤ S4 < 0.4),
and strong (S4 ≥ 0.4).

Results and Discussion
Experimental results

Data acquired at UKM and Langkawi in 2011 are analyzed. It should be noted that the observation period
January–December 2011 belongs to a period of low solar
activity, the daily 10.7-cm solar radio flux (F10.7 index)
varied from 71.9 to 113.2 (in units of 1022 Wm−2 Hz−1),
and the sunspot number was in the range of 9.2–63.4.
We aim to (1) compare the characteristics of daytime
GHz scintillation at both stations UKM and Langkawi,
where Langkawi is very close to the magnetic dip equator and UKM is far away from the magnetic dip equator;
(2) investigate the diurnal and seasonal characteristics of
daytime GHz scintillation in the vicinity of the dip equator; (3) determine the latitudinal distribution of daytime
GHz scintillation occurrence and verify whether the distribution is consistent with Esb patches according to the
Tsunoda model (Tsunoda 2008); and (4) present an interpretation that appears to be consistent with the GDI
as the source mechanism of daytime GHz scintillation.
Comparison of daytime GHz scintillation occurrences at
UKM and Langkawi

The days and times of scintillation occurrences at UKM
and Langkawi in 2011 have been compared to verify (1)
whether scintillation was present at both stations, most
of the days, and (2) whether scintillation shows any

systematic differences in terms of the signal intensity
and their durations at each station.
With regard to the first question, the number of days
of scintillation observed at both stations was 320 of the
334 days of observation at the UKM station compared
with 65 of the 350 days of observation at the Langkawi
station. In other words, the occurrence of scintillation
was found to be more frequent over UKM than over
Langkawi. This leads to the conclusion that irregularities
are not uniformly distributed over these two stations.
Analysis has been made in order to determine the intensity levels of scintillation and their duration at each
station. For this purpose, day-to-day amplitude scintillation
(S4 index) for all PRNs was studied for each month
throughout the observation period. Figure 2 shows typical
examples of the different levels of the S4 index (S4 = 0.2,
0.3, and 0.4) plotted against the LT (LT = UT + 8) for both
stations. Strong scintillations were observed more at UKM
located away from the dip equator, with S4 indices exceeding 0.5. By contrast, strong scintillations were rarely
observed at Langkawi (near the dip equator) as the S4 indices were predominantly lower than 0.4. Scintillations at
the dip equator are therefore drastically decreased.
Furthermore, these examples show that daytime GHz
scintillation occurrences are intermittent, and their durations are short-lived (this will be discussed in “Comparison
of daytime GHz scintillation occurrences at UKM and
Langkawi” section), which is more evident in the Langkawi
observations. From these properties, researchers have suggested that the scintillation-producing irregularities are
likely produced by GDI, which requires a steep gradient
associated with the background plasma-density profile,
and a current driven by a neutral wind (Fejer and Kelley
1980; Whitehead 1989). In this regard, Basu et al. (1977)
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Fig. 2 Comparison of S4 index between UKM and Langkawi stations

have compared VHF scintillation at the dip equator
with 50-MHz radar backscatter. They found that scintillation turned on and off in time with the so-called
type II echoes, which are produced by the GDI. Similar result has been obtained by Rastogi (1983) who
showed that strong VHF scintillation was related to
Esb over the dip equator; scintillation was weak in the
absence of Esb.
GDI is the mechanism of irregularities formation in
plasma patches presented in the equatorial ionospheric E
layer. Several researchers have been discussed the application of the GDI in order to explain the generation of Esb
layer irregularities (Whitehead 1971, 1989; Fejer and Kelley
1980; Ogawa et al. 1989). The formulation of the GDI by
Fejer et al. (1975) clearly shows that the GDI only needs a
nonzero plasma drift and a strong plasma density gradient
in order to operate. This implies that GDI can operate
under weak electric field and low-electron-drift conditions.
In other words, the GDI operates in plasma with a gradient
in ionization density and with different electron and ion
drifts perpendicular to the density gradient (Fejer and
Kelley 1980). Furthermore, near the magnetic dip equator,
Reddy and Devasia (1977) observed the gradient instability
using VHF radar. Hence, the condition required for GDI
is likely to be the steep gradient and electric field, which
are crucial driving force for such instability.
Further analysis was conducted to determine when
and where daytime scintillation occurs at each station
and whether the occurrence of scintillation is consistent
with the appearance of Esb fulfilling all the requirements
for GDI to occur.

Characteristics of daytime GHz scintillation in the vicinity
of the dip equator
Diurnal and seasonal variation

To investigate whether scintillation has simultaneity or
any systematic time difference to Esb appearances, the
diurnal variations of scintillation were studied. To identify
the diurnal and seasonal variations of daytime scintillation
(between 06:00 LT and 18:00 LT), the amplitude scintillation activities are categorized into three groups of seasons,
namely, summer (May, June, July, and August), winter
(November, December, January, and February), and equinox (September, October, March, and April).
Figure 3 shows the percentage of occurrence of scintillation, which is sorted by seasons to characterize daytime
scintillation. The solid and dashed lines show the percentage of scintillation occurrences for UKM and Langkawi,
respectively. The occurrence of scintillation is computed
by dividing the number of scintillation events (S4 index
above threshold) with the total number of days of available
data. The diurnal variation of scintillation at both UKM
and Langkawi stations is characterized by three common
features: (1) a prominent maximum in the late afternoon,
(2) peaks in the morning, around noon, and evening
during the equinox, and (3) a peak at 11:00 LT during
the summer.
Additional features to be noted from Fig. 3 are the following: (1) as mentioned in “Comparison of daytime GHz
scintillation occurrences at UKM and Langkawi” section,
scintillation drastically decreased at Langkawi situated
very close to the dip equator. This finding is particularly
evident in this figure during all seasons, and (2) at UKM,
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Fig. 3 Diurnal percentage of occurrence of daytime GHz scintillation at UKM and Langkawi in 2011

the percentage of occurrence of scintillation shows a
morning peak during winter and equinox.
The finding that the occurrence of daytime scintillation
in the late afternoon is maximum suggests that scintillation may be associated with the occurrence of Esb. There
is evidence that the diurnal characteristics of Esb showed a
prominent maximum in the late afternoon in the vicinity
of the dip equator (Bhargava and Subrahmanyan 1964;
Reddy and Devasia 1973; Chandra and Rastogi 1975;
Devasia 1976). For example, Chandra and Rastogi (1975)
who used ionograms obtained at Kodaikanal (Ф = 3.5° N)
showed the equatorial Esb has a major peak around 17:00
LT. This finding is consistent with the diurnal occurrence
of scintillation observed in all seasons, which suggests that
is associated with the presence of Esb. Furthermore, it is
possible that the scintillation events observed in the late
afternoon sector could be due to plasma irregularities in
the F-region (e.g., Chatterjee et al. 2014); however, post
sunset F-region scintillations are normally observed
after ~19:00 LT (Somayajulu et al. 1984; Gwal et al.
2004; Carter et al. 2013; Narayanan et al. 2014). Therefore, it is unlikely that the late-afternoon GPS scintillation events analyzed here (~17:00 LT) are due to F-region
plasma irregularities. Ultimately, future research would
greatly benefit from supporting observations (e.g., ionosonde) of common scattering volumes with the GPS scintillation detections. On the other hand, Rangarajan and
Arora (1980) examined the characteristics of EEJ as a
function of local time in the Indian region and found two
peaks with the primary one centered at 16:00 LT to 17:00
LT and the other one in the morning. This suggests a
possible correlation between the EEJ appearance and

scintillation occurrences in the morning and at 16:00
LT to 17:00 LT during all seasons.
At both stations, during the equinox and summer, the
percentage of occurrence of scintillation shows a gradual
increase from 10:00 LT to 11:00 LT with a maximum
peak at 11:00 LT, particularly during the summer at
Langkawi. This also suggests that occurrence of scintillation is consistent with the enhancement of EEJ. A typical
diurnal profile for EEJ shows a peak strength of EEJ at time
of approximately noon (i.e., Chandrasekhar et al. (2014)).
In this manner, Alken and Maus (2007) proposed an empirical model of EEJ climatological mean and day-to-day
variability as a function of longitude, local time, season,
and solar flux. They showed the EEJ peak is significantly
strong around local noon. Anderson et al. (2009) showed
that during the equinox and summer in the Philippines,
India, and Indonesia sectors, the average vertical daytime
E × B drift velocity is maximum between 10:00 LT and
11:00 LT. Moreover, they showed that E × B drift velocity
gradually increases from 10:00 LT to 13:00 LT in Indonesia
during the summer. Therefore, we can expect the enhancement of EEJ between 10:00 LT and 12:00 LT over UKM
and Langkawi during the equinox and summer.
As mentioned earlier, the GDI could cause irregularities on Esb patches when all the required conditions are
met. This result is also consistent with that reported by
Fujita et al. (1978), which indicates that the strong appearance of the Esb layer in mid-latitude station at Kokobunji
(35.7° N, 139.5° E; Ф = 29.47° N) from 10:45 LT to 11:30
LT in July is associated with daytime GHz scintillation.
They suggested that the small irregularities embedded
around a large-scale electron density moving within the E
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Fig. 4 Seasonal percentage occurrence of daytime scintillation (S4 index) at UKM and Langkawi in 2011

layer across the propagation path may be responsible for
the GHz scintillation.
Figure 4 shows the percentage occurrence of scintillation,
which is sorted by seasons in order to examine the seasonal
behavior of daytime scintillations under different levels
of activities (weak, moderate, and strong) at UKM and
Langkawi in 2011.
The most significant fact to be noted in Fig. 4 is that
the scintillation (weak, moderate, and strong) that occurred
at both UKM and Langkawi exhibits a peak at the equinox and a minimum in the summer, particularly in the
Langkawi results. However, at UKM, the maximum occurrence of scintillation in the equinox is not much
higher than that during the winter.
In fact, the finding that daytime scintillations most frequently occur during the equinox is consistent with the
enhancement of EEJ. Evidence for enhancement of EEJ
during the equinox have been presented, e.g., by Alken
and Maus (2007) and Anderson et al. (2009). In this
manner, Tarpley (1973) explains the enhancement of EEJ
in terms of seasonal shift of solar quiet (Sq) foci. He
showed that the foci of the Sq current system shift toward the equator during the equinox, which increases
the intensity of EEJ. In addition, Chapman and Raja Rao
(1965) examined the characteristics of EEJ at two stations
at the dip equator: one in India (Trivandrum, Ф = 0.6° S)
and the other in the Pacific region (Koror, Ф = 0°). They
found a seasonal dependence of EEJ and Sq, where both
are maximum during equinox months. Yacob (1966) obtained similar results, that is, a similar enhancement of
EEJ during equinoxes in five low-latitude stations [Koror
(Ф = 0°), Trivandrum (Ф = 0.6° S), Addis Ababa (Ф = 1° S),
Yauca (Ф = 4.4° S), and Ibadan (Ф = 6.2° S)]. Thus, we can

expect that the intensity of EEJ is maximum around the
equinox in the vicinity of the dip equator at the UKM and
Langkawi stations in Malaysia, where the strong electrojet
is presumably produced by vertical Ep in the EEJ that is
maximum during the equinox. In other words, the Esb is
presumed to provide the exceptionally steep gradient,
which is evident as shown by Oyinloye model (1971). He
shows the seasonal dependence of Esb in the vicinity of the
dip equator is maximum during equinox.
Furthermore, the vertical Ep, which is a dominant component of GDI that operates in the vicinity of the dip
equator, is greatly intensified during the equinox. Therefore, the GDI would be driven by the same vertical Ep in
the EEJ, which leads to increased scintillation.
Distribution of daytime GHz Scintillation in the vicinity of
magnetic dip equator

To determine where daytime scintillation occurs in the
vicinity of the dip equator, we present the geographic
distribution of daytime scintillation in Figs. 5, 6, and 7.
Figure 5 shows the geographical distribution of scintillation for three ranges of S4 indices measured for all satellites received during 1 year at UKM and Langkawi in
2011. The locations correspond to their IPPs for an altitude of 110 km. Two sets of colors are used: cool set
(blue, magenta, and dark red) for Langkawi and warm
set (green, yellow, and red) for UKM. The curved, light
blue, and gray bands indicate the IPP tracks from various
GPS satellites, for which S4 is negligible. The locations of
the two stations are shown by triangles. Figures 6 and 7
show locations with moderate and strong scintillation,
respectively.
In Figs. 5, 6, and 7, the following points can be noted:
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Fig. 5 Geographic distribution of daytime scintillation events (S4 index)
at different levels measured at all GPS satellites observed at UKM and
Langkawi from January to December 2011 over Malaysia. The levels of
scintillation intensity at UKM are coded for S4 ≥ 0.2 (green), S4 ≥ 0.3
(yellow), and S4 ≥ 0.4 (red), while those at Langkawi are coded as S4 ≥
0.2 (blue), S4 ≥ 0.3 (magenta), and S4 ≥ 0.4 (dark red). The red dashed line
shows the location of the magnetic dip equator. The contour plots of I
are also displayed

First, as stated previously, daytime GHz scintillations
occur frequently over UKM and Langkawi, where satellite elevation angles are low. This finding is consistent
with the idea that scintillation-producing irregularities
are embedded in a relatively thin layer, and longer path
lengths through irregularities are necessary to produce
significant scintillations. This need for low elevation angles is also consistent with the idea that Esb layers are

Fig. 6 Geographic distribution of moderate daytime GHz scintillation
(S4 ≥ 0.3) observed at UKM (yellow) and Langkawi (magenta) in 2011
over Malaysia. The red dashed line shows the location of the magnetic
dip equator. The contour plots of I are also displayed
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Fig. 7 Geographic distribution of strong daytime GHz scintillation
(S4 ≥ 0.4) observed at UKM (red asset) and Langkawi (dark red asset)
in 2011 over Malaysia. The red dashed line shows the location of the
magnetic dip equator. The contour plots of I are also displayed

involved. In this regard, Zeng and Sokolovskiy (2010)
used GPS radio occultation (RO) and concluded that the
scintillations resulting from Es were a result of wave
interference caused by defocusing of the GPS signal
within the Es cloud, where this mechanism works for
low elevation angles.
Second, from Figs. 6 and 7, which correspond to the
location of moderate and strong daytime scintillation, respectively, it is revealed that the moderate and strong
daytime GHz scintillations in the vicinity of the dip equator
tend to occur away from the dip equator. In other words,
the intensity of scintillations increases with distance from
the magnetic dip equator because of the presence of largescale irregularities embedded in the Esb layer.
Third, daytime GHz scintillation decreases drastically
very close to the magnetic dip equator. That is, scintillations at the magnetic dip equator have predominantly S4
indices lower than 0.4 (as shown as a blue dot in Fig. 5),
whereas the scintillations at UKM exceed S4 = 0.4. This
difference is shown in the comparison plot (Fig. 2). This
finding is also evident in the diurnal and seasonal plots
(Figs. 3 and 4). In other words, scintillation occurrence
appears to be more frequent and stronger at UKM than
at Langkawi. This result suggests latitudinal dependence
of daytime scintillation.
According to the Tsunoda model (Tsunoda 2008), the
distribution of scintillation in terms of latitude is confined
within three latitudinal bands of Esb, which are the (1)
equatorial band, (2) boundary band, and (3) low-latitude
band (as illustrated in Fig. 5). In Fig. 5, the two black lines
are the approximate latitudes for the equatorward boundaries for Esb (EBEsb), according to Oyinloye (1971). This is
the average boundary, and they presumably are the
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average locations for the equatorward boundary for the
metallic ion streams (MIS) described in Tsunoda (2008).
By drawing these lines, we associated the three latitudinal
bands of Esb with scintillation (as mentioned above). We
will discuss each of these bands in terms of the strength of
the EEJ (see “Distribution of daytime GHz scintillation in
the vicinity of magnetic dip equator” section).
From Fig. 5, daytime GHz scintillation observed in the
northern part of the Langkawi station is consistent with
the equatorial band of Esb. The scintillation observed
between the two stations could be the equatorward
boundary of the MIS. By contrast, the scintillation that
occurred in the southern UKM coverage region coincides
with the low-latitude Esb band. Therefore, scintillation is
associated with Esb, which is in accordance with the
Tsunoda model (Tsunoda 2008). This result is also consistent with that obtained by Oyinloye (1971), which indicated Esb dependence as a function of I in the vicinity
of the dip equator. He showed that there is a high occurrence rate for Esb (15 to 27 %), where |I|≈8°. For further
details Oyinloye model (Oyinloye 1971) on the occurrence
of Esb on the different I, the reader is referred to Fig. 1
page 2 of Tsunoda (2008). The presences of these bands
are suggestive that the electric field strength in the EEJ
may affect the scintillation strength. This will be discussed
in “Summary and discussions” section.

Summary and discussions
This paper concentrated on some of the unique characteristics of the daytime GHz scintillation in the vicinity
of the dip equator in Malaysia, where little or no previous information existed and where the new results have
obvious utility for understanding the features of daytime
GHz scintillation and their relationship to the Esb. We
have found, for the first time, that daytime GHz scintillation does occur very close to the dip equator, where it is
not expected based on prevailing models. Therefore, in
order to make it clear, we provide a consistent interpretation for these observations. The interpretations require
two parts: (1) the Tsunoda model (Tsunoda 2008) and
(2) the new interpretation, which is an explanation of how
scintillation might be produced very close to the dip equator. Finally, from the comprehensive study of the properties of daytime GHz scintillation in the vicinity of the dip
equator, we have extracted three key findings, which are
discussed separately in the following subsections.
Tsunoda model

Tsunoda model (Tsunoda 2008) discussed how the Esb is
transported toward the dip equator but is stopped from
further advancement to the dip equator. We use this
model for interpretation of scintillations that occur in
the vicinity of the dip equator.
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Fig. 8 Sketch of how an Esb layer is formed and transported by a
circularly polarized wind-shear profile

The elements of the Tsunoda model (Tsunoda 2008)
that pertain to the interpretation of scintillations that
occur in the vicinity of the dip equator can be described
with the assistance of the sketch presented in Fig. 8.
According to this model, at low latitudes, an Esb patch
can be expected to approach the EEJ region, where it will
encounter the influence of the Ep that drives the EEJ.
Hence, the anticorrelation between Esb over the dip equator and Ep can be explained by this model.
New interpretation

According to the Tsunoda model (Tsunoda 2008), Esb
patch is stopped from further advancement to the dip
equator by the presence of the vertical Ep that drives the
EEJ. Therefore, in the absence of Esb over the dip equator,
we would expect an absence of scintillations over the dip
equator.
We, however, have found that scintillation is observed
over the dip equator and that it appears to be rare. We
shall address this problem with this new interpretation.
In fact, the new interpretation shows how Esb patches
can further advance to the dip equator and explains how
scintillation could occur over the dip equator.
Therefore, in order to explain the observed occurrence
of scintillations over the dip equator, another element of
the Tsunoda model (Tsunoda 2008) is clearly needed
(these occurrences, of course, should be relatively rare).
Keeping in mind that the U profile is produced by the
solar tide, we should expect an associated, downward
phase velocity. In other words, the wind-shear node should
move downward in altitude with time. Given enough time,
the Esb patch should be transported to an altitude, where
the ions become unmagnetized, which means that the Esb
patch will no longer be transported vertically. If this
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happens in the vicinity of the dip equator, we envision that
the Esb patch will be left there, despite any recovery in
strength of the Ep associated with the EEJ. The return of
the Ep, together with the presence of Esb over the dip equator, is envisioned to lead to irregularity generation by GDI.
The reason is that the Hall current will be driven by Ep,
and the Esb can provide the gradient needed for irregularity
generation. Hence, we envision that scintillation over the
dip equator could occur after the recovery of the EEJ from
quiet conditions. This will be discussed in “Comparison of
daytime GHz scintillation occurrences at UKM and
Langkawi” section.
Three key findings coming out from our study can be
discussed as follows:
Comparison of daytime GHz scintillation occurrences at
UKM and Langkawi
Occurrences of daytime GHz scintillation at the dip equator
are intermittent and their durations are short-lived

We have shown that daytime GHz scintillation decreases
drastically at the dip equator (see Fig. 5). Moreover, our
observations show that the occurrences of daytime GHz
scintillation at the dip equator are intermittent and their
durations are short-lived (see “Comparison of daytime
GHz scintillation occurrences at UKM and Langkawi”
section). In fact, this finding can be explained in terms
of Esb appearances. According to the wind-shear theory,
the Esb layer is commonly observed at temperate latitudes;
nevertheless, this mechanism fails to operate at the dip
equator (Axford 1961; Whitehead 1966, 1969; Axford and
Cunnold 1966). The reason is that the electrons are forced
to move along the north–south line running parallel to
the Earth’s magnetic field and the polarization is fixed between positive ions and electrons. The implication is that
intense Esb layers will sometimes form near the magnetic
dip equator (as described in “New interpretation” section).
Chimonas and Axford (1968) pointed out that at the dip
equator, owing to the downward phase of velocity of
gravity waves causing the shear, the ionization itself may
be transported downward, which is called the corkscreweffect mechanism. According to the new interpretation,
this could mean that the Esb patches would then sometimes occur under special circumstances. Such a special
situation arises when the electric field becomes zero.
That is, we can assume a circularly polarized wind in
the E region, driven by tides. The zonal wind shear
produces the convergence of metallic ions to an altitude where the upward and downward forces cancel.
There, in the absence of an electric field, the wind
will transport the Esb sheet equatorward. The Tsunoda
model (Tsunoda 2008) is concerned with the latitudinal transport, when a poleward and upward electric
field is encountered. The field is associated with the
EEJ. The flow of Esb becomes purely zonal, at the
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latitude where the electric field displaces the Esb to
an altitude where the wind is blowing westward.
When the electric field weakens, the latitude where
zonal flow occurs will shift equatorward.
Another point that is important to note is the tidal
wind that is transporting the Esb sheet equatorward, or
zonally, has a phase velocity, which is directed downward.
This means that without the presence of the electric field,
the wind-shear node where the Esb sheet is located will
move downward. If downward transport continues, the
Esb sheet will reach an altitude where the ion motion is
dominated by collisions with the neutrals at these altitudes. In other words, the ions become unmagnetized and
U × B is no longer meaningful. When the wind-shear node
reaches this altitude, the Esb sheet will no longer follow
that node. Hence, it is released at that altitude. As mentioned above, Chimonas and Axford (1968) called this
the corkscrew effect and the Esb patch is dumped at an
altitude that is probably close to 90–95 km. However,
the electrons remain magnetized. The movement of the
electrons relative to the ions provides the current that
drives the GDI. Once the Esb is dumped, it will no longer be pushed out of the EEJ region by the Ep. At the
same time, the electric field and Esb should be able to
produce scintillation via GDI. Therefore, the Esb layer
can be dumped at low altitude and can still produce the
gradient necessary for the GDI.
One possible interpretation is that there could be patches
of Esb that have penetrated near to the dip equator and
been left there. Therefore, scintillations could still be
associated with this Esb patch and GDI could be the
mechanism that causes daytime GHz scintillation at the
dip equator.

Seasonal dependence

We have shown seasonal dependence of daytime GHz
scintillation with a maximum during equinox months and
a minimum during summer. This suggests scintillation is
consistent with the enhancement of EEJ and the presence
of vertical steep gradients produced by Esb during equinox
months in the vicinity of the dip equator as shown by
Oyinloye (1971). Therefore, the GDI would be driven by
the same vertical Ep in the EEJ, which leads to increased
scintillation.

Distribution of daytime GHz scintillation in the vicinity of
magnetic dip equator

As mentioned earlier, the distribution of daytime GHz
scintillation could be explained in the presence of Esb in
terms of EEJ strength. We divide the discussion into
three subsections according to the bands of Esb as defined in the Tsunoda model (Tsunoda 2008).
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Daytime GHz scintillation association with the low-latitude
band of Esb

The scintillation that occurred in the southern UKM region is consistent with the low-latitude Esb band. In fact,
at lower altitudes, an Esb layer would form by the windshear theory and, in this case, the ions would be flowing
southward in the Esb layer. The ion motion in an Esb
layer must, therefore, rotate from a westward direction at
higher altitudes to a southward direction at lower altitudes
as the Esb layer is transported downward by the tidal
wind system (Tsunoda 2008). At low altitudes, the ions
are unmagnetized and move only horizontally with neutral
wind (U), which itself is horizontal. Thus, in the presence
of U, an Esb layer forms at the zonal wind-shear node and
drifts with U, which is equatorward at the shear node.
According to the Tsunoda model (Tsunoda 2008), this
description of neutral dynamics and low-latitude Esb is
consistent with observations of scintillation at a lowlatitude band of Esb. The GDI would then be driven by
the same U, which should lead to stronger scintillation.
Daytime GHz scintillation association with boundary band
of Esb

The scintillation observed between the two stations could
be the equatorward boundary of MIS. According to the
Tsunoda model (Tsunoda 2008), an implication could be
that the metallic ions in the Esb patch end up in a strip,
which is narrow and aligned along the equatorward
boundary for Esb (EBEsb). However, there is no electrojetlike current flow within the MIS, because metallic ions
and electrons move westward together. Hence, the number density of metallic ions (nmi) in the MIS should increase. This result is consistent with observations of GHz
scintillation at an EBEsb band of Esb. The equatorward
transport of Esb is diverted into a zonal flow, where there
exists the possibility that the metallic ions that constitute
the Esb layer could accumulate in that vicinity, raising the
possibility that an intense Esb layer could be present at
low latitudes that could act through the GDI mechanism to produce irregularities that are responsible for
GHz scintillations.
Daytime GHz scintillation association with equator band of
Esb

The finding that the GHz scintillation that occurred at
the dip equator (Langkawi) is consistent with the equatorial band of Esb. This provides evidence that daytime
GHz scintillation at the dip equator is relatively rare. In
fact, according to the new interpretation (see “New
interpretation”Section), once the Esb is dumped, it will
no longer be pushed out of the EEJ region by the Ep. At
the same time, the electric field and Esb should be able
to produce scintillation by GDI.
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Since the Esb layer is a sheet-like ionization layer with
sharp gradients and a small vertical thickness, this layer
provides a perfect geometrical configuration of a welldefined ionization gradient located in magnetic fields at
the magnetic dip equator. This feature can be used to
study the growth process of gradient instability (Reddy
and Devasia 1977). Therefore, the region in the vicinity
of the EEJ appears to be an ideal “laboratory” to conduct
such experiments. The dominant driver of electron drift
there is the same as that of the EEJ, the vertical Ep, and
indications are that the presence of Esb in that vicinity is
controlled by a balance in horizontal transport of Esb,
between the EEJ electric field and the neutral wind, as
described in a model by Tsunoda (2008). Hence, we can
now say that the GDI would seem to be the source of
scintillation during daytime, particularly in the vicinity
of dip equator.

Conclusions
Comprehensive characteristic study of daytime GHz scintillations in the vicinity of the dip equator, for the first
time, shows that the occurrence of daytime GHz scintillation consistent with a scenario in which Esb presence is
dictated by the Tsunoda model (Tsunoda 2008), and the
plasma-density irregularities responsible for GHz scintillations seem to be produced by GDI.
Highlights
 Drastic decrease of daytime GHz scintillation at the

dip equator.
 Daytime GHz scintillation in the vicinity of the

magnetic dip equator shows seasonal dependence.
 Occurrences of daytime GHz scintillation over the

dip equator are consistent with the presence of Esb
according to the sporadic E transport model by
Tsunoda (2008).
 The gradient-drift instability appears to be the
source mechanism for daytime GHz scintillation
over the dip equator.
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