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AbSTRACT

The global/seasonal distributions of the scintillation occurrence rate are obtained from the in-situ density measurement 
of the ROCSAT-1 using a modified procedure reported by Wernik et al. (2007). A least-squares curve fitting in the optimal 
trust region is used to obtain the spectral slope for the density irregularity structure and the outer scale of the scintillation. The 
distribution of the S4 index for the weak scintillation (S4 < 0.3) is almost identical to that of the equatorial irregularity distri-
bution reported in the literature. However, as the scintillation becomes stronger (0.3 < S4 < 0.6), the latitudinal distribution 
moves to the equatorial ionization anomaly (EIA) region. In addition, the distributions of the outer scale values that are useful 
for the study of the physical evolution of the irregularity structure are also obtained. The occurrence distribution of scintilla-
tion activity with several parameters such as dip-latitude, longitude, local time, solar activity, and geomagnetic activity during 
different seasons are presented and discussed in this paper.

Key words: Equatorial irregularities, Scintillations, Outer scale and S4-index
Citation: Liu, Y. H., C. H. Liu, and S. Y. Su, 2012: Global and seasonal scintillation morphology in the equatorial region derived from ROCSAT-1 in-situ 
data. Terr. Atmos. Ocean. Sci., 23, 95-106, doi: 10.3319/TAO.2011.06.30.01(AA)

1. InTRODuCTIOn

The prior knowledge of current ionospheric conditions 
and the probability of scintillation occurrences are very im-
portant for various practical applications in communication 
and navigation systems at low latitude regions where scintil-
lation is severe. If the probability of an occurrence and inten-
sity rate is made available, then a system designer can have 
a reference to evaluate and design a system with a proper 
propagating channel passing through the ionosphere.

Scintillation morphology describing the scintillation 
occurrence rate at different geo-locations can be used for 
practical applications and understanding the physics of the 
development of irregularities. There are some studies which 
summarized the variation of scintillation occurrence rate 
from the morphology derived from the ground observations 
in the past. Aarons (1982) illustrated variations of the glob-
al scintillation phenomenon. In equatorial scintillation, the 

characteristics of irregularities were shown and variations 
of scintillation occurrence rates with longitude, magnetic 
activity and sunspot cycle were also presented. Basu and 
Basu (1985) summarized various hypotheses and physics 
of developing scintillation occurrence rates correlated to 
latitude and longitude in the equatorial region. In addition, 
the structure of the irregularity that causes scintillation and 
the modeling results were illustrated. Tsunoda (1985) used 
observations of equatorial scintillation at sunset at differ-
ent locations to derive the hypothesis that the occurrence 
of scintillation peaks when the solar terminator is nearly 
aligned with the magnetic flux at a given longitude. In Basu 
et al. (1988), the mechanism causing variations in scintilla-
tion occurrence rates with solar activity was reported from 
the construction of scintillation morphology during solar 
maximum and minimum periods according to signal fade 
on the ground. In addition, the hypotheses in developing the 
longitudinal variation of scintillation occurrence rate around 
the equatorial region were discussed in Aarons (1993). 
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There are empirical scintillation models which have 
been developed in coordination with global scintillation ob-
servations (Aarons 1982). Currently, Wideband ionospheric 
scintillation model (WBMOD) is the most popular climato-
logical scintillation model which is divided into two groups, 
the propagation model and the environment models. The 
propagation model is a phase screen model provided by Rino 
(1979) and environment models describe the spatial distri-
bution of parameters required by the propagation model and 
their temporal variations from an analysis of scintillation 
data and other data sets. The output of WBMOD provides 
a global prediction of scintillation activity as a function of 
radio frequency, day of year, time of day, geographic lati-
tude and longitude, sunspot number and magnetic activity 
(Aarons 1982; Secan et al. 1995, 1997; Wernik et al. 2003). 
In Li and Liu (2004), the value of the scintillation index 
from WBMOD is used to evaluate the effect of ionospheric 
scintillation on the bit error rate performance for a specific 
system. However, there are some studies that report some 
disagreement with the prediction of scintillation activity in 
some regions (Cervera et al. 2001).

Therefore, this study is intended to refine the construc-
tion of global/seasonal/local-time scintillation occurrence 
distributions at low latitudes from in-situ satellite measure-
ment data. In the past, there were case studies on the model-
ing of scintillation occurrences. Basu et al. (1976) noted that 
the OGO-6 ion density measurement and power law phase 
screen model with some assumed geophysical parameters 
are used to derive the occurrence rate of the VHF scintilla-
tion in winter. Wernik et al. (2007) provided a scintillation 
climatological model using the density observations from 
the DE2 satellite to derive the Northern Hemisphere high 
latitude scintillation distribution by a closed form expres-
sion of the phase screen theory provided by Rino (1979) 
with the ionospheric thickness and height derived from the 
IRI-95 model. In the present study, we use ion density mea-
surements from the ROCSAT-1 satellite operating during 
high solar activity periods around the equatorial region to 
derive the scintillation distribution which can complement 
the model proposed by Wernik et al. (2007). 

Because of a close relationship between an irregularity 
and scintillation (Wernik et al. 2003, 2007), we can obtain a 
scintillation occurrence rate from irregularity structures. For 
the radiowave frequency in the L band communication and 
GPS systems, we can safely assume that the wave has weak 
refraction in the ionospheric layer and only the phase is dis-
torted. Therefore, the phase screen theory is adopted to ob-
tain the scintillation index S4 from the in-situ measurement 
of ion density from the ROCSAT-1. In addition, we have 
used a modified approach to obtain the spectral index of the 
density irregularity structure that is slightly different from 
what was reported in Wernik et al. (2007). In this modified 
approach, we are able to obtain the outer scale from each 
fitting of the irregularity structure. Thus the distribution of 

the outer scale related to the scintillation is also included in 
the current study.

The objective of this paper is to apply the optimum 
method, a least-squares curve fitting in the trust region, to 
derive the spectral index and outer scale to calculate the scin-
tillation index from the phase screen model. The statistical 
distribution of the outer scale from the in-situ measurement 
data can be used to compare with many values presented in 
previous reports (Basu et al. 1976; Yeh and Liu 1977; Rino 
and Owen 1984)

2. ThE SCInTIllATIOn ThEORy MODEl

Under the conditions of forward scattering and Fresnel 
approximation, phase screen theory assumed that the ion-
osphere is a thin phase changing screen which modifies 
only the phase of the radio wave traversing through the 
ionospheric layer (Yeh and Liu 1982; Bhattacharyya et al. 
1992). Therefore, it establishes a relationship between the 
spatial variation of the ionospheric electron density and the 
scintillation received on the ground.

Rino (1979) presents a close form expression for the 
scintillation index from one-dimensional spectral density 
function (SDF) of the in-situ measured electron density that 
is given by Wernik (2007)
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where p is the one-dimensional spectral index, q 20 0r m=  
is the outer scale wave number and λ0 is the outer scale. Vp is 
the effective probe velocity derived from V V CVp

T2 = v v  where 
Vv  is the true velocity of the probe in the reference coordinate 
system. C is a matrix of irregularity elongation parameters, 
magnetic dip angle and inclination angle of the transverse 
irregularity axis (Rino and Fremouw 1977). The turbulence 
strength parameter at the satellite height, Cs, is given by the 
following equation (Rino 1979; Wernik 2007),
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where Ne
2D  is the variance of electron density acquired by 

the probe onboard the satellite. The scintillation index S4 is 
then obtained from
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where re is the radius of the electron, λ is the wavelength 
of the signal propagating through the ionosphere, θ is the 
zenith angle, and Z is the Fresnel zone parameter which is 
described by the following equation

sec
Z
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4
R

r
m i=          (4)

where z zz z zR S S= +^ h is the effective distance in which zS 
is the distance to the satellite and z is the distance to the 
phase screen. The Fresnel filtering factor F in Eq. (3) de-
pends on the anisotropy of irregularities, which is a func-
tion of magnetic local time and geomagnetic latitude (Rino 
1979; Wernik et al. 2007).

As suggested by Wernik et al. (2007), the height of the 
phase screen, the irregularity thickness and the ratio of Cs to 
Csr, the turbulence strength parameter at the screen height, 
C C N N N Nsr s m s m s

2 2D D= =  where Nm is the peak ion 
density and Ns is the ion density at the satellite height, are 
all obtained using the IRI-2007 model. The thickness used 
in the calculation varies from 60 to 80 km, and the height of 
the phase screen is from 300 to 500 km, depending on the 
location and local time of the observation. In the simulation, 
we make some more assumptions on the parameters. The 
wavelength (λ) of the signal is 25 cm. The zenith angle is as-
sumed to be 0 when the wave is the vertical incidence. The 
velocity of the probe (Vp) is 7.6 km s-1. Z is derived from the 
satellite height (600 km) and the height of the phase screen 
obtained from the IRI-2007 model. For the assumption of 
isotropic irregularity, F equals 1.

3. DATA PROCESSInG

ROCSAT-1, a scientific satellite of the Republic of 
China, operated from March 1999 to June 2004 at an alti-
tude of 600 km with a 35° inclined orbital plane. Onboard 
the satellite, Ionospheric Plasma and Electrodynamics In-
strument (IPEI) sampled the ion concentration with a nor-
mal mode at 32 Hz, and a fast mode at 1024 Hz.

Su et al. (2006) have used the 1-s averaged density data 
from ROSCAT-1 to calculate the distribution of irregularity 
occurrence rates at different local times, seasons, latitude 
and/or longitude, magnetic disturbance index and solar ac-
tivity. Following the study of Su et al. (2006), the irregulari-
ties are identified in each 8-s segment of data by the follow-
ing auto-search algorithm for the FFT processing
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where the ni is the 1-s averaged ion density and noi is the 
linearly fitted value at the ith data point. σ is the fluctua-

tion character of the ion density in a 8-s segment of data 
stream. When σ is larger than a pre-defined threshold such 
as greater or equal to 0.3, for example, it will be regarded 
as an irregularity structure. Thereafter, we use FFT to per-
form a spectral analysis for the identified segment with the 
original 32 sampled data points. First, the data segment is 
linearly detrended and the Hanning window is added for en-
ergy leakage in the spectrum.

In the following data process, we have modified the 
procedure used by Wernik et al. (2007) by substituting the 
Cs value in Eq. (1) with Eq. (2). Then P fs i^ h becomes a func-
tion of electron variance Ne

2D , the outer scale (λ0) and the 
spectral index (p), as seen in Eq. (6),
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In fitting Eq. (6), we treat Ne
2D , p and λ0 as variables to be 

obtained from the fitting process. However, the Ne
2D  ob-

tained directly from the variance of the spectrum is slightly 
different from the fitted density variance, N *

e
2D , obtained 

from the curve fitting of Eq. (6). The reason is that there 
exists a normalization factor between the powers in the fre-
quency and time domain.

The trust region method is one of the algorithms in the 
optimization theory which provides the best solution under 
pre-defined conditions. In the algorithm, there are several 
adjusted parameters such as size of the region, moving di-
rection of fitting and convergence conditions to obtain the 
desired variables during each iteration of the curve fitting 
procedure. We can have a clear picture of the trust region 
method from the flow chart shown in Fig. 1 (Thomas and Li 
1996; Sun and Yuan 2006). In our case, we use Eq. (6) to fit 
the observed spectrum of the density measurement, fy i^ h, 
in the least-squares fitting process to obtain three variables, 
λ0, N *

e
2D  and p. The parameter fi is determined by the 

sampling rate of density measurement, and the initial trust 
regions for the three variables are as follows: an outer scale 
λ0 between 1 ~ 500 km, spectral index p between 1 ~ 4 and 
log N *

e
2

10 D^ h between the measured value in the 8-s data 
segment of log N 2*

e10
2 !D^ h .

Equation (6) is fitted in the log-log scale of SDF for 
the ion density within the frequency 7.6 Hz to avoid noise 
contamination in the high frequency range. The procedure 
is illustrated in Fig. 2. The top panel shows the 8-s data seg-
ment in time series with a linear trend added, the second 
panel is the detrended data with the Hanning window, and 
the bottom panel shows the fitted curve to the spectrum.

After the curve fitting, we obtain the turbulence strength 
parameter to calculate the scintillation index S4 from Eqs. 
(2) and (3). Wernik et al. (2007), on the other hand, used 
the spectrum of the ionospheric electron density from the 
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Fig. 1. The flow chart for the trust region method.

Fig. 2. Example of ion density measurement from ROCSAT-1 and the 
sample of data processing procedure with the fitted parameters, p = 
1.31, λ0 = 30.6 km and N

*
e

2D  = 7.69 × 1020 m-6.

Dynamics Explore 2 (DE2) in the frequency band of 1 - 
20 Hz to derive the spectral index under the condition of 
f V q2 >>p 0r . The turbulent parameter Cs is then estimated 

from Eq. (1) at several chosen frequencies from the fitted 
spectrum. However, it is noted that from the outer scale dis-

tribution in Fig. 3 obtained in the current study, some outer 
scales will violate the condition, f V q2 >>p 0r .

4. RESulTS AnD DISCuSSIOn 
4.1 Distributions of the Spectral Index 

The spectral index of density variation is an important 
parameter indicating the power distribution of ionospher-
ic density turbulence over different scales. Kil and Heelis 
(1998) used the AE-E satellite measurement to get the spec-
tral index to show the different types of spectrum between 
the irregularity at low and high altitudes. The energy cas-
cading process of the irregularity structure can depend on 
the local time. According to Eqs. (1), (2), and (3), it is noted 
that the spectral index does play a vital role in determining 
the scintillation index.

Figures 3a and b show the distributions of spectral in-
dex for dip latitude of ≤ 20° and > 20°, respectively. The 
results are obtained for all scintillation indices S4 ≤ 0.6 dur-
ing period from 2000 to 2003. The variation of the spectral 
index as a function of dip latitude is shown in Fig. 3c, and 
of local time, in Fig. 3d. To meet the assumption of weak 
scintillation in the phase screen model, we use the data of  
S4 ≤ 0.6 in our analysis. The distributions of the spectral 
index in Figs. 3a and b appear as a normal distribution but 
skew to smaller values. The distribution peaks at about 1.6 
~ 1.8 for dip latitude ≤ 20°, but increases to 1.8 ~ 2.0 for 
dip latitude > 20°. While in Wernik et al. (2003), the rocket 
measurements show a considerable scatter of spectral indi-
ces with an average value of p = 1.7 at frequencies below 
60 Hz. The variation of spectral index with the dip latitude 
(Fig. 3c) is symmetrical with respect to the dip equator and 
increases with the dip latitude. The variation of the spectral 
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Fig. 3. (a) (b) The distributions of the spectral index obtained from 
curve fitting to the scintillation spectra of 223061 8-s scintillation data 
segments for dip latitude ≤ 20° and > 20° during the period from 2000 
to 2003. (c) Variation of spectral index as a function of dip latitude. (d) 
Variation of the spectral index as a function of local time.

Fig. 4. Distributions of the outer scale in the regions of dip latitude ≤ 
20° and > 20°.

index with the local time (Fig. 3d) indicates that the spec-
tral index decreases before 2000 LT, then increases after  
2100 LT.

4.2 Distributions of the Outer Scale 

The outer scale reflects the largest scale in the irregu-
larity structure that drives scintillation. Several earlier stud-
ies have considered a value of 5 - 20 km for the outer scale. 
For example, Basu et al. (1976) assumed the outer scale 
to be 20 km in their investigation; whereas, Yeh and Liu 
(1977) took the value of 10 km for the outer scale. Rino and 
Owen (1984) reported that a realistic number for the outer 
scale of ionospheric irregularities is effectively 10 - 20 km. 
Wheelon (2001) has indicated that a value of 5 to 20 km can 
be assumed for the outer scale. Further, Kelly (1989) sum-
marized that several possible procedures that develop the 
equatorial irregularities are classified by the scales spanning 
at least six orders of magnitude in a spectrum.

Therefore, with a view to further examine the outer 
scale distribution of ionospheric irregularities in the low and 
mid latitudes, the distributions of outer scales are construct-
ed and presented in Fig. 4. In this figure, the upper panel 
shows the outer scale distributions in the region for the dip 
latitude ≤ 20°, while the lower panel is for the region of dip 
latitude > 20°. The largest occurrence rate in the outer scale 
distribution for the dip latitude ≤ 20° is smaller than 25 km 
and the occurrence distribution exhibits an exponential de-
cay towards the larger values. According to the hypotheses 
presented by Kelly (1989), the scale smaller than 20 km is 
dominated by GRT instability. However for the dip latitude 
> 20°, the value of the largest occurrence rate is from 25 to 
50 km. The reason for a shift in the outer scale in the two 
latitudinal regions could be due to the fact that the physical 
mechanisms for the bubble evolution process in the low lati-
tude and mid-latitude regions are different. It is also noted 
that, though not shown here, the variation of the outer scale 
is independent of local time and solar activity.

It should be noted that the outer scale derived from the 
turbulent theory shows the physical meaning of the irregu-
larity evolving mechanism. Considering the calculation of 
the scintillation index, the phase screen approach is appli-
cable under the weak scintillation which is dominated by 
the density fluctuation around the Fresnel scale. Because the 
outer scale is larger than the Fresnel scale at the frequency 
of our interest, the Fresnel filtering will remove any effects 
of the outer scale on the intensity scintillation (Rino 1979). 
Thus, the phase screen approach is valid regardless of the 
size of outer scale.

4.3 The Seasonal/latitudinal/local-Time Distributions 
of Scintillation Occurrences

The equatorial scintillation activity is controlled by 

(a)

(b)

(c)

(d)
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several factors, such as local time, dip-latitude, longitude, 
solar activity as well as geomagnetic activity. All these fac-
tors have been studied for several years in the past. Here 
we present the global distribution of scintillation activity 
from 2000 to 2003 in local time versus the dip latitude in 

Fig. 5, and separated in four seasons in Fig. 6. Since Aar-
ons (1982) mentioned that the weak and strong scintillations 
can be classified as below and above the 9 dB level in the 
received signal fluctuation, respectively, we thus choose S4 
= 0.3 which is equivalent to 6 dB to separate the scintillation 

Fig. 6. The seasonal variation of the dip-latitude/local-time distributions of L-band scintillation occurrence rates for S4 ≤ 0.3 and 0.3 < S4 ≤ 0.6.

Fig. 5. The dip latitude/local-time variations of L-band scintillation occurrence rates for S4 ≤ 0.3 and 0.3 < S4 ≤ 0.6.
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intensity as weak or strong for the purpose of illustration. 
Because the close relationship between the scintillation and 
the ion density variance, the average value of variance for S4 
= 0.3 is found to be 2 × 1022 m-6. This implies that the scintil-
lation levels for S4 ≤ 0.3 and 0.3 < S4 ≤ 0.6 will be equivalent 
to the ion density variance, ≤ 2 × 1022 m-6, and between 2 × 
1022 and 6.35 × 1022 m-6, respectively.

The global scintillation shown in Figs. 5 and 6 are then 
separated into left and right panels for the cases of S4 ≤ 0.3 
and 0.3 < S4 ≤ 0.6, respectively. It should be noted that the 
color bar that indicates the occurrence rate of scintillation 
with 0.3 < S4 ≤ 0.6 has been scaled down to one-fifth of the 
occurrence rate for the weak scintillation of S4 ≤ 0.3. This 
is done to enhance of the contrast of the occurrence rate in 
the case of 0.3 < S4 ≤ 0.6. Even at first blush, these figures 
reveal several important features. First, the distributions are 
symmetrical with respect to the dip equator and occur with-
in the dip latitude ±20°. Second, the maximum occurrence 
rate for the case of S4 ≤ 0.3 is located at the dip equator. 
However, as the scintillation increases, as in the case of 0.3 
< S4 ≤ 0.6, the minimum appears at the magnetic equator 
and the maximum shifts to around the dip latitude ±15°, at 
the equatorial ionization anomaly (EIA) crest region. Third, 
the occurrence rates are high in the two equinoxes, moder-
ate during the December solstice and low during the June 
solstice.

For the case of S4 ≤ 0.3, it should be noted that the onset 
time of scintillations delays from the dip equator to higher 
dip-latitude region. Moreover, the scintillation occurrence 
starts from around 1900 LT and extends up to 0200 LT and 
then fades away as the local time advances. It can also be 
noticed that during the June solstice the occurrence rate of 
scintillation is lower than the other three seasons, and the 
onset is also later than the other three seasons.

For the case of 0.3 < S4 ≤ 0.6, the maxima of the scin-
tillation activity is mainly located around ±15° dip latitude. 
Further, the scintillation occurrences for the case 0.3 < S4 

≤ 0.6 also start at 1900 LT but fade away earlier around 
2200 LT. The occurrence rate is maximum in Equinoxes 
and lower in June solstice. During the March equinox, the 
occurrence rate has an asymmetric distribution between the 
two hemispheres with slightly higher occurrences in the 
northern hemisphere than in the southern hemisphere.

Basu et al. (1988) have also shown that the occurrence 
of L-band scintillation is high around the dip equator dur-
ing the pre-midnight hours, and the occurrence of intense 
scintillations (0.3 < S4 ≤ 0.6) maximizes around ±15° dip 
latitudes because of the highest levels of ambient electron 
densities at the EIA crest regions. Hence, the results pre-
sented here are consistent with the earlier reports by Basu 
et al. (1988).

4.4 The Seasonal/latitudinal/longitudinal Distribu-
tions of Scintillation Occurrences

Figure 7 illustrates the latitudinal/longitudinal distribu-
tions of scintillation occurrence rates for the cases of S4 ≤ 
0.3 (left panels) and 0.3 < S4 ≤ 0.6 (right panels), and Fig. 8  
shows the seasonal variation of the latitudinal/longitudinal 
distributions. Here, the occurrence rates are computed for 
each 5° × 5° latitude and longitudinal bins. In Fig. 7, the 
maximum occurrence rate is around 0° longitude for S4 ≤ 0.3, 
and the peak occurrence rate shifts to the EIA crest regions 
for 0.3 < S4 ≤ 0.6. during the seasonal variation displayed 
in Fig. 8, the maximum occurrence rate during the March 
equinox takes place around 0° longitude for the case of S4 
≤ 0.3. During the June solstice and September equinox, the 
region of maximum occurrence rate is from 0° to 60° lon-
gitude, while during the December solstice, the maximum 
occurrence rates are located from -60° to 0° longitude. Basu 
et al. (1976) have also reported that a higher occurrence rate 
of the VHF scintillation ranges from -60° to 0° in longi-
tude in the winter period from the OGO-6 measurements 
in the year 1969 to 1970. In Su et al. (2006), the variation 

Fig. 7. The dip-latitude/longitude variations of L-band scintillation occurrence rates for S4 ≤ 0.3 and 0.3 < S4 ≤ 0.6.
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of irregularity occurrence rates in longitude is concentrated 
from -60° to 60° in longitude, and is symmetrical with re-
spect to the dip equator. We can see a similar variation of 
scintillation occurrences for the case of S4 ≤ 0.3 in Fig. 8. 
The reason for shifting the occurrence rate distribution in 
longitude in different seasons should come from the align-
ment of sunset terminator and magnetic meridian as was 
proposed in a model by Tsunoda (1985). The scintillation 
maximizes at the time of the year when the solar terminator 
is almost aligned with the magnetic flux tube. Even for the 
case of 0.3 < S4 ≤ 0.6, the occurrence rate peaks at the EIA 
crest regions, the seasonal shift for the region of maximum 
occurrence is still similar to the case of S4 ≤ 0.3.

4.5 Dependence on Solar Activity

The annual mean values of the F10.7 solar flux indices 
for the years 2000, 2001, 2002 and 2003 are 180, 181, 180 
and 129, respectively. Here we average the data for the 
years from 2000 to 2002 to plot the occurrence rate distribu-
tion for the high solar activity years, and consider the year 
2003 as the lowest for solar activity. The upper two panels 

in Fig. 9 show the scintillation occurrence rates during the 
high solar activity, and the lower two ones are for the me-
dium solar activity. It is obvious that the occurrence rate 
in the high solar activity period is much higher than that in 
the medium solar activity period for both cases of S4 ≤ 0.3 
and 0.3 < S4 ≤ 0.6. Basu and Basu (1992) stated that the 
density amplitude ( N ND ) does not vary much with the 
solar activity but the background density in the solar maxi-
mum period is at least 10 times of that in the solar minimum 
period. Therefore, scintillation activities are enhanced due 
to the increased background ionization density during the 
higher solar activity period.

4.6 Dependence on Geomagnetic Activity

The effects of geomagnetic activity on the occurrence 
of scintillations have been studied using the observations in 
the year 2000. In this analysis, Kp = 3 is used to separate the 
condition of magnetic fields disturbed against quiet periods. 
Figures 10a and b show the variation of scintillation occur-
rence rates for quiet and disturbed periods, respectively. 
Comparing Fig. 10a against Fig. 10b, it is seen that for the 

Fig. 8. The seasonal variation of the dip-latitude/longitude distributions of L-band scintillation occurrence rates for S4 ≤ 0.3 and 0.3 < S4 ≤ 0.6.
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case of S4 ≤ 0.3, the occurrence rate during quiet periods is 
higher and concentrated in some local regions (from longi-
tude 60° to -60°) than that during the disturbed periods. The 
location with the high occurrence rate is almost the same 
in every season. However, during the winter solstice, un-
der magnetically disturbed times the location of high oc-
currence rate shifts close to longitude -120°, and the lower 
occurrence rate seems to scatter in longitude.

For the case of 0.3 < S4 ≤ 0.6, the high occurrence rate 
appears to occur along the EIA region in the magnetically 
quiet time. However, the high occurrence rate seems scat-
tered within the dip latitude < ±20° in the magnetically dis-
turbed time. Therefore, it seems that the scintillation occur-
rence rate will be higher during the magnetically disturbed 
times than that during the magnetically quiet times at the 
location of longitude 20° and dip latitude 0° in the figure of 
the March equinox. Moreover, it seems that the magnetic 
activity plays a role in decreasing the scintillation occur-
rence rate at the location of longitude 0° and dip latitude 18° 
during the magnetically disturbed period (Fig. 10b).

Figure 11 shows the variation of scintillation occur-
rence rate in latitude and local time under different magnetic 
conditions. The upper two panels show the scintillation oc-
currence under the magnetically quiet time, and in the lower 

two panels, under the disturbed time. Comparing the cases 
of magnetic activities, we can observe more scattering and 
smaller occurrence rate distributed in some latitude after 
midnight in the case of Kp ≥ 3.

5. COnCluSIOn

The in-situ satellite measurements of ion density pro-
vide a great database for scintillation study with its global 
coverage and high sampling rate. The work presented here 
is to show the scintillation climatological model from the 
density measurement around the equatorial and low latitude 
regions during the years 2000 to 2003 when the solar activ-
ity is high. There exist some limitations in this model as 
mentioned in Wernik et al. (2007), such as the peak density, 
the peak height, and the irregularity layer thicknesses are 
not observed. Furthermore, the assumption of isotropic ir-
regularity is used in the phase screen theory. 

The scintillation level derived by the curve-fitting 
method is similar to that of Wernik et al. (2007) except that 
the work of Wernik et al. is for the high latitude region. 
Therefore, the current report can complement Wernik et al. 
in the latitudinal distribution. It should also be noted that 
the two studies are conducted under different solar activity  

Fig. 9. The distributions of L-band scintillation occurrence rates under different solar activities.
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Fig. 10. (a) The seasonal variation of the dip-latitude/longitude L-band scintillation occurrence rates of S4 ≤ 0.3 and 0.3 < S4 ≤ 0.6 under magneti-
cally quiet times. (b) The seasonal variation of the dip-latitude/longitude L-band scintillation occurrence rate of S4 ≤ 0.3 and 0.3 < S4 ≤ 0.6 under 
magnetically disturbed times.

(a)

(b)
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Fig. 11. The dip-latitude/local-time L-band scintillation occurrence rates of S4 ≤ 0.3 and 0.3 < S4 ≤ 0.6 under different geomagnetic activities.

periods. Nevertheless, the two scintillation models could 
be incorporated to study the effect of scintillation for the 
system designer to study the spaced-borne and ground tech-
nological system with the propagation channel through the 
ionosphere.

In the past, the value of an outer scale used in the study 
of scintillation is almost a purely theoretical consideration. 
The distribution of an outer scale obtained in this paper is 
from in-situ measurements of density irregularities. Thus it 
should be valuable for future study of scintillation occur-
rences.

In the future, the relationship among the outer scale, S4, 
spectral index, N Ne eD  (or ΔNe) should be studied.
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