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This study presents the diurnal and seasonal variations of slab thickness at the equatorial magnetic latitudes
in Thailand during 2004–2006, corresponding to the declining part of low solar activity. The GPS-derived total
electron content (TEC) and the maximum electron density of the F-region (Nm F2 ) are used to compute the
slab thickness (τ ) at the Chumphon station (10.72◦ N, 99.37◦ E), located near the magnetic equator. The results
show that large peaks of slab thickness exist during the pre-sunrise hours in all three seasons at Chumphon when
compared with other latitudes. The maximum value of slab thickness occurs when the peak electron density in the
F2 region is at the lowest level. During daytime, the slab thickness ranges from 200 kilometers to 580 kilometers
for all seasons. During nighttime, the maximum value of slab thickness is 1250 kilometers in the summer of
2004. Moreover, the diurnal variation shows two minima that appear around 0900 LT and 1900 LT, during the
post-sunrise and sunset hours. The seasonal variations show that the average slab thickness daily value is greater
during summer and winter than those during equinox. Our study finds that the slab thickness at Chumphon
located near the equatorial latitude is much larger than those found at low, mid, and high latitudes. The difference
in slab thickness between the equatorial latitude and other zones is explained by the lack of plasma flow from the
plasmasphere to the F2 region at the magnetic equator.
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1.

Introduction

Recent developments in satellite technology have resulted in the improvements in the observation of ionospheric variability. Measurements of the ionospheric total
electron content (TEC) are useful for determining the delay of a radio signal transmitted from a global positioning
system (GPS) satellite to a ground receiver (Goodwin et al.,
1995). In this study, the diurnal, seasonal, and solar activity
variations of the ionospheric slab thickness (τ ) are investigated by using the GPS signals in the equatorial ionization
anomaly (EIA) region.
Ionospheric slab thickness is defined as the ratio of TEC
to the maximum electron density of the F-region (Nm F2 ),
proportional to the square of the F2 -layer critical frequency
( f o F2 ). The ionospheric slab thickness is a significant parameter since it includes information regarding both the top
and bottom sides of the ionosphere. Ionospheric slab thickness may also be regarded as the depth of an imaginary
ionosphere that has the same TEC as the actual ionosphere
and a uniform electron density that is equal to the maximum
electron density of the actual ionosphere (Chuo, 2007). The
study of slab thickness has been carried out by researchers
(e.g., Bhonsle et al., 1965; Huang, 1983; Bhuyan et al.,
1986; Davies and Liu, 1997; Gulyaeva et al., 2004; Jin et
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al., 2007). They have found that the diurnal, seasonal, and
solar activity variations of the slab thickness show significant dependence on the location of the observing station.
During 1996–1999, corresponding to half of the 23rd solar cycle, the average daily value of the seasonal variations
is greater during summer, and the reverse is true during
equinox in the equatorial ionization anomaly (EIA) region.
The slab thickness values are in general greater during the
daytime (0800–1600 LT) and nighttime (2000–0400 LT) for
summer and winter than other times. A significant systematic diurnal change of TEC, Nm F2 , and slab thickness takes
place at all seasons. The higher values of TEC and Nm F2
were observed during the equinoxes (semiannual anomaly)
as well as in mid-daytime. Titheridge (1973) attributed the
pre-sunrise peak in slab thickness to the downward movement of the ionosphere when the neutral winds that maintain the ionosphere decrease in velocity or reverse direction. The early morning peaks in slab thickness may appear due to the fact that sunrise is earlier at heights above
the F2 -layer causing some production at the topside, tending to give TEC a lead over Nm F2 which is still decaying.
For example, at low-latitude, the study indicates the occurrence of a pre-sunrise peak in the slab thickness at about
239–344 kilometers. At mid-latitude, the slab thickness
is about 250–600 kilometers and at high-latitude, the slab
thickness can reach 1100 kilometers during high solar activity (Iwamoto et al., 2002). In addition, Jayachandran
et al. (2004) presented the slab thickness during the solar
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maximum and minimum phases of solar activity. Hourly
values of TEC and Nm F2 at Hawaii (low-latitude), Boulder
(mid-latitude), and Goosebay (high-latitude) are used in the
study. This study shows that the variations of the slab thickness depend on the observing locations. From ionospheric
height variations at the magnetic equator that are magnetic
conjugate in the same magnetic meridian, it is possible to
distinguish the electric field and meridional neutral wind
effects with their polarity, transequatorial southward, northward, equatorward, or poleward (Maruyama, 1996).
Variations of TEC, Nm F2 , and slab thickness parameters
are presented in this paper. The data are obtained from
Chumphon station, a part of the South East Asia Low Latitude Ionosphere Observation Network (SEALION) which
is a joint project among the following institutions and countries: National Institute of Information and Communications Technology (NICT), Japan, King Mongkut’s Institute of Technology Ladkrabang (KMITL), Thailand, Chiang Mai University (CMU), Thailand, National Institute of
Aeronautics and Space (LAPAN), Indonesia, Hanoi Institute of Geophysics (HIG), Vietnamese Academy of Science and Technology, Vietnam, Center for Space Science
and Applied Research (CSSAR), Chinese Academy of Sciences, China, and Kyoto University, Japan. These stations
observe, monitor, and forecast the ionospheric variation in
the Asia Pacific region near the magnetic equator. The measured data from 2004–2006 are analyzed based on the diurnal, monthly, and seasonal variations. Furthermore, the diurnal and seasonal variations of slab thickness at Chumphon
are presented, discussed and compared with those observed
at other latitudes.

2.

Observations and Methods

The variation of slab thickness during the low solar activity period of 2004–2006 can be obtained from the relationship between TEC and f o F2 values. The TEC data collected
from the GPS receiver and f o F2 are measured from the frequency modulated continuous wave (FMCW) ionosonde.
Both parameters are from Chumphon, KMITL, located at
longitude 99.30◦ E and latitude 10.70◦ N, Thailand. The
magnetic latitude for Chumphon station is 3.22◦ N, close to
the equatorial magnetic latitude. Nm F2 is the peak electron
density in the F2 -region (electron/m3 ), computed using the
expression (Goodwin et al., 1995).
Nm F2 = 1.24 × 1010 ( f o F2 )2 ,

Meter works when it continuously receives from 4 to 12
GPS signals that will lead to the computation of the slant
TEC (STEC) values.
The STEC from a satellite to a receiver can be obtained
from the difference between the pseudoranges (P1 and P2 ),
and the difference between the phases L 1 and L 2 of the two
frequencies (Blewitt, 1990) shown as Eqs. (2) and (3)
STEC =

2 ( f 1 f 2 )2
 (P2 − P1 ) ,

k f 12 − f 22

(2)

STEC =

2 ( f 1 f 2 )2
 (L 1 λ1 − L 2 λ2 ) ,

k f 12 − f 22

(3)

where k, related to the ionosphere refraction, is 80.62
(m3 /s2 ), λ1 , and λ2 are the wavelengths corresponding to
f 1 and f 2 , respectively.
The VTEC, in 1/m2 , is computed from (Ma and
Maruyama, 2003)
VTEC = STEC × cos χ.
The zenith angle χ is given by


RE cos α
χ = arcsin
,
RE + h

(5)

where α is the elevation angle of the satellite, RE is the mean
radius of the Earth, and h is the height of the ionospheric
layer, which is assumed as 400 kilometers.
In order to derive the absolute TEC, the satellite and
receiver biases need to be included in Eq. (4) (Ma and
Maruyama, 2003) as
TEC = (STEC − bs − br ) × cos χ,

(6)

where bs is the estimated satellite bias determined from
GEONET, a GPS Earth Observation Network set up by
the Geographical Survey Institute (GSI) of Japan, which
has more than 1000 GPS receivers spreading over Japan
(Miyazaki et al., 1997), br is the estimation of bias for a
single receiver which is calculated based on the minimum
standard deviation method (Ma and Maruyama, 2003).
TEC and Nm F2 can be used to compute the variation of
slab thickness in kilometers (Goodwin et al., 1995). The
slab thickness can be calculated as

(1)

where f o F2 is in MHz, and Nm F2 in m−3 . The f o F2 is
obtained from the ionograms recorded at a cadence of 15
minutes.
The TEC is the total electron content (# of electrons/m2
= TECU) in a vertical column of 1 m2 cross-section
(Goodwin et al., 1995) called a vertical TEC (VTEC). In
the GPS system, every satellite transmits signals at two frequencies, f 1 = 1575.42 MHz and f 2 = 1227.60 MHz. The
GPS-TEC measurement system consists of a microstrip antenna, an amplifier, a TEC Meter, and a computer. The microstrip antenna type is right hand circularly polarized and
receives two GPS signals with f 1 and f 2 . The amplified
signal from the amplifier is then sent to the Javad TEC Meter with embedded GPS receiver. The GPS receiver in TEC

(4)

τ=

TEC
,
Nm F2

(7)

where TEC is in TECU and Nm F2 is in 1/m3 .
The ionosondes continuously transmit radio waves from
2 to 30 MHz and receive echoes from the ionosphere to provide the bottomside plasma density profile every 15 minutes. The data are automatically uploaded to KMITL in
Bangkok to be analyzed. The observation parameters are
summarized in (Saito and Maruyama, 2006). The diurnal
and seasonal variations of slab thickness are investigated for
the years 2004–2006. The period is divided into 3 seasons:
equinox (March, April, September, and October), summer
(May, June, July, and August), and winter (January, February, November, and December).
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Fig. 1. The estimation of bias for a single receiver at Chumphon station, on January 1, 2004 (LT).

Fig. 2. Seasonal variations of GPS-TEC measurements at Chumphon station during 2004–2006 (1 TECU = 1016 electrons/m2 ).

3.

Analysis and Results

3.1 The variation of TEC
Figure 1 shows an example of the STEC values at
Chumphon station on January 1, 2004. The VTEC values can be obtained with the satellite and receiver biases
accounted for. For a single receiver, the receiver bias is estimated to be −6.25 ns, giving the converged TEC curves
with the minimum sum of standard deviation as shown in
the bottom graphs of Fig. 1. We have tested the various
receiver biases on the 5-day average of STEC and TEC values and found the receiver bias ranges between −9.5 ns to
1.5 ns.
Figure 2 shows the diurnal variation of monthly median
values of GPS-TEC measurements for equinox, summer
and winter seasons. The horizontal axis on each graph represents the hourly values at the local time, whereas the vertical axis on each graph shows the TEC values. It can be
seen that for the diurnal variation behavior, TEC values decrease from year 2004 to 2006, with the maximum values
occurring at daytime hours, and the minimum values occurring at nighttime hours. The maximum TEC values in
the equinox and winter are higher than those in the summer during 2004–2006. The minimum values of TEC occur
between 0300 LT and 0500 LT, while the maximum values

occur between 1300 LT and 1800 LT. The peak occurrence
around noontime has the largest values during the equinox
and the lowest values for summer. The plots of the monthly
median values of TEC against local time for Chumphon station for the period from 2004 to 2006 shows strong seasonal
variations, with the largest daytime values occurring in winter of 2004 and the smallest values in summer of 2006.
Figure 3 shows the variation of the monthly median value
of Nm F2 from 2004 to 2006. The Nm F2 values are directly
calculated from f o F2 following Eq. (1). It can be seen that
the daytime values in 2004 are larger than those in 2005
and 2006. The minimum values occur in the winter of 2006
and the maximum values are in the equinox of 2004. The
minimum value of Nm F2 occurs between 0400 LT and 0600
LT, the pre-sunrise hours in all seasons.
3.2 Diurnal and seasonal variation of ionospheric slab
thickness
Figure 4 shows the diurnal variation of slab thickness for
equinox, summer and winter seasons at Chumphon station
from 2004 to 2006. It can be seen that the diurnal variation
of slab thickness pattern follows similar trends during these
three years. During day time, the slab thickness ranges from
200 kilometers to 580 kilometers for all seasons. During
nighttime, the maximum value of slab thickness is 1250
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Fig. 3. Seasonal variations of Nm F2 results at Chumphon station during 2004–2006.

Fig. 4. Seasonal variations of slab thickness results at Chumphon station during 2004–2006.

kilometers for summer in 2004 with the maximum values
occurring at pre-sunrise hours, and the minimum values occurring at nighttime hours. The maximum value of slab
thickness occurs when the peak electron density in the F2
region is at the lowest level. The diurnal variation shows
abnormal peaks during 0300 LT–0500 LT, the pre-sunrise
hours. Furthermore, the diurnal variation shows two minima at 0900 LT and 1900 LT, during the post-sunrise and
sunset hours. The average daily slab thickness is greatest during summer and the lowest value is during equinox
of 2005. In addition, the slab thickness values are greater
during nighttime than those during daytime for all seasons.
Among all three years, the average TEC is lower as the year
goes up, due to the higher solar activity in 2004 than 2005
and 2006, respectively. For all seasons from 2004–2006,
our study confirms the results of Jayachandran et al. (2004)
for the slab thickness variation at low, mid, and high latitude.

times for Chumphon at 2 hours. As the result, we find that
the maximum slab thickness at Chumphon station is higher
than that at Kokubunji station for summer during 2004–
2006. During daytime, the lowest slab thickness variation
is 200 kilometers at Chumphon station while the slab thickness variation reaches 1180 kilometers at Kokubunji station. However, during nighttime, the lowest slab thickness
variation occurs at Kokubunji station but the highest slab
thickness variation peaks, 1250 kilometers, at Chumphon
station. In the equinox, the difference in the maximum slab
thickness between Chumphon station and Kokubunji station
is 200 kilometers. In the summer, the peak difference is as
high as 850 kilometers, while, in the winter, this difference
is about 450 kilometers.
Our study indicates that the slab thickness variation at the
equatorial latitude of Chumphon location is about 200–580
kilometers during daytime for all seasons. However, at low
latitude, the slab thickness variation is about 239–344 kilometers from Jayachandran et al. (2004) and about 160–300
kilometers studied by Gulyaeva et al. (2004). For mid lati4. Comparisons
We also compared slab thickness at Chumphon station tude, the slab thickness variation is about 304–345 kilomein the equatorial latitude with Kokubunji station (35.71◦ N, ters reported by Jayachandran et al. (2004) and about 153–
139.49◦ E) at mid latitude. The results from Chumphon 346 kilometers studied by Gulyaeva et al. (2004). Similarly,
and Kokubunji stations are shown during 2004 to 2006 on for high latitude, slab thickness variation is about 235–351
Fig. 5. In Fig. 5, the dotted line represents the slab thick- kilometers and 143–346 kilometers from Jayachandran et
ness variation at Chumphon station and the solid line is for al. (2004) and Gulyaeva et al. (2004), respectively.
At the equatorial latitude of Chumphon station, the meKokubunji station. The x axis represents for universal time
(UT) and y axis is for TECU at all seasons during 2004– dian diurnal variations of the seasonal slab thickness are at
2006. The local times at Kokubunji station leads those the highest levels during the summer. This result is also
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Fig. 5. The variations of slab thickness at Chumphon (dashed line) and Kokubunji (solid line) during 2004–2006.

found by Chuo (2007) for low latitude and by Jayachandran
et al. (2004) for mid-latitude and high latitude. However,
Gulyaeva et al. (2004) shows that the highest values of slab
thickness at low latitude are at equinox.
We found that the slab thickness at equatorial latitude can
reach 1250 kilometers. On the other hand, the slab thickness at low and high latitude can reach 355 kilometers and
528 kilometers, respectively (Jayachandran et al., 2004). At
mid latitude the slab thickness can reach 1100 kilometers
(Iwamoto et al., 2002).

5.

Discussions

Physical explanations for the observed variations in slab
thickness can be given. The local minimum for f o F2 around
1200 LT is caused by the strong eastward electric field
and the resulting fountain effect. In general, lower TEC
and Nm F2 in the summer as compared to other seasons
are caused by atmospheric composition changes, generally
referred to as the seasonal anomaly (Chuo, 2007). Higher
Nm F2 values and smaller slab thickness in the equinox as
compared to the other seasons around midnight are caused
by the convergent wind toward the equator.
In contrast to the above, in summer and winter, the meridional wind, which is interhemispheric, blows off the bottomside plasma increasing the recombination. A large slab
thickness around 0300 LT–0500 LT can be interpreted as
follows: During the night, chemical recombination proceeds in the lower ionosphere. At mid latitudes, however,

plasma is supplied from the plasmasphere along magnetic
field lines. The equatorial ionosphere on the other hand is
not connected to the plasmasphere by magnetic field lines,
and therefore no plasma replenishment is provided.
The increase in f o F2 and TEC with decreasing slab thickness indicates that TEC increases slower than Nm F2 . It has
been suggested that near the equator, the eastward horizontal electric fields of the atmospheric dynamo in the E-region
were enhanced during the local daytime (Liu et al., 1999).
The enhancement of the eastward electric fields increases
the vertical E × B plasma drift to higher altitudes, and then
diffuses it downward producing the enhanced concentration
during daytime in the equatorial ionospheric anomaly region. Rishbeth et al. (1987) have suggested that thermospheric winds traveling toward the equator, which are driven
by auroral heating, cause the atmospheric composition to
changes such that there is a decrease in f o F2 and TEC.
It is interesting to note that there is an abnormal peak
(1250 km) in the slab thickness during the pre-sunrise period (0300 LT–0500 LT), particularly in summer and winter
for all the solar phases. Two major factors are associated
with this peak at pre-sunrise: electric field and zonal neutral wind. Woodman (1970) reports an enhanced vertical
plasma drift before the sunrise in the F-region at Jicamarca.
In addition, Krishna Murthy et al. (1990) have found that
the meridian neutral wind turns southward at 0300 LT and
reverses at 0500 LT for low latitude, and the southward neutral wind produces the F-layer uplift. Furthermore, Aggson
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et al. (1995) have reported a number of examples of anomalous enhancements of the eastward electric fields during
the period close to sunrise in the equatorial ionospheric Fregion by using the data obtained from an equatorial satellite. Titheridge (1973) has suggested that the pre-sunrise
peak in the slab thickness is due to the downward movement
of the ionosphere, when the neutral winds maintaining the
ionosphere decrease or reverse. The post-sunset increase in
the slab thickness observed during different seasons at low
latitudes (Bhuyan et al., 1986) could be attributed to the
equatorial pre-reversal enhancement caused by the occurrence of a post-sunset strong eastward electric field existing
over equatorial latitudes (Fejer et al., 1979).

6.

Conclusion

Daily, hourly and monthly median data of TEC and f o F2
are obtained from Chumphon station, Thailand, located
near the magnetic equator during 2004–2006. Those data
are used for deriving and analyzing the diurnal, monthly,
and seasonal variations of the slab thickness. Our study
finds that slab thickness at Chumphon located near the
equatorial latitude is much larger than those found at the
low, mid, and high latitudes. The seasonal variations show
that the greatest average slab thickness is during summer
and the lowest value is during equinox. The diurnal variation shows abnormal peaks at 1250 kilometers during 0300
LT–0500 LT, the pre-sunrise hours in the summer of 2004.
During daytime, the slab thickness ranges from 200 to 580
kilometers for all seasons. During nighttime, the value of
slab thickness varies between 200 and 1250 kilometers. In
addition, we investigate the slab thickness variation by making the comparison of slab thickness at Chumphon station
in the equatorial latitude with Kokubunji station in the mid
latitude during 2004–2006, corresponding to the decreasing
part of low solar activity. We found that the maximum ionospheric slab thickness value at Kokubunji is higher than the
maximum value at Kokubunji. The result confirms that the
slab thickness at the equatorial latitude is larger than those
found at mid latitude.
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