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Abstract

The ionospheric slab thickness, the ratio of the total electron content (TEC) to the F2-layer peak electron density

(NmF2), is closely related to the shape of the ionospheric electron density profile Ne (h) and the TEC. Therefore, the

ionospheric slab thickness is a significant parameter representative of the ionosphere. In this paper, the continuous

GPS observations in South Korea are firstly used to study the equivalent slab thickness (EST) and its seasonal variability.

The averaged diurnal medians of December–January–February (DJF), March–April–May (MAM), June–July–August

(JJA) and September–October–November (SON) in 2003 have been considered to represent the winter, spring, summer

and autumn seasons, respectively. The results show that the systematic diurnal changes of TEC, NmF2 and EST

significantly appeared in each season and the higher values of TEC and NmF2 are observed during the equinoxes

(semiannual anomaly) as well as in the mid-daytime of each season. The EST is significantly smaller in winter than in

summer, but with a consistent variation pattern. During 14–16LT in daytime, the larger EST values are observed in spring

and autumn, while the smaller ones are in summer and winter. The peaks of EST diurnal variation are around 10–18LT

which are probably caused by the action of the thermospheric wind and the plasmapheric flow into the F2-region.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The ionospheric slab thickness is defined as the
ratio of the total electron content (TEC) to the
maximum electron density of the F-region (NmF2,
proportional to the square of the F2-layer critical
frequency foF2). It represents the equivalent slab
thickness (EST) of the ionosphere having a constant

uniform density of the F2 peak. The EST has a great
influence on the shape of the ionospheric electron
density profile Ne (h), and is also a convenient one-
parameter summary of the electron density profile
that may be related to the various physical
processes. The ionospheric slab thickness is thus
very helpful in understanding the nature of varia-
tions of the upper atmosphere and is therefore
employed in modelling the ionosphere, such as the
International Reference Ionosphere (IRI) (Bilitza,
2001). In addition, for a Chapman layer, Wright
(1960) showed that the value of EST is equal to
4.13H, where H is the scale height of the ionosphere.
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Furman and Prasad (1973) further testified that
EST generally depends upon the plasma scale
height. Moreover, Titheridge (1973) has found a
relationship between EST and neutral temperature.
Therefore, the EST contains information regarding
the neutral temperature and, for an assumed
electron density profile, can be related directly to
the scale height of the ionizable parameters. Besides,
the EST is a useful parameter in satellite-to-ground
radio communication as the relations between the
EST and the F2-layer peak electron density NmF2
can provide an estimate of TEC and the refraction
and rotation of electric field of the radio wave.

Therefore, the EST is capable of addressing many
useful ionospheric parameters and a study of this
parameter at any location provides information
about the nature of the distribution of ionization.
Over the last five decades, a number of studies have
been performed on the variation of this parameter
under different geophysical conditions (e.g. Bhonsle
et al., 1965; Kersley and Hajeb Hosseinieh, 1976;
Huang, 1983; Davies and Liu, 1991; Minakoshi and
Nishimuta, 1994; Gulyaeva, 1997). However, in the
past, the EST and its variability were generally
studied with several independent data, such as the
TEC from the GOES satellite and the foF2 from the
ionosonde (Jaychandran et al., 2004; Mansilla et al.,
2005), or with other expensive techniques, such as
incoherent scatter radar (Pandey et al., 2001). It
may induce unreliable estimations in EST as each
observation technique has its own feature and
representative. In this paper, the EST and its
seasonal variation are first studied from the most
low-cost and convenient GPS observations in South
Korea. In the following sections, the method of
imaging a 3-D ionospheric structure is addressed in
brief. Results and discussions are given in Section 3
as well as the conclusion in the final section.

2. Observations and methods

The Korean GPS Network (KGN) with �50
permanent GPS sites has been established since
2000 by the Korea Astronomy and Space Science
Institute (KASI), Ministry Of Governmental
Administration and Home Affairs (MOGAHA),
National Geographic Information Institute (NGII),
etc. The spatial resolution of GPS network is
about 20–50 km, which provides high spatial-reso-
lution observations. Since the ionosphere is a
dispersive medium, dual-frequency GPS receivers
(f1 ¼ 1575.42 and f2 ¼ 1227.60MHz) are able to

estimate the ionospheric effect with measurements
of the modulations on the GPS codes and the carrier
phases. The equations of carrier phase (L) and code
observations (pseudorange P) of double-frequency
GPS can be expressed as follows:

Li
k;j ¼ lkf

i
k;j ¼ ri

0;j � di
ion;k;j þ di

trop;j þ cðti � tjÞ � lkðb
i
k;j þNi

k;jÞ,

Pi
k;j ¼ ri

0;j þ di
ion;k;j þ di

trop;j þ cðti � tjÞ þ di
q;k þ dq;k;j þ �

i
j, ð1Þ

where superscript i and subscript j represent the
satellite and ground-based GPS receiver, respec-
tively, k ( ¼ 1,2) is the frequency, r0 is the true
distance between the GPS receiver and satellite, dion
and dtrop are the ionospheric and tropospheric
delays, respectively, c is the speed of light in vacuum
space, t is the satellite or receiver clock offset, b is
the phase delay of satellite and receiver instrument
bias, dq is the code delay of satellite and receiver
instrumental bias, l is the carrier wavelength, f is
the total carrier phase between the satellite and
receiver, N is the ambiguity of the carrier phase, and
e denotes other residuals. After considering all kinds
of possible bias and errors, such as instrument bias
and clock errors, the precise slant TEC (STEC) of a
ray path can be derived from continuous dual-
frequency GPS observations. The STEC is defined
as the line integral of the electron density:

STEC ¼

Z Rsatellite

Rreceiver

Neðl;j; hÞds, (2)

where Ne(l, j, h) is the ionospheric electron density,
l, j and h are the longitude, latitude and height,
respectively. With the STEC of all ray paths, the 3D
ionospheric electron density profiles can be pro-
duced through a tomography reconstruction algo-
rithm, here using the multiplicative algebraic
reconstruction technique (MART) (Raymund et al.,
1990). The tomography reconstruction algorithm
can integrate the data from all available GPS
receivers and all GPS satellites visible from each
of these receivers above a user-specified elevation
cut-off angle (usually 151). The unknown electron
density profile is expressed in 4-D (longitude–
latitude–height and time) voxel basis functions over
the following grid: longitude 124–1301 in 11 incre-
ments, latitude 33–391 in 0.51 increments, altitude
100–1000 km in 25 km increments and time: 1 h
increments of linear change in the electron density
per voxel. Note, here we only consider the iono-
sphere altitude 1000 km due to very sparser ions
over 1000 km, and therefore over 1000 km effects on
the ionospheric electron density profile inversion are
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very small. Furthermore, it is fast to inverse the
unknown ionospheric density parameters because of
reduced unknown variables. Each set of STEC
measurements along the ray paths from all ob-
servable satellites and from consecutive epochs are
combined with the ray path geometry into a linear
expression:

Y ¼ Axþ �, (3)

where A is a matrix relating the ray paths to the
voxels, Y is a column vector containing the observed
STEC values, x is the column vector of unknown
coefficients of the basis functions and e is the
residual. The inversion of this matrix gives the
unknown coefficients of the electron density dis-
tribution from which the vertical electron density or
vertical TEC at any location can be inferred. The
solution is constrained using a priori information
from the IRI-2001 or ionosonde. For more details
about the reconstruction algorithm, the reader
can refer to Gordon et al. (1970) and Raymund
et al. (1990). Here, the priori information uses
the ionosonde observations at Anyang station
(37.391N, 126.951E) in South Korea. The validity
is further verified by comprising the ground-based
GPS tomographically reconstructed electron density
profiles with the independent ionosonde observa-
tions. For more details about the reconstruction
algorithm, the reader is referred to Jin et al. (2006)
and Jin and Park (2007).

Once the TEC and maximum electron density
NmF2 are extracted from GPS measurements, the
EST t, in km, for each hour is computed from the
following relation:

t ¼ TEC=NmF2, (4)

where NmF2 is the maximum electron density of the
F-region in elm�3. The EST is then obtained as a
function of the local time at intervals of 1 h for each
day separately. The averaged diurnal medians
for December–January–February (DJF), March–
April–May (MAM), June–July–August (JJA) and
September–October–November (SON) in 2003 have
been considered to represent the winter, spring,
summer and autumn seasons, respectively. Here
some days with no or bad observation data are not
used.

3. Results and discussion

Ionospheric electron density profiles are obtained
by the GPS tomography reconstruction technique.

Then, we conduct the electron density deviation
analysis of GPS ionospheric reconstruction and
ionosonde observation with respect to the IRI-2001
model. A good ionospheric reconstruction electron
density profile Nreconstructionðl;j; tÞ should give a
good electron density peak Nmax. To assess the
quality, a simple deviation percentage can be
defined as follows:

DNmaxðj; l; tÞ ¼ ½ðNmaxðN1ðj; l; tÞÞ

�NmaxðN2ðj; l; tÞÞÞ=NmaxðN2ðj; l; tÞÞ��100%,

ð5Þ

where N1 and N2 are the electron density profiles of
the GPS-reconstructed NGPS�reconstruction and the IRI
2001-estimated NIRI�2001, respectively, Nmax is the
electron density peak, and DNmaxðj; l; tÞ is the
deviation percentage value of maximum GPS-
reconstructed ionospheric electron density with
respect to the IRI-2001 estimation. The averaged
diurnal percentage variations of the seasonal
median ðDNmaxÞ can be obtained, comprising peak
density deviation percentages as calculated from
GPS reconstruction and ionosonde with respect to
the IRI-2001 over the Anyang ionosonde station
(37.391N, 126.951E) in 2003. It has been shown that
the deviation percentages of electron peak densities
from GPS reconstruction are in good agreement
with the ionosonde in four seasons, but have
systematic deviations with the IRI-2001 model.

In order to check the validity of the IRI-2001 for
predicting the seasonal variation of NmF2, the
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Fig. 1. Averaged diurnal variations of the seasonal median of the

relative deviations of GPS-reconstructed NmF2 with respect to

the IRI-2001 model.
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diurnal variations DNmF2 of GPS reconstruction
with respect to the IRI-2001 model are compared in
winter, spring, summer and autumn as shown in
Fig. 1. It has been seen that the IRI-2001 model
significantly underestimates NmF2 values during
00–07 and 21–24LT in the nighttime for all seasons,
and overestimates NmF2 values from 08 to 20LT in
the daytime for all seasons. Therefore, the empirical
ionospheric model, IRI-2001, cannot accurately
predict the region variation of the ionosphere over
South Korea, and local observation data are
required to study the ionospheric parameters and
their variations. In the following, the TEC, NmF2
and EST and their seasonal variations are investi-
gated using GPS and ionosonde a priori observa-
tions in South Korea. Fig. 2 shows the diurnal
behavior of the seasonal median of the TEC
averaged over three months (season). A significant
diurnal variation is observed for all seasons. The
maximum TEC values arrive at about noon,
between 11 and 14LT. In addition, the larger TEC
values are observed during equinoxes (spring
equinox especially). The so-called winter anomaly
that the daytime TEC value tends to be greater in
winter than in summer is observed over Anyang
station from around 10–12LT, because TEC values
corresponding to winter (DJF) are slightly greater
(about 5–16%) than those of summer (JJA).
However, the nighttime behavior shows that TEC
values are higher in summer than in winter, which
indicates that this phenomenon vanishes at night
near the moderate solar activity in 2003. In addition, the diurnal ratio, as defined by the ratio

of daytime maximum TEC to the nighttime mini-
mum TEC (Essex, 1978), is further compared
(Table 1). It has been shown that the variation
ratio of TEC is smaller in summer and larger in
spring.

Fig. 3 presents the averaged diurnal variation of
NmF2 from GPS tomography reconstruction for
four seasons as in Fig. 1. As in TEC values, greater
NmF2 are observed during the equinoxes (the so-
called semiannual anomaly). This semiannual
anomaly is also supported by the NmF2 ratios (in
Table 1). The NmF2 is higher in winter than in
summer from 08 to 18LT in daytime (about 50% at
11LT), while the NmF2 is opposite during 00–08
and 18–24LT in nighttime. It indicates the existence
of the winter NmF2 anomaly over Anyang station
in 2003. It is well known that in F region the loss
rate of electron density depends mainly on the
molecular nitrogen concentration [N2], with some
contribution from molecular oxygen concentration
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Table 1

Average diurnal ratio of parameters from GPS measurements

over Anyang station

Ratioa Winter Spring Summer Autumn

TEC ratios 3.3 3.5 1.7 2.8

NmF2 ratios 3.4 2.4 1.5 2.2

EST ratios 1.6 1.8 1.9 1.6

aThe diurnal ratio is defined as the ratio of maximum value to

minimum one.
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[O2], while the production rate depends on the
atomic oxygen concentration [O]. The composition
changes are able to sufficiently explain the equinox
anomaly effect of the electron density during the
daytime. These composition changes can be a result
of the asymmetric heating of the two hemispheres,
leading to neutral parameters being transported
from the summer to the winter hemisphere. It was
suggested that the winter anomaly is due to an
increase in the [O]/[N2] ratio caused by the convec-
tion of atomic oxygen from the summer to the
winter hemisphere (Torr and Torr, 1973). This is
supported by the fact that the [O]/[N2] ratio is 2.3
times larger in winter than in summer (Cox and
Evans, 1970). In addition, Torr and Torr (1973) also
suggested that the semiannual anomaly is due to
the semiannual variations in neutral densities
associated with geomagnetic and auroral activity.
Millward et al. (1996), using the coupled thermo-
sphere–ionosphere–plasmasphere (CTIP) model,
showed that the offset of the geomagnetic axis from
Earth’s spin axis is the cause of the semiannual
anomaly of noontime NmF2 in the South American
sector.

Using Eq. (2), the EST was determined from the
GPS-derived TEC and NmF2. Fig. 4 shows the
corresponding diurnal variation of EST in four
seasons. An oscillating hourly variability is ob-
served. A clear diurnal variation as well as
considerable variability is observed. The large
scatter at any fixed local time shows the importance
of significant day-to-day variability of values

between 250 and 580 km. It can also be noted that
the daytime (07–20 LT) EST shows seasonal varia-
tions, with higher values during summer and
equinox as compared to the winter, and their
magnitude of diurnal variation is also reflected by
the EST ratio in Table 1. In addition, the nighttime
(00–07 and 20–24LT) values, however, do not show
significant seasonal variations. During 07–20LT
in daytime, in general the larger EST values are
observed in summer while the smaller ones are ob-
served in winter, and the lower values for all seasons
are observed during 0–07 and 20–24LT in night-
time. The EST is significantly smaller in winter than
in summer, but with a consistent variation pattern.
During 13–16LT, in general the larger EST values
are observed in spring and autumn while the smaller
ones are observed in summer and winter. In
addition, two peaks appear to dominate the EST
diurnal variation around 10–18LT, especially
strong dual peaks in summer. The first peak is
around 10–14LT (pre/postnoon) and the second
peak is around 17–18LT (postsunset). The pre/
postnoon increase in the EST values observed
during the different seasons may be due to the
downward movement of the ionosphere when the
neutral winds change (Titheridge, 1973). The post-
sunset enhancement in the EST values could be
primarily due to the field-aligned plasma flow from
the protonosphere to the ionosphere and the
secondary fountain effect caused by the postsunset
occurrence of a strong eastward electric field existing
over the equatorial latitudes (Bhuyan et al., 1986;
Balan and Bailey, 1995). The whole phenomenon is
mainly due to the electrodynamics of the F-region.
It is known that the shape factor is most sensitive to
the variations of H+/O+ ratio at the F2 peak or
equivalent to the transition level at which
[O+] ¼ [H+] (Davies et al., 1976). Large down-
ward fluxes of H+ can decrease the O+ to H+
transition levels, thereby increasing the topside
content and hence the slab thickness. In addition,
the EST is the ratio of TEC to NmF2. Its variability
is subject to the combined effect of the variabilities
of both parameters simultaneously. Moreover, the
EST variations are quite complex due to relating to
the solar and geomagnetic activities and the
latitude, etc. (Kersley and Hajeb Hosseinieh, 1976;
Davies and Liu, 1991). Also, the EST variability has
single day anomalies, day-to-day fluctuations and
long-term periodicities of one month or more
(Bhuyan et al., 1986). Therefore, the EST peak
feature needs further investigation with more long
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observations in the future at different locations and
solar activity conditions.

In addition, the EST is relatively lower during
00–07 and 20–24LT in nighttime, but there is an
enhancement in winter (at about 03LT), which may
be due to descending (Titheridge, 1973) of the
O+/H+ transition height (between the ionosphere
and the protonosphere) in winter. This transition
height can descend to as low as 250 km near early
morning in winter. The scale height (inversely
proportional to atmospheric molecular weight) is
greater above the O+/H+ transition height. It
follows then that the penetration of the O+/H+

transition height descends more into the ionosphere,
the greater the average ionospheric scale height, and
hence the greater the slab thickness (which is
directly proportional to the scale height).

4. Conclusion

The ionospheric slab thickness has a great
influence on the shape of the ionospheric electron
density profile Ne (h), and is also a convenient one-
parameter summary of the electron density profile
that may be related to the various physical
processes. In this paper, the EST and its seasonal
variability are studied with the GPS and ionosonde
a priori observations in South Korea. The TEC,
NmF2 and EST are extracted from ground-based
GPS measurements in 2003, and the averaged
diurnal values of the seasonal median of Decem-
ber–January–February (DJF), March–April–May
(MAM), June–July–August (JJA) and September–
October–November (SON) in 2003 have been
considered to represent the winter, spring, summer
and autumn seasons, respectively. It has been shown
that the systematic diurnal changes of TEC, NmF2
and EST significantly appeared in all seasons and
the higher values of TEC and NmF2 were observed
during the equinoxes (semiannual anomaly) as well
as in mid-daytime. The EST is significantly smaller
in winter than in summer, but with a consistent
variation pattern. During 14–16LT in daytime, in
general the larger EST values are observed in spring
and autumn while the smaller ones are observed in
summer and winter. In addition, the two peaks of
the EST diurnal variation obviously appeared
around 10–18LT, especially in summer. It is
possibly related closely to the action of the thermo-
spheric wind and the plasmaspheric flow in the F2-
region, which results in the recombination to
produce a two-hump peak.
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