
Available online at www.sciencedirect.com
www.elsevier.com/locate/asr

Advances in Space Research 43 (2009) 1762–1769
Variability study of the crest-to-trough TEC ratio of the
equatorial ionization anomaly around 120�E longitude

Man-Lian Zhang *, Weixing Wan, Libo Liu, Baiqi Ning

Beijing National Observatory of Space Environment, Institute of Geology and Geophysics, Chinese Academy of Sciences,

P.O. Box 9825, 100029 Beijing, PR China

Received 30 October 2007; received in revised form 17 September 2008; accepted 17 September 2008
Abstract

In this paper, latitudinal profiles of the vertical total electron content (TEC) deduced from the dual-frequency GPS measurements
obtained at ground stations around 120�E longitude were used to study the variability of the equatorial ionization anomaly (EIA).
The present study mainly focuses on the analysis of the crest-to-trough TEC ratio (TEC-CTR) which is an important parameter repre-
senting the strength of EIA. Data used for the present study covered the time period from 01 January, 1998 to 31 December, 2004. An
empirical orthogonal function analysis method is used to obtain the main features of the TEC-CTR’s diurnal and seasonal variations as
well as its solar activity level dependency. Our results showed that: (1) The diurnal variation pattern of the TEC-CTR at 120�E longitude
is characterized by two remarkable peaks, one occurring in the post-noon hours around 13–14 LT, and the other occurring in the post-
sunset hours around 20–21 LT, and the post-sunset peak has a much higher value than the post-noon one. (2) Both for the north and
south crests, the TEC-CTR at 120�E longitude showed a semi-annual variation with maximum peak values occurring in the equinoctial
months. (3) TEC-CTR for the north crest has lower values in summer than in winter, whereas TEC-CTR for the south crest does not
show this ‘winter anomaly’ effect. In other words, TEC-CTR for both the north and south crests has higher values in the northern hemi-
spheric winter than in the northern hemispheric summer. (4) TEC-CTR in the daytime post-noon hours (12–14 LT) does not vary much
with the solar activity, however, TEC-CTR in the post-sunset hours (19–21 LT) shows a clear dependence on the solar activity, its values
increasing with solar activity.
� 2008 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The equatorial and low latitude ionosphere is one of the
most important regions of the ionosphere. It is character-
ized by the equatorial ionization anomaly (EIA) which
has a unique structure with two crests of ionization at
about ±17� dip latitude on each side of the magnetic equa-
tor and a trough in between (Appleton, 1946, 1954; see also
review of Rajaram, 1977; and references therein). This
equatorial ionization anomaly (EIA) phenomenon is
formed as a consequence of the so called ‘‘fountain effect”
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which is produced by the upward ExB drift of the F region
plasma and the subsequent redistribution of that plasma by
a downward diffusion along the magnetic field line to a
higher latitude under the influence of the gravity and the
pressure gradient forces (Duncan, 1960; Stening, 1992).
The electric fields that cause the uplift of the F region
plasma are the electric fields created by the E and F region
dynamos. Since its first discovery, EIA was extensively
studied by many numerical computation/simulations and
statistical analysis (e.g., Anderson, 1973; Moffett, 1979;
Stening, 1992; Su et al., 1997; Walker, 1981; and references
therein; Bilitza et al., 1996; Walker and Chan, 1989; Liu
and Wan, 2001; Gulyaeva and Rawer, 2003; and many
more).
rved.
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It has been shown by previous studies that parameters of
EIA (such as the latitudinal position of the north and south
crests and the amplitudes of EIA, i.e., their corresponding
values of electron density Ne, the F2 peak electron density
NmF2 or the total electron content, TEC) not only have
diurnal variations but also depend on seasons and solar
activity levels. Further more, they have north/south asym-
metry and remarkable longitudinal differences, i.e., they are
different for different longitudinal regions (see e.g., Walker,
1981; Bilitza et al., 1996; Su et al., 1997; Vladimer et al.,
1999; Gulyaeva and Rawer, 2003; Dumin, 2002, 2007; Sag-
awa et al., 2005; England et al., 2006; Immel et al., 2006;
Lin et al., 2007). For the East Asian region, variations of
the latitudinal positions and amplitudes of EIA have been
extensively studied by some authors using different dataset
obtained with different measurement techniques (Walker
and Poon, 1977; Walker et al., 1980, 1994; Walker and
Chan, 1989; Huang et al., 1989; Huang and Cheng, 1995,
1996; Liu et al., 1999; Yeh et al., 2001; Wu et al., 2004,
2008; Tsai et al., 2001). These previous studies revealed
some remarkable features of EIA in the East Asian region.
For example, they found that TEC at EIA in East Asia
showed mainly a semi-annual variation pattern with maxi-
mum values appearing in equinoctial months; the time of
occurrence of the most developed EIA (in terms of the
maximum TEC values at crest location) is earlier in winter
than in summer; TEC at north crest showed winter anom-
aly, but no winter anomaly phenomena appeared in TEC
at south crest. Statistically, TEC value at crests when
EIA is most developed during the daytime has a strong
and positive dependency on the solar activity level repre-
sented by proxies such as the sunspot number Rz or the
10.7 cm solar radiation flux index F10.7.

Although the variations of the latitudinal positions and
amplitudes of EIA in the East Asian region have been
extensively studied, the crest-to-trough ratio parameter of
EIA has been less studied for this region. The crest-to-
trough ratio of NmF2 or TEC can be considered as a mea-
sure of the strength of EIA which represents the develop-
ment degree of EIA. It is also a measure of the strength
of the fountain effect which produces the equatorial ioniza-
tion anomaly. Many studies showed that the development
degree of an equatorial ionization anomaly is of key impor-
tance in the generation and development of the equatorial
spread F (ESF) irregularities that have important impacts
on telecommunication systems. A well-developed EIA is
one of the conditions conducive for the generation of
ESF (Raghava Rao et al., 1988; Alex et al., 1989; Jaya-
chandran et al., 1997) and scintillation that is most disrup-
tive to the trans-ionospheric radiowave propagation. It
occurs when an equatorial plasma bubble (EPB) intersects
the maximum electron density of the equatorial anomaly.
Whalen (2000, 2001, 2003, 2004) showed a close interrela-
tionship exists between the bubble rate, the maximum
pre-reversal enhancement of the ExB drift in the evening
and the maximum electron density at crest after sunset.
Moreover, it has been shown in recent years by some
authors that variations of the crest-to-trough ratios of
NmF2 or TEC are closely related to the generation and
development of the equatorial spread F irregularities,
equatorial plasma bubbles and ionospheric scintillations
(Valladares et al., 2001, 2004; Henderson et al., 2005).
For example, Henderson et al. (2005) using the emission
line at 135.6 nm observed by TIME/GUVI, showed that
for all longitudes, the crest-to-trough ratio (CTR) is well
correlated with the equatorial plasma bubble rate. Some
authors found that the fountain strength parameter defined
as the crest-to-trough ratio in Nmax or foF2 is highly cor-
related with the equatorial electrojet strength (Walker and
Ma, 1972; Rastogi and Klobuchar, 1990), suggesting that
the crest-to-trough ratio of EIA is a parameter that can
be used to study the dynamics of the equatorial ionosphere.
Therefore, it is of significance to study the variability of the
crest-to-trough ratio of the equatorial ionization anomaly
both for scientific implication and for practical application.
In this paper, we will use the vertical total electron content
data derived from the GPS measurements obtained at the
ground GPS receiving stations around 120�E longitude to
study the variations of the crest-to-trough TEC ratios of
EIA in this region.

2. Data used and analysis method

Vertical total electron contents derived by the Institute
of Geology and Geophysics, CAS (IGGCAS) from the
dual-frequency GPS signals are used for the present study.
The derivation of vertical TEC from GPS measurements by
IGGCAS is based on the assumption of single-layer (thin-
shell) model of the ionosphere. Under this assumption, the
slant TECs (sTEC) is converted into the vertical TEC
(vTEC) on the ionospheric pierce points (IPPs) as

sTEC ¼ vTEC �ME þ bs þ br ð1Þ

where ME = 1/cos(v) is the mapping function, v is the ze-
nith angle of GPS satellite at the single layer height of
the ionosphere, bs and br are the instrument biases of the
satellites and receivers, respectively. Then the vertical TECs
(vTEC) at grids and the instrument biases bs and br are ob-
tained by combining interpolation and least-square fitting
procedure. For details of the method used to derive the
vTECs from GPS measurements, please refer to Mao
(2007) and Mao et al. (2008).

In this study, we use the vertical TEC data with half
hour time resolution for the 120�E longitude and at latitu-
dinal grids with every 2.5� from 40�S to 60�N geographical
latitudes that are derived from the GPS dual-frequency
measurements observed during the period 1996–2004 at
(1) China Network stations; (2) South-East Asian stations
and (3) Australian stations. Due to the data quality prob-
lem for the years 1996 and 1997, only data for the years
of 1998–2004 are used for the present study.

The latitudinal profiles of the vertical TEC at 120�E lon-
gitude at every hour interval are extracted, then for each
TEC latitudinal profile, the latitudinal positions of the
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crests and trough and their corresponding TEC values are
found with the help of a specially developed software that
can be controlled manually when picking up the latitudinal
positions of the EIA’s crests and trough. TEC values at the
crests and trough are obtained by interpolation. The crest-
to-trough TEC ratios are then calculated after the TEC val-
ues at crests and trough are found.

An eigen mode analysis is then applied to the crest-to-
trough TEC ratio dataset obtained above. The eigen mode
analysis method decomposed the dataset into the sum of a
series of orthogonal base functions Ei representing the
diurnal variation of the dataset, multiplied by the associ-
ated coefficients Ai representing the longer period (day-
to-day, seasonal and solar cycle) variations (Liu et al.,
2007):

TEC-CTRðt; dÞ ¼
X

EiðtÞ � AiðdÞ

where t is time (universal time or local time) representing
diurnal changes, d is day number counted consecutively
starting from 01 January, 1998 to 31 December, 2004.
The eigen mode base functions Ei and the associated coef-
ficients Ai are determined directly by the dataset itself dur-
ing calculation procedure. For this reason, this method is
also called the empirical orthogonal function (EOF) analy-
sis method. EOF analysis method has the advantage that
the base functions Ei and the associated coefficients Ai

determined possess the intrinsic characteristics of the origi-
nal dataset and the eigen series converges quickly. This
makes it possible to capture most of the variances of a
dataset using only a few orders of EOF components.
Fig. 1. Contour plots of the crest-to-trough TEC ratios of EIA at 120�E
versus universal time (UT) and day during 01 Jan 1998 to 31 December
2004.
3. Results

Fig. 1 shows the variations of the crest-to-trough TEC
ratios (hereafter referred to as TEC-CTR) versus the uni-
versal time (UT) and the days counted consecutively from
01 January, 1998 to 31 December, 2004. The upper panel in
Fig. 1 is for the north crest of EIA and the lower panel for
the south one. Please note that there is an 8-h difference
between the local time (LT) at 120�E and the universal time
(UT): LT = UT + 8. From Fig. 1, it can be seen that both
for the north and south crests of EIA, the most remarkable
features for the diurnal variation of TEC-CTR are the two
peak values, one occurring in the post-noon hours around
5–6 UT (13–14 LT), and the other occurring in the post-
sunset hours around 12–13 UT (20–21 LT). This can be
seen more clearly in Figs. 2 and 3 that show the statistical
plots month by month of the diurnal variation of the TEC-
CTR at 120�E longitude for the high solar activity year
2001 and the low solar activity year 2004, respectively.
Note that in Figs. 2 and 3, the TEC-CTR for the south
crest is plotted as negative value for distinguishing it from
that for the north crest. It can be seen that the post-sunset
peak has a much higher value than the post-noon one.
Generally, the value of TEC-CTR is seldom larger than 2
during the daytime hours, but during the nighttime hours,
in particular for the post-sunset hours, quite often it is lar-
ger than 2 and can be much higher than 2. This enhance-
ment of TEC-CTR after sunset must be resulted from the
regeneration/enhancement of the fountain effect responsi-
ble for the formation of the crest and trough structure of
EIA in the equatorial and low latitude region. The regener-
ation/enhancement of the fountain effect during the post-
sunset hours is due to the evening pre-reversal enhance-
ment of the F2 region plasma’s electromagnetic ExB drift
due to the enhanced zonal electric field near the magnetic
equator (Fejer et al., 1995; and references therein). Care-
fully inspecting the diurnal variation of TEC values at
crests and trough (plots not shown here), it is found that
although the TEC at EIA’s crests during the post-sunset
hours is only slightly enhanced or even just the decay rate
of it is slowed down, TEC at EIA’s trough is much more
reduced (with a much faster decay rate) during this post-
sunset hours, resulting in the large enhancement of the
crest-to-trough TEC ratios. This confirms that the post-
sunset enhancement of TEC-CTR is due to the regenera-
tion/enhancement of the fountain effect after sunset. This
regeneration/enhancement of the EIA strength or the foun-
tain strength after sunset is particularly strong for the equi-
noctial months during the high solar activity years.

For the seasonal variation, it is observed that the TEC-
CTR shows mainly a semi-annual variation pattern, with
both the post-noon and post-sunset peaks reaching maxi-
mum values in the equinoctial months and this semi-annual
variation pattern is true for both the north and south
crests. These seasonal variation features can be seen clearly
from Figs. 1 to 3. It is also observed that TEC-CTRs both
for north and south crests reach minimum values at north



Fig. 2. Diurnal variation of the crest-to-trough TEC ratios of EIA at 120�E for the 12 months of the year 2001. Note that the crest-to-trough TEC ratio
for south crest is plotted as negative value for distinguishing it from that for north crest.

Fig. 3. Diurnal variation of the crest-to-trough TEC ratios of EIA at 120�E for the 12 months of the year 2004. Note that the crest-to-trough TEC ratio
for south crest is plotted as negative value for distinguishing it from that for north crest.
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hemispheric summer months around June and July. In
other words, TEC-CTR for the north crest has a larger
value in winter than in summer, whereas TEC-CTR for
the south crest does not show this ‘winter anomaly’ effect.
Usually, when talking about ‘winter anomaly’, the param-
eter NmF2 (the F2 peak electron density) or TEC is con-
cerned. The ‘winter anomaly’ of NmF2 (the F2 peak
electron density) or TEC itself is largely a neutral composi-
tion effect resulted from the global thermospheric circula-
tion and is a phenomena mainly prevailing at middle
latitudes in particular for north hemisphere (Pavlov and
Pavlova, 2005a,b; Rishbeth et al., 2000; and references
therein). Therefore there is hemispheric difference. In this
paper, we are discussing the crest-to-trough TEC ratio in
the equatorial anomaly region. This ratio is a measure of
the equatorial anomaly’s strength that is more closely
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related to the strength of the fountain effect that depends
on the equatorial plasma’s vertical drift driven by the elec-
tric field. According to the observations of AE-E satellite
(see Fig. 2 in Fejer et al., 1995), in average the post-sunset
equatorial upward drift induced by electric field is higher in
northern winter than in northern summer in particular for
the high solar flux condition. As a result, it is understand-
able that the ratio peaks behavior simultaneously in both
hemispheres: this is a result of a common driver – electric
fields.

We have conducted an EOF analysis to the crest-to-
trough TEC ratio dataset. As described at the end of Sec-
tion 2, in our EOF analysis, we decomposed the dataset
into the base functions Ei representing diurnal variation
and the associated coefficients Ai representing seasonal
and solar cycle variations. It is found that for TEC-CTR,
the first order component of EOF decomposition can
explain most (�80%) of the variances of the dataset. It rep-
resents the main characteristics of TEC-CTR which can be
considered as the climatologically variation of TEC-CTR.
The rest variations are explained by the higher order of
EOF components that mainly reflects more complicated
irregular day-to-day variability of TEC-CTR. Fig. 4 shows
the variation patterns of the first order eigen function E1

(upper panel) and the associated coefficient A1 (lower
panel) of the EOF analysis result. Note that E1 and A1

for the south crest are plotted as negative values for distin-
guishing from those for the north crest. Black solid lines in
the lower panel in Fig. 4 are the 27-day smoothed values of
A1. It can be seen that the results obtained by the EOF
analysis are consistent with what we have described above
on the diurnal and seasonal variations patterns of the crest-
to-trough TEC ratios. By the nature of EOF analysis (and
also by our experience), the first order component of the
Fig. 4. Plots of the first order eigen function E1 (upper panel) and the associa
EIA at 120�E. Note that E1 and A1 for the south crest are plotted as negative
EOF analysis (E1,A1) will capture the main intrinsic char-
acteristics of the dataset analyzed. Hence, E1 reflects the
main intrinsic characteristic diurnal variation embedded
in the dataset and A1 reflects the main intrinsic characteris-
tic seasonal and solar cycle variations embedded in the
dataset. Indeed, as shown in the upper panel of Fig. 4,
the variation of E1 with local time does show features such
as the two peaks (one around 13–14 LT and the other
around 20 LT) that are the most remarkable diurnal varia-
tion pattern of the crest-to-trough ratio seen in Fig. 1.

Figs. 5 and 6 show the scatter plots month by month of
the crest-to-trough TEC ratios, averaged for 12–14 LT and
19–21 LT time bins, respectively, versus the F10.7 index.
These two time bins are selected because they correspond
to the two periods when the crest-to-trough TEC ratios
reach peak values during the diurnal variation procedure.
It can be seen that the dependence of the ratio on solar
activity is different for the two time bins. For the 12–
14 LT time bin, the ratio does not vary much with F10.7,
whereas for the 19–21 LT time bin, the ratio shows a clear
dependence on the solar activity, its values increasing with
solar activity. These different behaviors for the two time
bins may be explained as follows. As is well known, the
equatorial ionization anomaly is formed by the fountain
effect caused by the upward vertical drifts of the equatorial
plasma due to electric field, followed by redistribution of
that plasma by a downward diffusion along the magnetic
field line to higher latitudes under the influence of the grav-
ity and the pressure gradient forces. However, the two
peaks of the crest-to-trough TEC ratio in the diurnal vari-
ation procedure are due to electric fields originating from
totally different mechanisms. The post-noon one is related
to the electric field created by the daytime E region
dynamo, whereas the post-sunset one is caused by the elec-
ted EOF coefficient A1 (lower panel) for the crest-to-trough TEC ratios of
values for distinguishing from those for north crest.



Fig. 5. Scatter plots of crest-to-trough TEC ratio versus F10.7 for the 12–14 LT time bin. Note that results for the south crest are plotted as negative
values for distinguishing from those for north crest.

Fig. 6. Scatter plots of crest-to-trough TEC ratio versus F10.7 for the 19–21 LT time bin. Note that results for the south crest are plotted as negative
values for distinguishing from those for north crest.
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tric field mostly related with the F region dynamo that
takes effect after sunset (Farley et al., 1986). Since the
crest-to-trough TEC ratio is a measure of the equatorial
anomaly’s strength, it should be closely related to the
strength of the fountain effect that depends on the equato-
rial plasma’s vertical drifts induced by the electric fields.
According to Fejer and Scherliess (2001), the daytime aver-
age upward equatorial F-region vertical drift caused by
electric field do not vary much with solar activity, but the
evening upward drifts increase from solar minimum to
solar maximum. This behavior of the dependence of the
equatorial F-region vertical drifts on the solar activity
causes a similar solar activity dependency of the crest-to-
trough TEC ratio in the equatorial anomaly region.
4. Summary and conclusions

In the present study, latitudinal profiles of the vertical
total electron content (TEC) deduced from the dual-fre-
quency GPS measurements that are obtained at the ground
stations around 120�E longitude during the time period of
1998–2004 were used to study the variability of the EIA’s
strength parameter defined as the crest-to-trough TEC
ratio. An empirical orthogonal function analysis method
is used to obtain the main features of the TEC-CTR’s diur-
nal and seasonal variations as well as their solar activity
level dependency. Our results showed that: (1) The diurnal
variation pattern of the TEC-CTR at 120�E longitude is
characterized by two remarkable peaks, one occurring in
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the post-noon hours around 13–14 LT, and the other
occurring in the post-sunset hours around 20–21 LT, and
the post-sunset peak has a much higher value than the
post-noon one. This means that in terms of the crest-to-
trough TEC ratio, EIA reaches its largest strength in the
post-sunset hours before midnight, implying that EIA is
regenerated/enhanced during these post-sunset hours. This
is particularly true for the equinoctial months during the
high solar activity years. (2) Both for the north and south
crests, the TEC-CTR at 120�E longitude showed a semi-
annual variation with maximum peak values occurring in
the equinoctial months. (3) TEC-CTR for the north crest
has lower values in summer than in winter, whereas
TEC-CTR for the south crest does not show this ‘winter
anomaly’. In other words, both the TEC-CTR for the
north and south crests has higher values in the north hemi-
spheric winter around December–January months than in
the north hemispheric summer around June–July months.
This might be a result of a common driver – electric fields.
(4) TEC-CTR in the daytime post-noon hours (12–14 LT)
does not vary much with the solar activity, however,
TEC-CTR in the post-sunset hours (19–21 LT) shows a
clear dependence on the solar activity, its values increasing
with solar activity. This is due to the similar dependence of
the equatorial F-region vertical drifts on the solar activity.
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