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[1] We analyzed 11 years’ (1998–2008) worth of the total electron content (TEC) data
derived at the Jet Propulsion Laboratory (JPL) from Global Positioning System (GPS)
observations to investigate the overall climatological features of the ionosphere in a new
way. The global ionospheric maps (GIM) of JPL TEC are averaged globally and over
low-, middle-, and high-latitude ranges in the southern (northern) hemisphere and both
hemispheres to identify their capability of capturing the overall features of the ionosphere.
These mean TEC data show strong annual/semiannual, solar cycle, and 27-day variations.
The mean TEC presents stronger solar activity sensitivity at lower-latitude bands.
Moreover, the saturation effect exists in these mean TEC versus solar index F10.7, more
pronounced at low latitudes, while the mean TEC increases faster with higher solar EUV
fluxes, being evident at high latitudes. The annual asymmetry (differences in June and
December solstices) can be detected in the mean TEC averaged globally and at low
latitudes under all solar epochs as well as at middle and high latitudes under most solar
activities. The hemispheric asymmetry of the TEC in conjugate hemispheres follows
the control of solar declination. Both the hemispheric differences and annual asymmetry
are more marked with increasing solar activity. The annual components of the mean TEC
are stronger in the southern hemisphere, and the semiannual components are of similar
phases and comparable amplitudes in conjugate hemispheres, which suggest close
couplings of the ionosphere in both hemispheres. Further, the mean TEC averaged in one
hemisphere can reliably be used as ionospheric indices to monitor the solar activity
variabilities and to capture the overall climatological features of the ionosphere over
specified regions, while it should be cautioned that the mitigation of the dominant annual
components with opposite phases in conjugate hemispheres leaves a significant
semiannual component in the mean TEC averaged in both hemispheres, especially under
low solar activity.
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1. Introduction

[2] It is well known that the variations of the Earth’s
ionosphere are complicated and may behave quite differ-
ently from the prediction of the Chapman ionization theory.
In the past decades, much effort has been conducted to draw
a more detailed picture of the climatology of the Earth’s
ionosphere, in terms of many kinds of observations on
regional and global scale [e.g., Bailey et al., 2000; Balan
et al., 2000; Duncan, 1969; Mendillo et al., 2005; Oliver et
al., 2008; Richards, 2001; Rishbeth, 1998; Rishbeth et al.,
2000; Rüster and King, 1973; Su et al., 1998; Torr and Torr,
1973; Torr et al., 1980; West et al., 1997; Wright, 1963;
Yonezawa, 1971; Zhang and Holt, 2007; Zou et al., 2000].
For example, Liu et al. [2009] recently investigated the

seasonal behaviors of daytime electron density Ne in the
200–560 km altitude range from the FORMOSAT-3/
COSMIC (F3/C) radio occultation measurements during
the interval from day of year (DOY) 194, 2006 to DOY
279, 2008. Their harmonic analyses provided unprece-
dented detail of the seasonal behaviors of global Ne at
different altitudes, such as strong annual/semiannual varia-
tions in daytime Ne with distinct latitudinal and altitudinal
dependency and wave-like longitudinal pattern in the equa-
torial regions at low solar activity (LSA). Along with the
achievement in the ionospheric climatology, there are also
huge progresses on the average behaviors in the thermo-
sphere [e.g., Bowman et al., 2008; Guo et al., 2007; King-
Hele and Walker, 1969; Liu et al., 2005; Qian et al., 2009].
[3] On the other hand, with the merit of global coverage

and routine operation of Global Positioning System (GPS)
derived global ionospheric maps (GIM) of vertical total
electron content (TEC) [e.g., Mannucci et al., 1998],
Afraimovich et al. [2008] and Astafyeva et al. [2008]
proposed to estimate the global electron content (GEC) of
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the ionosphere, while Hocke [2008, 2009] derived the
global mean TEC as new parameters to track the global
characteristics of the ionospheric dynamics. The principal
advantage of these new parameters is that they can capture
the overall ionospheric features and greatly depress local
noises in the ionosphere [Astafyeva et al., 2008]. Therefore,
they can be served as an ionospheric index to represent the
global average state of the ionosphere. Both the GEC and
global mean TEC track well the solar cycle and 27-day
variations of the solar irradiance and manifest a significant
semiannual variation. Such new ideas can be expedient for
ionospheric studies and related applications.
[4] However, we do not know the detailed behaviors of

these new parameters and whether they can capture reliably
the overall features of the ionosphere or not. As illustrated
by Liu et al. [2009] and many other authors, the ionosphere
has distinct latitudinal dependency. The significant semi-
annual variation of the global mean TEC shown by Hocke
[2008] does not imply that the ionosphere everywhere is
always varied with dominant semiannual components. If
there are annual components with opposite phases in both
hemispheres, the averaging processing of data from both
hemispheres will weaken the annual component and mainly
leave the semiannual component in GEC or global mean
TEC, because of the quite similar semiannual phase in
ionospheric electron density [e.g., Liu et al., 2009]. We will
show later, this is the case. Therefore, it may be used with
caution, at least under LSA. How to utilize the merit of low
local noises and at the same time to accurately capture the
common regional features is a question naturally raised.
Further, can we develop ionospheric indices from globally
available ionospheric observations, in analog to geomag-
netic indices, to reliably indicate the state of the ionosphere
for monitoring, nowcasting, and forecasting of the iono-
spheric weather, and even for related studies? Therefore, the
first thing deserved to be explored is the behaviors of these
mean TEC estimated globally and over different latitude
ranges.
[5] In this paper, we investigate these mean TEC

averaged respectively globally as well as over low-,
middle-, and high-latitude ranges in one hemisphere or both
hemispheres, to elucidate the responses of the ionosphere to
solar cycle and solar rotation variations and to provide more
detailed features of annual variations of these mean TEC
over different latitude bands, including annual/semiannual
features and hemispheric and annual asymmetries as well
under different solar epochs. The most important findings
are that all these mean TEC can reliably track the solar
activity variabilities with noises greatly decreased; and only
these TEC averaged in one (southern or northern) hemi-
sphere can be used as ionospheric indices to reliably capture
the overall annual/semiannual features of the ionosphere
over specified regions, while the TEC averaged in both
hemispheres may possibly provide distorted information on
the annual/semiannual variations, especially at LSA.

2. Mean TEC at Different Latitude Bands

[6] Global ionospheric maps (GIMs) of the GPS-derived
TEC have been routinely produced at five analysis centers
on the basis of measurements from the international net-
work of GPS receivers. In this work, we used the GIM TEC

generated at Jet Propulsion Laboratory (JPL) on an hourly
and daily basis using data from up to 100 GPS sites of the
IGS and other institutions since 1998 [e.g., Mannucci et al.,
1998; Iijima et al., 1999]. The global maps of vertical TEC
are modeled in a solar-geomagnetic reference frame using
bicubic splines on a spherical grid. A Kalman filter is used
to solve simultaneously for TEC and instrumental biases on
the grids. A detailed description of the TEC deriving
procedure is given byMannucci et al. [1998]. The estimated
TEC in geographic coordinate system and other information
are available from the Web site ftp://cddis.gsfc.nasa.gov/
gps/products/ionex/ in the form of IONosphere map EX-
change format (IONEX) files with a temporal resolution of
2 h and a spatial resolution of 5� in longitude and 2.5� in
latitude.
[7] We calculated the global mean TEC from JPL GIM in

the similar way of Afraimovich et al. [2008], Astafyeva et al.
[2008], and Hocke [2008]. The GEC of Afraimovich et al.
[2008] and Astafyeva et al. [2008] can easily be converted
into the global mean TEC by normalizing the GEC with the
area of the Earth at the ionospheric shell altitude, and the
global mean TEC can also be converted into GEC by
multiplying the summation area. Moreover, the unit of the
mean TEC is similar to that of TEC (in TECu, where
1 TECu = 1016 electrons/m2), and the mean TEC can be
understood as an idealized ionosphere in which TEC is
uniformly distributed and, as a whole, has the same electron
content as the actual ionosphere, therefore the global mean
TEC should represent the global characteristics of the
ionosphere.
[8] To capture the general behaviors of the TEC over

different latitude ranges, we further evaluated the mean TEC
(TEC) averaged in the northern (southern) hemisphere and
both hemispheres as well over latitudinal ranges at low
latitude (0�–25�), middle latitude (25�–55�), and high
latitude (>55�). This attempt is analog to the proposal of
different geomagnetic indices (Dst, Kp and AE, etc.). In the
following, we denote TECl

S for the mean TEC averaged at
low latitudes (denoted by the subscript ‘‘l’’) in the southern
hemisphere (denoted by the superscript ‘‘S’’), and the other
symbols and their meanings are listed in Table 1. The
subscripts l, m, and h of those symbols stand for low,
middle, and high latitude, while the superscripts N, S, and
G stand for the northern, southern, and both hemispheres,
respectively. We will see later, these mean TEC evaluated
over specified latitude ranges can be considered as iono-
spheric indices to provide general information of the iono-
sphere globally or over specified latitude ranges. The error
budget of the mean TEC has been discussed by Astafyeva et
al. [2008]. They reported that the relative errors of these
mean TEC are much smaller than those of the TEC in GIM
cells.
[9] Information of the solar variability, here mainly

referred to the solar cycle and 27-day variations, was
obtained from the daily values of 10.7 cm solar radio flux,
F10.7 and the solar extreme ultraviolet (EUV) fluxes in 0.1–
50 nm wavelength ranges from the Solar EUV Monitor
(SEM) spectrometer aboard on the Solar Heliospheric
Observatory (SOHO). Since 1996, solar EUV fluxes in
26–34 nm and 0.1–50 nm wavelength ranges were contin-
uously monitored by SOHO/SEM [Judge et al., 1998],
which provide direct information of solar EUV variability.
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At the same time, F10.7 is often used as a standard proxy for
solar activity. In this paper, we adopt the daily average
values of EUV in 0.1–50 nm wavelength ranges from
SOHO/SEM and the adjusted values of F10.7 which are
provided at the SPIDR Web site in accord with the work of
Liu et al. [2006, 2007a], since different F10.7 values (the
observed, adjusted and absolute values provided by the U.S.
National Geophysical Data Center) do not greatly affect our
conclusions on ionospheric solar cycle effect, but it may
have slight consequences when we use it to explore the
solar rotation (27-day) effects of the ionosphere.

3. Results and Discussions

3.1. General Perspective of the Mean TEC Averaged
in Both Hemispheres

[10] Figure 1 shows the time series of F10.7, daily geo-
magnetic index Ap, SOHO/SEM EUV in 0.1–50 nm
wavelength ranges since 1996, and the mean TEC (TECl

G,
TECm

G, TECh
G, and TECG) which were averaged in both

hemispheres at low latitudes (25�N–25�S), middle latitudes
(25�N–55�N and 25�S–55�S), high latitudes (>55�N and
>55�S), and global during the years 1998 to 2008. The data
of these mean TEC are shown with diamonds when the
values of Ap exceeded 30 nT. The unit of EUV fluxes is
109 photons cm�2 s�1 and that of F10.7 is in solar flux unit
(1 sfu = 10�22 W m�2 Hz�1). The thick lines denote the
corresponding values moving averaged with a 1-year
window. The technique of applying a moving average
can suppress the short-term variations.
[11] As illustrated in Figure 1, the daily values of the

mean TEC (TECl
G, TECm

G, TECh
G, and TECG) present

variations with different time scales. An initial analysis of
the global mean TEC has been given by Hocke [2008] and
in a reply by Hocke [2009]. The variations of these mean
TEC denoted by thick lines follow those of F10.7 and EUV.
With increasing (decreasing) solar activity, these mean TEC
tend to increase (decrease). A consistent pattern that can
also be detected is that all mean TEC, solar EUV and F10.7
have a trough in 2001 and two broad peaks in 2000 and
2002–2003, respectively. An analysis of the amplitude
spectra of GEC has been conducted by Afraimovich et al.
[2008] with a wavelet method. Moreover, in the short-term
variation range of these mean TEC, the rough 27-day
variations are significant and closely follow the solar

rotation variations in F10.7 and EUV. This indicates the
strong forcing of solar irradiance to the ionosphere. The
solar rotation variations in these mean TEC in solar cycle 23
are more evident and regular during the ascending and
descending periods than during the solar maximum and
minimum years. The reason for this feature in GEC has
been discussed by Afraimovich et al. [2008]. They proposed
that it was related with the dynamics of the active region
formation on the Sun’s surface during different phases of a
solar cycle.
[12] Accompanying with the solar cycle and solar rotation

variations, there are significant annual/semiannual compo-
nents in these mean TEC averaged in both hemispheres,
with minima in solstices and maxima near equinoxes at all
solar epochs. Afraimovich et al. [2008] and Hocke [2008]
have mentioned the dominated semiannual component in
global mean TEC and GEC. As illustrated in Figure 1, the
semiannual modulation is more obvious in the mean TEC
averaged globally and at low latitudes than at middle and
high latitudes. We addressed here the fact that the semian-
nual component can be found in these mean TEC averaged
in both hemispheres at different solar epochs and becomes
most pronounced around the solar maximum period.

3.2. Annual Variations of the Mean TEC in the
Southern and Northern Hemispheres

[13] Figure 2 shows the daily mean TEC averaged at three
latitude bands in the southern hemisphere (denoted by red
curves) and in the northern hemisphere (blue curves) as a
function of day of year (DOY) in 2000 to 2008. Note that to
make the data more discernable, in all plots of Figure 2
TECl

S and TECl
N have been elevated 20 TECu, and TECm

S

and TECm
N with 10 TECu larger. In each plot, the dashed

line denotes the fitting data in the southern hemisphere and
the thick line for the northern hemisphere.
[14] The annual/semiannual components are most domi-

nant in the annual variation of the ionosphere [e.g., Fukao et
al., 1991; Kawamura et al., 2002; Mayr and Mahajan,
1971; Meza and Natali, 2008; Zhao et al., 2005]. Therefore,
the annual variations of the mean TEC (TEC) can be
represented as a combination of the components of annual
(Aannual), semiannual (Asemiannual) and annual mean (A0):

TEC dð Þ ¼ A0 þ Aannual þ Asemiannual þ e; ð1Þ

Table 1. Symbols Used in This Article and Their Meaning

Symbol Meaning

TECl
S TEC averaged over southern low latitudes (0�–25�S)

TECl
N TEC averaged over northern low latitudes (0�–25�N)

TECl
G TEC averaged over global low latitudes (25�N–25�S)

TECm
S TEC averaged over southern middle latitudes (25�S–55�S)

TECm
N TEC averaged over northern middle latitudes (25�N–55�N)

TECm
G TEC averaged over global middle latitudes (25�N–55�N, 25�S–55�S)

TECh
S TEC averaged over southern high latitudes (55�S–87.5�S)

TECh
N TEC averaged over northern high latitudes (55�N–87.5�N)

TECh
G TEC averaged at global high latitudes (55�N–87.5�N, 55�S–87.5�S)

TECS TEC averaged in the southern hemisphere (0�–87.5�S)

TECN TEC averaged in the northern hemisphere (0�–87.5�N)

TECG TEC averaged over global (87.5�N–87.5�S)
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where d is DOY, e is the corresponding residual term, and

Aannual ¼ C12 cos
2pd

365:25
þ S12 sin

2pd
365:25

¼ A12 cos
2pd

365:25
d � 812ð Þ;

Asemiannual ¼ C6 cos
4pd

365:25
þ S6 sin

4pd
365:25

¼ A6 cos
4p

365:25
d � 86ð Þ:

A12 and A6 are the amplitudes of the annual and semiannual
components, and 812 and 86 are the corresponding phases in
units of day of year.
[15] Figure 3 plots the amplitudes and phases of the

annual/semiannual components of these mean TEC aver-
aged in the northern hemisphere (blue curves) and in the

southern hemisphere (red curves) derived from the data in
terms of harmonic analyses with a moving window of 1 year
according to equation (1).
[16] One can see from Figures 2 and 3 that the annual

variations of these mean TEC are modulated by the levels of
solar activity and have latitudinal and hemispheric differ-
ences. Similar to these mean TEC averaged in both hemi-
spheres (Figure 1), the semiannual components in these
mean TEC averaged in the southern (northern) hemisphere
peak near equinoxes and become more obvious in higher
solar activity years. Moreover, the semiannual amplitudes
are highest at low latitudes, weaker at middle latitudes, and
smallest at high latitudes. It is well known that the thermo-
spheric neutral density also shows strong semiannual var-
iations [see, e.g., Bowman et al., 2008; Fuller-Rowell, 1998;
Guo et al., 2007; Qian et al., 2009]. Many hypotheses have
been proposed as the mechanisms for the semiannual varia-
tions in the ionosphere and in the thermosphere [Fuller-
Rowell, 1998;Millward et al., 1996; Rüster and King, 1973;

Figure 1. (top) The daily averaged SOHO/SEM EUV fluxes (in units of 109 photons cm�2 s�1) at the
0.1–50 nm wavelength band, (middle) 10.7 cm solar radio flux index F10.7 (in solar flux units; 1 sfu =
10�22 W m�2 Hz�1) and daily geomagnetic index Ap, and (bottom) the mean TEC values of GPS-
derived JPL global ionospheric maps (GIM), which are averaged at low latitudes (25�N–25�S), middle
latitudes (55�N–25�N, and 25�S–55�S), high latitudes (latitudes poleward of 55�N and 55�S), and global
of both hemispheres from 1996 to 2008, respectively. The subscripts l, m, and h stand for low, middle,
and high latitude, while the superscript G stands for both hemispheres. The heavy solid lines denote the
1-year moving mean series. Ticks of year are on 1 January of the years. Note that in Figure 1 (bottom),
the values of the mean TEC have been shifted 30 TEC units (TECu, 1 TECu = 1 � 1016 el m�2) for low
latitudes, 20 TECu for all latitudes, and 10 TECu for middle latitudes. The diamond points illustrate the
situations when the value of daily Ap is higher than 30 nT.
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Yonezawa, 1971; Qian et al., 2009]. It is interesting that the
overall latitudinal structure of the ionospheric semiannual
feature is quite different from that in the thermosphere as
revealed in the observations [e.g., Guo et al., 2007] and
empirical models (such as the MSIS model [e.g., Hedin,
1991]). For example, in terms of the data derived from the
CHAMP observations, Guo et al. [2007] revealed that the
semiannual amplitudes of the total neutral density normalized
at 400 km altitude have varying latitudinal dependencies in
different years, being very weak latitudinal structures in 2004
and larger amplitudes at northern middle and high latitudes in
2003 and 2005. Of course, the difference is not only limited to
the CHAMP observations. In contrast, our results and many
other investigations [e.g., Bailey et al., 2000;Ma et al., 2003;
Su et al., 1998; Liu et al., 2009; Yu et al., 2004; Zou et al.,
2000] indicate that the semiannual amplitude in the iono-
sphere is always largest at low latitudes. The inconsistency
between the ionosphere and the thermosphere on the semi-
annual latitudinal structure implies that the semiannual var-

iation in the ionosphere is not absolutely attributed by the
variation of the neutral density, and possibly contributed from
other factors or processes [Ma et al., 2003]. Further, the quite
similar features of the semiannual phases and amplitudes in
both hemispheres suggest close couplings between both
hemispheres, indicating the key role of the dynamic and
electrodynamical processes in the ionospheric semiannual
variation. To explain the main feature of the semiannual
variations in the ionosphere at low latitude, Ma et al. [2003]
proposed that the semiannual variation of the diurnal tide
modulates the variations of equatorial electric fields and
electrojet via the wind dynamo processes, and further con-
trols the ionosphere through the fountain effect.
[17] The semiannual amplitudes are larger in the years

2000–2002, and they become much smaller before 2000
and after 2002. At middle and high latitudes, the annual
component exceeds the semiannual component in the
southern hemisphere during the entire period we considered
and at most times in the northern hemisphere except in

Figure 2. The daily mean TEC of GPS-derived JPL global ionospheric maps (GIM), which are
averaged at low-latitude (25�–0�), middle-latitude (55�–25�), and high-latitude (latitude higher than 55�)
bands in the southern (red curve) and northern (blue curve) hemispheres in the years 2000 to 2008.
Superimposed dashed curves and heavy solid lines denote the corresponding regression results, using the
annual harmonics (annual, semiannual, terannual, and mean terms). The four-digit number (e.g., 2000 at
the top left) denotes the year of data. Note that the curves from the top to the bottom are in the order of the
low-, middle-, and high-latitude bands, and the mean TEC values have been shifted 20 TECu larger for
low latitude and 10 TECu for middle latitude to plot them together and to make them discernible.
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2000–2002, when the semiannual amplitude is larger than
the annual amplitude. At low latitudes, the semiannual
component of TECl

S and TECl
N, becomes most pronounced,

compared to that at middle and high latitudes. The semi-
annual component of the mean TEC in the southern low
latitude is comparable with the annual component in 2000–
2002 and weaker than the annual component in other years;
while in the northern hemisphere the semiannual component
dominates over the annual component all the years.
[18] As depicted in the right-hand plots of Figure 3, the

phase of the annual variations in the southern hemisphere
appears in local summer, varying little with latitude and
solar activity. In contrast, the annual phase changes with
solar activity in the northern hemisphere. An interesting
point is that during the high solar activity years, the annual
phase at middle and high latitudes in the northern hemi-
sphere shifts earlier from the June solstice. This feature is
quite similar to that in the DMSP total plasma density [Liu
et al., 2007b] at 840 km altitude. The annual phases of
TECl

N are shifted from vernal equinox to the northern winter
solstice in 2000–2004.
[19] In general, these mean TEC averaged in one hemi-

sphere at different latitude bands show consistent features of

annual variations in the ionospheric F region and TEC in
previous investigations [e.g., Titheridge and Buonsanto,
1983; Liu et al., 2009; Yonezawa, 1971; Zhao et al.,
2007]. For example, the left-hand plots of Figure 3 shows
that the annual amplitudes of these mean TEC over different
latitude ranges are larger in the southern hemisphere than in
the northern hemisphere. Liu et al. [2009] reported that the
peak electron density (NmF2) derived from the Formosat-3/
COSIC radio occultation observations at LSA shows a
stronger annual component in the southern hemisphere than
in the northern hemisphere. Thus it identifies that these
mean TEC can capture the overall features of the ionosphere
over the specified regions. Further, the semiannual compo-
nent at all latitude ranges has similar phases and comparable
amplitudes in both hemispheres. The global mean TEC
shows strong semiannual variations in solar minimum years
(2006–2008), when the annual variation dominates in the
ionosphere, especially at middle and low latitudes. There-
fore, although the global mean TEC depicts strong semi-
annual variations even at LSA, it does not imply that the
ionosphere is always dominated with semiannual compo-
nents. The semiannual feature in the global mean TEC at
LSA is due to mitigation effect of annual variations with

Figure 3. The amplitudes (in TECu) and phases (in days) of the annual and semiannual components of
the mean TEC averaged in the southern (red curve) and northern (blue curve) hemispheres at low
latitudes (25�–0�), middle latitudes (55�–25�), and high latitudes (latitude higher than 55�) in the years
1999 to 2008. The amplitudes and phases at the different latitude bands are derived from the
corresponding mean TEC in a moving window of 1 year, using the annual harmonics including the terms
of annual, semiannual, terannual, and annual mean. In each plot the semiannual component is indicated
by the heavy curve, and the annual component is indicated by thin curve. Ticks of year are on 1 January
of the years.
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opposite phases in both hemispheres. Therefore, it should
be cautioned that these mean TEC averaged in both
hemispheres are not suitable for indicating the annual
and semiannual variations in the ionosphere; in contrast,
these TEC averaged in one hemisphere can reliably
capture the overall features of the ionospheric annual/
semiannual variations.

3.3. Mean TEC in Solstice Seasons

[20] The ionosphere at solstices is an interesting issue
[Duncan, 1969; Fatkullin, 1973; Liu et al., 2007b; Mendillo
et al., 2005; Rishbeth, 1998; Rishbeth et al., 2000; Rishbeth
and Müller-Wodarg, 2006; Torr et al., 1980; Torr and Torr,
1973; Wright, 1963; Zeng et al., 2008]. There is the well-
known annual asymmetry, characterized by on global aver-
age higher electron densities near the December solstice
than near the June solstice. This feature was also found in
TEC, NmF2, and the topside ionospheric electron density
[Bailey et al., 2000; Liu et al., 2007b; Mendillo et al., 2005;
Rishbeth and Müller-Wodarg, 2006; Su et al., 1998; Zeng et
al., 2008]. How to explain the annual asymmetry is still an
open question in ionospheric physics [Rishbeth, 1998].
Possible contributions may come from the geomagnetic
field configuration, the Sun-Earth distance, and lower
atmospheric tidal forcing [Zeng et al., 2008].

[21] To identify the evolution of these mean TEC near
solstices, we plotted in Figure 4 the monthly mean TEC in
June and December. The circles denote the TEC values
averaged in the northern hemisphere, squares for those in
the southern hemisphere, and diamonds for those averaged
in both hemispheres.
[22] As shown in Figure 4, in the southern hemisphere,

the monthly values of the mean TEC (TECl
S, TECm

S , TECh
S

and TECS) are higher in December than in June during the
years 1999 to 2008; the behaviors in the northern hemi-
sphere do not show a consistent feature. The values of
TECh

N are always higher in June than in December. In
contrast, TECm

N and TECl
N are relatively complicated. Com-

pared to that in December, TECl
N in June has higher values

in 1999 and 2000, lower values in the years 2001, 2002, and
2008, and a decline trend in other years partly due to the
solar activity variations as illustrated in Figure 1. The
monthly values of TECm

N and TECN in June are higher in
1999, 2000, and 2004–2008. In other words, the winter
anomaly is not found in the mean TEC in all years in the
southern hemisphere and in most years in the northern
hemisphere.
[23] The monthly mean TEC (TECl

G, TECm
G, TECh

G and
TECG) averaged in both hemispheres show higher values in
December than in June during the years 2000 to 2008; that
is, the annual anomaly is found in these mean TEC averaged

Figure 4. Monthly mean values of the TEC averaged in June and December months during the years
1999 to 2008 at all latitudes (0�–87.5�), high latitudes (latitude higher than 55�), middle latitudes (55�–
25�), and low latitudes (25�–0�). The circles denote those in the northern hemisphere, squares are for
those in the southern hemisphere, and diamonds are for those averaged in both hemispheres. The
subscripts l, m, and h stand for low, middle, and high latitude, while the superscripts N, S, and G stand for
the northern, southern, and both hemispheres. Ticks of year are on 1 January of the years.
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in both hemispheres. An exception is in 1999, when the
monthly TEC have higher values in June 1999 than in
December 1998 at middle and high latitudes, and the
monthly TEC averaged globally and at low latitudes in
June 1999 and in December 1998 are of comparable values.
It supports the statement that the seasonal anomaly is
greater in the northern hemisphere than the southern
[Rishbeth, 1998]. Figure 4 reveals that the annual anomaly
in these mean TEC averaged in both hemispheres becomes
more evident at higher solar activity and at low latitudes.
Further, these mean TEC can capture the overall picture of
the ionosphere in the June and December solstices.

3.4. Hemispheric Asymmetry

[24] Figure 5 plots the differences of the daily mean TEC
(averaged globally and over low, middle, and high latitudes
as well) in the northern (southern) hemisphere. The red
points denote the data when the 1-year running mean values
of F10.7 are higher than 140 sfu, and the blue points denote
the data when the 1-year running mean values of F10.7
below 140 sfu.
[25] From Figure 5 one can see that the hemispheric

differences in these mean TEC show an annual variation
with higher values in the southern (northern) hemisphere
near the December (June) solstices, which follow the solar
declination as denoted by the thick line. The hemispheric
differences become larger at higher solar activity and are
stronger at middle and high latitudes than at low latitudes.
Moreover, the semiannual component is not obviously
detected. This new feature also suggests that (1) the hemi-
spheric differences in these mean TEC are a manifestation
of the seasonal variations, mainly due to the annual com-

ponents with different phases in conjugate hemispheres, and
(2) there are strong couplings between both hemispheres in
the mechanisms responsible for the semiannual variations in
the ionosphere. In other words, there are comparable and in-
phase semiannual components in the ionosphere of both
hemispheres. As a result, the hemispheric differences leave
an absolute annual component.

3.5. Solar Activity Dependence and Solar Rotation
Variations of the Mean TEC

[26] The daily mean TEC averaged at three latitude bands
in both hemispheres during the years 1998 to 2008 are
plotted as a function of the relevant F10.7 and the daily mean
values of SEM/SOHO solar full disk EUV flux (0.1–50 nm
wavelength band) in Figure 6. A piecewise linear regression
is applied to show the solar activity dependency of the daily
mean TEC for three latitude bands. The thick curve denotes
the piecewise fitting results, and the dashed line depicts the
result of a linear regression for the lower data part of (the
left-hand plots) the values of F10.7 < 180 sfu or (the right-
hand plots) that of EUV (0.1–50 nm) <5 � 1010 photons
cm�2 s�1, with the equation indicated.
[27] From Figure 6, one can see strong solar activity

variations in the daily mean TEC. A linear regression can
roughly describe the solar dependency of the daily mean
TEC. In more detail, the saturation effect can be found in
the mean TEC versus F10.7, being more evident at low-
latitude mean TEC when F10.7 approaches values greater
than 200 sfu. The saturation effects at high F10.7 have
already been reported in NmF2 and TEC [e.g., Balan et
al., 1994; Chen et al., 2008; Liu et al., 2003, 2004, 2006;
Richards, 2001; Su et al., 1999]. It was also founded in

Figure 5. The difference of the daily mean TEC in the northern hemisphere and in the southern
hemisphere, averaged at low latitudes (25�–0�), middle latitudes (55�–25�), high latitudes (latitude
higher than 55�), and all latitudes (87.5�–0�) as a function of day of year during the years 1999 to 2008.
The blue points denote the data when the 1-year moving mean values of F10.7 are higher than 140 sfu,
while the red ones are for those of F10.7 lower than 140 sfu. The curve superimposed in each plot denotes
the solar declination. The subscripts l, m, and h stand for low, middle, and high latitude, while the
superscripts N and S stand for the northern and southern hemispheres.
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GEC [Afraimovich et al., 2008]. Liu et al. [2006] revealed
that there are seasonal and latitudinal variations in the solar
dependency of NmF2 by examining F10.7, solar EUV, and
NmF2 from 20 ionosonde stations with the longest histor-
ical data series available. They further confirmed the satu-
ration effect in NmF2 versus solar EUV due to the dynamic
processes and the close couplings between the ionosphere
and the thermosphere. In contrast, an amplification effect
has been found in the topside ionosphere [Liu et al., 2007a]
and in the nighttime NmF2 [Chen et al., 2008; Liu et al.,
2004]. It is interesting that the amplification effect can also
be detected in the mean TEC at middle and high latitudes
versus SEM/SOHO EUV; that is, the TEC increases faster
or at a higher rate with higher solar EUV fluxes. This
amplification effect is a novel feature. As a matter of fact, if
we check carefully Figure 3 of Afraimovich et al. [2008],
the amplification effect can be also found, although they just
applied a linear fit on GEC versus the solar EUV fluxes. It
should be pointed out that this amplification feature needs

further data validation with data under higher EUV fluxes
due to the moderate solar activity levels of Solar Cycle 23.
It is sure that this amplification feature can also be found at
the TEC averaged in one hemisphere and those observed
over some locations in certain seasons, which we will report
separately in a future work. The inconsistent patterns of the
mean TEC versus F10.7 and solar EUV can be explained in
terms of the nonlinear relationship of F10.7 versus solar
EUV [e.g., Balan et al., 1994; Liu et al., 2006] due to quite
different behaviors on short-term variations of solar activity
in F10.7 and solar EUV. Further, Figure 6 also clearly shows
remarkably better correlation of daily values of mean TEC
with EUV (0.1–50 nm) than with F10.7.
[28] In addition, there is rather scatter in the plots of

Figure 6. Part of the scatter could be due to significant day-
to-day and annual/semiannual variabilities. Possible sources
also come from that the ionosphere is significantly influ-
enced by solar wind/magnetospheric activities and iono-
spheric transport processes, which are complicated

Figure 6. The dependence of the daily averaged values of mean TEC (TECl
G, TECm

G, and TECh
G) on

F10.7 and SOHO/SEM EUV at the 0.1–50 nm wavelength band in 1998–2008. The daily averages of
mean TEC are averaged in both hemispheres at high latitudes (latitude higher than 55�), middle latitudes
(55�–25�), and low latitudes (25�–0�). The subscripts l, m, and h stand for low, middle, and high latitude,
while the superscript G stands for the TEC averaged in both hemispheres. The SOHO/SEM EUV fluxes
at the 0.1–50 nm wavelength band are in units of 109 photons cm�2 s�1. The thick curve denotes the
moving linear fit for the data, and the dashed line denotes the linear trend, which is also described by the
corresponding equation.
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functions of solar activity. In Figure 6, we used all data
regardless of their seasons and geomagnetic conditions. If
we separate data according to the months or seasons, the
scatter will be decreased to some extent as shown in
Figure 7. Figure 7 illustrates the seasonal variation of the
standard deviations of the TECl

G, TECm
G, TECh

G and pre-
dicted with the regression function of F10.7 and EUV (0.1–
50 nm) from those observed values. The short horizontal
bars from the top to the bottom on the left hand of each plot
illustrate those without taking DOY into account. The
standard deviations of those regardless of their seasons
and geomagnetic conditions are 7.87, 4.84, and 3.49 TECu
for low-, middle-, and high-latitude bands, respectively, in
terms of F10.7, and 6.85, 4.05, and 2.94 TECu for low-,
middle-, and high-latitude bands in terms of EUV (0.1–
50 nm). Moreover, the standard deviations are generally
smaller if we limited the data in 1–2 month.
[29] Figure 6 also illustrates that the mean TEC sensitiv-

ity to solar activity has somewhat latitudinal differences. We
applied a linear fit to the data as indicated by the dashed line
and the equation gave the derived results over these latitude
ranges. The regression slopes as given in the equations
decrease with the latitude of the specified ranges, having a
highest value at low latitude and a lowest one at high
latitude. This latitude difference in solar sensitivity may
come from the differences of the solar zenith angle as well
as the related parameters (neutral density and concentra-
tions, etc) of the background thermosphere as reported by
Liu et al. [2006]. As shown in Figure 6, the relationship of
those mean TEC with F10.7 and EUV (0.1–50 nm) can
enough be described in terms of equations given by Liu et
al. [2004]. Therefore, these mean TEC can be served as
ionospheric indices if we separate data according to their
months. The errors can be estimated according to the
standard deviations shown in Figure 7. Moreover, an
interesting point is that the linear regression line has a
negative intercept in TEC, which means that when F10.7 and
EUV approach to zero, the extrapolated ionosphere will
have a negative TEC. This feature is consistent with that of
the global mean TEC [Hocke, 2009]. If carefully checked
previous results of the ionosphere [e.g., Afraimovich et al.,
2008] and the thermosphere, such as the total neutral

density from CHAMP observations [Liu et al., 2005], we
can also draw the similar conclusion. Obviously, a negative
TEC is unphysical and even if the coronal emission goes to
zero, underlying emission should still remain. However, the
ionosphere and thermosphere under extreme solar cycle
conditions (e.g., the Maunder and Dalton Minima) is quite
interesting, which waits for further investigation.
[30] Figure 8 depicts the short-term variations in F10.7,

SOHO/SEM EUV, and mean TEC at three latitude bands
during the years 1999 to 2008. The values shown in Figure
8 are the difference values of the daily mean TEC from the
corresponding 54-day running TEC.
[31] The well-known solar rotation variations should

modulate the ionosphere as well as the thermosphere. Rich
et al. [2003] revealed that the 27-day effect is much more
pronounced in the topside plasma density. It is possibly
masked by the local noises from gravity waves that affect
the bottomside ionosphere but not the topside ionosphere.
One can see from Figure 8 that the 27-day effects are
pronounced in the short-term variations of F10.7 and solar
EUV as well as in the mean TEC. The 27-day variations of
the mean TEC become more effective during the equinoxes,
which are consistent with the global pattern of the semi-
annual variation in the thermospheric O/N2 [e.g., Qian et
al., 2009]. The present result confirms that the ionosphere
over different latitudes is strongly modulated with the solar
rotation when the noises are greatly depressed by applying
an averaging procedure. The mean TEC averaged over three
latitude ranges show similar results of the correlation
analysis of the GEC during the period of 1999 to 2006 by
Afraimovich et al. [2008]. Therefore, we do not repeat the
analysis here.

4. Summary

[32] This paper has analyzed the 11 years (1998–2008) of
data of the GIM TEC derived at JPL to investigate the
climatology of the ionosphere and to explore the capability
of the mean TEC to track the solar activity variability and
capture the overall annual/semiannual variations of the
ionosphere over specified latitude ranges. In summary, the
major results are outlined as follows.

Figure 7. Seasonal variation of the standard deviations of the TECl
G, TECm

G, and TECh
G predicted with

the regression function of F10.7 and EUV (0.1–50 nm) from those observed values. The short horizontal
bars from the top to the bottom in the left of each plot illustrate those without taking DOY into account.
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[33] 1. The mean TEC averaged globally and at three
latitude bands (low, middle, and high latitudes) in one
(southern or northern) hemisphere and both hemispheres
show strong solar cycle and solar rotation modulations as
well as annual/semiannual variations. The averaging proce-
dure can greatly depress the noises, which are partly raised
from gravity waves and other processes.
[34] 2. The mean TEC has higher solar activity sensitivity

at lower latitude. The saturation effect exists in the mean
TEC versus F10.7, more evident at low latitudes; while an
amplification effect can easily be detected in the mean TEC
versus solar EUV at higher latitude. An interesting result is
that the TEC will take negative values when the values of
F10.7 or the solar EUV fluxes extrapolated to zero. Similar
feature can also be found in global mean TEC [Hocke,
2009], NmF2 [Liu et al., 2006], and neutral total density
[Liu et al., 2005]. It stimulates our interest on what the
ionosphere and thermosphere will be under extreme solar
cycle conditions (the Maunder and Dalton Minima).
[35] 3. The annual component of the mean TEC has

greater amplitudes in the southern hemisphere than in the
northern hemisphere. The annual phases are relatively stable

in the southern hemisphere and shift toward vernal equinox
and even December solstice at some times in the northern
hemisphere. In contrast, there are in phase and comparable
amplitudes of the semiannual components in conjugate
hemispheres, which suggests close couplings between
conjugate hemispheres. The amplitudes of the annual/
semiannual components become more pronounced at low
latitude and at higher solar activity.
[36] 4. Annual asymmetry and hemispheric difference can

be detected in the mean TEC, more distinct with increasing
solar activity. The hemispheric difference follows the solar
declination.
[37] 5. All these mean TEC can be used as ionospheric

indices to track the solar activity variation due to solar cycle
and solar rotation modulations, and the TEC averaged in
one (southern or northern) hemisphere will reliably capture
the overall features of the ionosphere over specified latitude
ranges. However, these TEC averaged in both hemispheres
should be used with caution, because the mitigation of
annual variations with different phases in conjugate hemi-
sphere may leave a significant semiannual component in
these mean TEC. It may provide false information on the

Figure 8. The short-term variations of F10.7, SOHO/SEM EUV, and mean TEC at different latitude
bands during the years 1999 to 2008. The daily averages of mean TEC are averaged in both hemispheres
at all latitudes (0�–87.5�), high latitudes (latitude higher than 55�), middle latitudes (55�–25�), and low
latitudes (25�–0�). The subscripts l, m, and h stand for low, middle, and high latitude, while the
superscript G stands for the TEC averaged in both hemispheres. The SOHO/SEM EUV fluxes at the 0.1–
50 nm wavelength band are in units of 109 photons cm�2 s�1. The values shown are the difference values
of the daily mean TEC from the corresponding 54-day running mean TEC. Ticks of year are on 1 January
of the years.
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ionosphere, especial at LSA, when the ionosphere is actu-
ally dominated with annual variations.
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