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[1] The seasonal behaviors of the ionosphere have been investigated for several decades,
but the differences of the ionosphere between the March and September equinoxes are
still an open question. In this analysis we utilize the data of ionospheric electron density
(Ne) profiles from Constellation Observing System for Meteorology, Ionosphere, and
Climate (COSMIC) mission radio occultation measurements, total electron density (TEC)
from TOPEX and Jason‐1, and TEC from Global Positioning System (GPS) receivers
as well as global ionosonde measurements of the F2 layer peak electron density (NmF2) to
investigate the behaviors of the daytime ionosphere around equinoxes during low solar
activity (LSA). The analysis reveals that during LSA the equinoctial asymmetry in
ionospheric plasma density is mainly a low‐latitude phenomenon. The differences of
equinoctial TEC and NmF2 have considerable amplitudes at low latitudes in both
hemispheres and less significant at higher latitudes. With increasing altitude, the
asymmetry in COSMIC Ne becomes weaker in the Southern Hemisphere, and the northern
pronounced asymmetry regions move toward the magnetic equator. The ionospheric
equinoctial asymmetry may be considered as a manifestation of the annual variation,
whose annual phase significantly shifts away from the solstices. The F layer peak
height (hmF2) extracted from COSMIC Ne profiles also shows an equinoctial asymmetry at
low latitudes, indicating the existence of equinoctial differences in low‐latitude neutral
winds, specifically in the Northern Hemisphere. It reveals that, besides the important effect
of the neutral wind, other processes should play roles in the forming of the observed
equinoctial asymmetry in the ionosphere.
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1. Introduction

[2] Over the past several decades, seasonal behaviors of
the ionosphere have been explored with measurements of
the F2 layer critical frequency foF2 (or maximum electron den-
sity NmF2), total electron content (TEC), and electron den-
sity Ne [e.g., Jakowski et al., 1981; Ma et al., 2003; Mayr
and Mahajan, 1971; McNamara and Smith, 1982; Moffett,
1979; Rishbeth et al., 2000; Su et al., 1998, 2005; Torr and
Torr, 1973; Unnikrishnan et al., 2002; Yonezawa, 1971; Yu
et al., 2004; Yuen and Roelofs, 1967; Zou et al., 2000] and
have also been explored with modelings [e.g., Millward et al.,
1996; Pavlov and Pavlova, 2005; Richards, 2001; Zeng et al.,
2008]. However, the question of seasonal variations of the
ionosphere still has not been fully resolved [Rishbeth, 2004].
The reason it remains unanswered may be ascribed to the
complexity of ionospheric seasonal variations, limitations of
observation techniques and data coverage, and also partly
to the shift of interests from the ionospheric morphology to
ionospheric dynamics.

[3] Furthermore, interests in various past works are mainly
focused on the patterns and underlying physical processes
of the annual harmonic components (e.g., annual and semi-
annual components) as well as on the summer‐to‐winter and
solstice‐to‐equinox differences [e.g.,Ma et al., 2003;Mendillo
et al., 2005; Rishbeth et al., 2000; Wright, 1963; Zhao et al.,
2005]. Little attention is paid to the equinoctial differences
or the equinoctial asymmetry. Generally no distinction has
been made between the two equinoxes [e.g., Codrescu et al.,
1999; Jee et al., 2004]. Consequently, we are lacking infor-
mation on the global pattern, especially the latitudinal profile,
of the equinoctial differences of the ionosphere. However,
Essex [1977] detected that at several stations the TEC values
in the March‐April equinox are usually higher than those in
the September‐October equinox. Aruliah et al. [1996] observed
a significant equinoctial asymmetry in thermospheric winds
and ion velocities in northern Scandinavia. By studying the
hmF2‐derived thermospheric winds over Wuhan (30.6°N,
114.4°E), Liu et al. [2003] found a prominent equinoctial
asymmetry that the winds over Wuhan have smaller magni-
tudes in the vernal equinox than in the autumn equinox. Here
hmF2 is the F2 layer peak height. Bailey et al. [2000] reported
an equinoctial asymmetry in the topside Ne, and Unnikrishnan
et al. [2002] showed that TEC over Palehua (19°N, 206°E)
exhibits opposite equinoctial asymmetries between high solar
activity (HSA) and low solar activity (LSA).
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[4] In addition to the global pattern, the altitude dependence
is another important feature of the ionospheric seasonal varia-
tion. Several techniques, such as satellite in situ and remote
sensing measurements [Bailey et al., 2000; Liu et al., 2007c;
Zhao et al., 2005], ionosondes, and incoherent scatter radars
(ISR) [e.g., Balan et al., 1997, 1998, 2000; Fukao et al., 1991;
Kawamura et al., 2002; Oliver et al., 2008; Zhang and Holt,
2007], have been applied to explore this issue. It was reported
that there are outstanding altitudinal differences in the iono-
spheric seasonal behaviors. For example, the topside Ne is
higher in the summer hemisphere than in the winter hemi-
sphere [e.g., Liu et al., 2007c; Su et al., 1998; Zhao et al.,
2005], while NmF2 shows complex seasonal behaviors. Liu
et al. [2009a] recently investigated the seasonal behaviors
of daytime Ne from the Constellation Observing System for
Meteorology, Ionosphere, and Climate (COSMIC) mission
ionospheric radio occultation (IRO) measurements. Their anal-
yses revealed unprecedented detail of the seasonal behaviors
of global Ne during LSA in the 200–560 km altitude range,
showing strong annual/semiannual components with distinct
latitudinal and altitudinal dependencies. It is the first time to
show the global altitude pattern and the presence of a wave-
like longitudinal structure in the annual and semiannual
components of ionospheric Ne in the equatorial regions. Fur-
thermore, Balan et al. [1997, 1998, 2000] revealed equinoctial
asymmetries in the ionosphere and thermosphere with mea-
surements of the Japanese middle and upper atmosphere
(MU) radar at Shigaraki (35°N, 136°E). Over the MU radar
there is a weak equinoctial asymmetry in the bottomside and
a strong and inverse one in the topside [Balan et al., 1997];
that is, greater Ne is found in September below hmF2 and in
March above hmF2.
[5] Hitherto, the global pattern of the ionospheric equinox

differences as well as the altitudinal dependence is still
unclear. In this report, we extend the works of Liu et al.

[2009a] and Balan et al. [1997, 1998, 2000] to provide the
latitudinal profile and altitudinal dependence of the equi-
noctial differences in the ionosphere.
[6] We collected the data of Ne profiles retrieved from

COSMIC IRO measurements [e.g., Lei et al., 2007; Lin et al.,
2007; Schreiner et al., 2007], TEC from TOPEX/Poseidon
[Codrescu et al., 1999; Jee et al., 2004] and Jason‐1 missions,
TEC of Global Positioning System (GPS) from global iono-
spheric maps (GIMs) retrieved at Jet Propulsion Labora-
tory (JPL) [Mannucci et al., 1998], and foF2 measured at
175 globally distributed stations, which were collected from
Japanese and Australian ionosondes as well as from the
Space Physics Interactive Data Resource (SPIDR) website
(http://spidr.ngdc.noaa.gov/spidr/). Using the combination of
the above datasets, we conducted a statistical analysis about
the ionospheric behaviors around equinoxes in order to char-
acterize the differences between the two equinoxes during
LSA. The most outstanding feature is that the equinoctial
asymmetry in daytime ionospheric plasma density is mainly
a low‐latitude phenomenon.

2. Ionospheric Data Source

2.1. COSMIC Ne Profiles

[7] The COSMIC mission, consisting of six satellites, was
launched on 15 April 2006 into a circular low‐Earth orbit
with a 72° inclination. Now they orbit at altitudes around
800 km and are separated 30° apart. Each satellite carried a
GPS receiver to record the phase and Doppler shifts of GPS
signals. Electron density profiles of the ionosphere can be
retrieved from GPS signal phase records in IRO events. The
reader is referred to Lei et al. [2007] and Schreiner et al.
[2007] for a detailed description on the COSMIC mission
and IRO Ne profile inversion technique and Liu et al. [2008]
for the Ne profiles distribution. The COSMIC IRO observa-
tions provide an unprecedented three‐dimensional Ne data-
base, which has attracted the interests of the community
[e.g., Lin et al., 2007; Liu et al., 2008, 2009a; Zeng et al.,
2008].
[8] We collected the COSMIC Ne profiles during the three‐

year period from day of year (DOY) 194, 2006 to DOY 304,
2009 to investigate the daytime Ne behaviors around equi-
noxes in the altitudinal range of 200–560 km. The daily
number of COSMIC Ne profiles is illustrated in Figure 1.
During this period the solar 10.7 cm flux (F10.7) was quite
low and geomagnetic activity was not active.
[9] Each individual Ne profile within 170–560 km was

fitted in a least squares sense using an a‐Chapman function
to determine the peak height (hmF2) and maximum electron
density (NmF2), and Chapman scale height Hm as described
in Liu et al. [2007a, 2007b, 2008]. We discarded the profiles
with large spread points around the fitted profiles or with
unphysical peak parameters [see Liu et al., 2008, 2009a].
Simultaneously, we interpolated individual Ne profiles to
regular altitude levels (200–550 km). For this study we
binned these data within 5° latitudes and 10° longitudes and
evaluated the median values and lower and upper quartiles
of hmF2, NmF2, and Hm as well as Ne at regular altitude
levels for the March and September equinoxes. The data
around 1400 local time (LT) in March and April are grouped

Figure 1. The COSMIC IRO electron density profile num-
ber and solar 10.7 cm flux index F10.7. The daily number of
electron density profiles is plotted in green, and those being
rejected for this analysis are indicated in red color.
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in March equinox and those in September and October are
sorted in September equinox.

2.2. TOPEX TEC and JPL GPS TEC

[10] TEC can be retrieved from measurements of the dual‐
frequency radar altimeters onboard the TOPEX/Poseidon
satellite altimeter mission [Codrescu et al., 1999] and its
follow‐on mission, Jason‐1 (http://podaac.jpl.nasa.gov/jason).
The TOPEX/Poseidon and Jason‐1 were launched on 10
August 1992 and on 7 December 2001, respectively, and
orbited at an altitude of 1336 km with an inclination of 66°
and a period of 112 minutes. (See Codrescu et al. [1999]
and Ping et al. [2004] for details of the missions.) The out-
standing advantage of the TOPEX/Poseidon and Jason‐1
missions is their ability of monitoring TEC over ocean areas,
providing a unique TEC database over the ocean areas for
ionospheric research [e.g., Jee et al., 2004;Meza and Natali,
2008]. The one‐second time resolution TEC data of the
TOPEX/Poseidon and Jason‐1 were provided by the NASA
Physical Oceanography Distributed Active Archive center at
JPL. We averaged the one‐second data along satellite orbits
into 20‐second values and assigned as TOPEX TEC for brevity
in this report.
[11] The TOPEX/Poseidon and Jason‐1 missions provide

the TEC data series during the period from 1992 to 2009. To
include as many data points as possible, all the data within
equinoxes under low solar activity (F10.7P < 90) and quiet
magnetic activity within a two‐hour window around 1400 LT
were used for our analysis. Here F10.7P = (F10.7 + F10.7A)/2,
and F10.7A is the 81‐day mean of daily F10.7. F10.7P is a better
solar proxy, because in a statistical sense F10.7P represents
the intensity of solar EUV fluxes fairly well as confirmed by
Liu et al. [2006].
[12] TEC can also be estimated from observations of global

distributed dual‐frequency GPS receivers. GIMs of the GPS‐
derived TEC have been routinely produced at JPL and other
analysis centers since 1998 [e.g., Iijima et al., 1999;Mannucci
et al., 1998]. We used the GIM data provided by JPL with a
two‐hour temporal resolution and a spatial resolution of 5°

in longitude and 2.5° in latitude. These GPS‐derived TEC
GIM data are designated as GPS TEC. (See Mannucci et al.
[1998] for a detailed description of the GPS TEC deriving
procedure.) The GPS TEC provides an excellent data source
for many works. In particular, we have analyzed these data
to diagnose the average behavior and solar activity depen-
dence of GPS TEC [Liu et al., 2009b; Liu and Chen, 2009].
[13] The GPS TEC grid data of GIMs in 2007 and 2008

were interpolated to 1400 LT and then grouped into the
March equinox and September equinox according to month,
as COSMIC data is similarly grouped.

2.3. Ionosonde NmF2

[14] The NmF2 data were also evaluated from ionosonde
foF2 (NmF2 = 1.24 × 104 ( foF2)

2, NmF2 is in units of electron/
cm3 and foF2 in MHz), which were recorded at 175 global
ionosonde stations. A map of the ionosonde stations is
given in Figure 2. The ionosonde foF2 data were collected
from the National Institute of Information and Commu-
nications Technology of Japan, IPS Radio and Space Ser-
vices, Darlinghurst, New South Wales, Australia, and the
SPIDR website (http://spidr.ngdc.noaa.gov/). This forms a
database of worldwide ionosonde foF2 with the longest time
coverage up to now. Data at some stations cover a period
longer than 50 yr. We selected these NmF2 data under low
solar activity (F10.7P < 100) and quiet to moderate geo-
magnetic (the daily Ap index was lower than 20 nT) con-
ditions. The selected data around 1400 LT at each station
were sorted into two equinoxes according to month.
[15] It should be noted that four kinds of data sources do

not have completely similar year ranges in this work. To make
the results comparable, we organized the data according to
solar activity and analyzed the data during LSA. Hence, our
result represents the ionosphere behavior during LSA. In
addition, the Apex coordinate frame [Richmond, 1995] was
adopted to establish the latitudinal profiles of ionospheric
plasma density.

3. Results

3.1. Maps of the Equinoctial Ionosphere

[16] Figure 3 shows the global distributions of COSMIC
NmF2, TOPEX TEC and GPS TEC at 1400 LT in the March
and September equinoxes during LSA. Three white curves
are superposed to denote the Apex equator and ±20°Apex
latitude, respectively. As depicted in Figure 3, COSMIC NmF2,
TOPEX TEC, and GPS TEC present roughly similar spatial
distributions in two equinoxes. Evidently, they are regu-
lated by Apex latitudes, especially at low latitudes, indicating
strong influences on the latitudinal distribution of the plasma
from the geomagnetic field. If the data are organized in geo-
magnetic coordinates, rather similar patterns can be obtained
as by Codrescu et al. [1999] and Jee et al. [2004]. The most
salient feature in all maps shown in Figure 3 is the equatorial
ionization anomaly (EIA) [Moffett, 1979]; that is, a mini-
mum is located around the dip equator and two maxima are
located around ±20° Apex latitude. The latitudes of the
crests of EIA are displaced by a few degrees toward the
equator in TEC compared to that in NmF2. This structure and
its source has been investigated and relatively well docu-
mented in various works. Moreover, longitude variations are

Figure 2. Map of ionosonde stations, where foF2 data for
low solar activity (F10.7P < 100) are collected for this anal-
ysis. The ionosonde locations are indicated in red dots.
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most considerable at the EIA latitudes and moderate at other
latitudes, especially in COSMIC NmF2. Wavelike modula-
tions in longitudinal variations have also been found in air-
glow observations [Henderson et al., 2005; Immel et al.,
2006; Sagawa et al., 2005], Ne and its seasonal components
[e.g., Lin et al., 2007; Liu et al., 2009a; Lühr et al., 2007],
TEC [Wan et al., 2008], scale height [Liu et al., 2008], and
other parameters. The sources are thought to be due to the
longitudinal structure of geomagnetic fields [e.g., Ren et al.,
2009; Walker et al., 1994] as well as effects coupled from
processes of lower atmosphere origins, like the eastward
diurnal nonmigrating tide mode DE3 [e.g., Immel et al., 2006;
Wan et al., 2008]. Specifically, hemispheric and equinoctial
asymmetries can be detected in all three datasets.
[17] In this work, we estimate the intensity of the equi-

noctial asymmetry via the absolute difference of NmF2, TEC,
and Ne between the two equinoxes. Figure 4 depicts the dif-
ferences of COSMIC NmF2, TOPEX TEC, and GPS TEC
at 1400 LT in the September equinox from those in the
March equinox, which are denoted by COSMIC DNmF2,
TOPEX DTEC, and GPS DTEC in the maps, respectively.
We can infer from Figure 4 that the equinoctial asymmetry
is generally a low‐latitude phenomenon. Equinoctial differ-
ences with considerable amplitudes are predominately over

a limited range of latitudes around the EIA crest regions. In
contrast, the extent of the equinoctial asymmetry becomes
quite insignificant at middle and high latitudes. Moreover,
it is weak in TOPEX DTEC but evident in the GPS DTEC
and COSMIC DNmF2. In the map of GPS DTEC, the equi-
noctial differences are significant in two longitudinal sectors,
one being the eastern sector near 120°E and the other near
150°W. For the COSMIC DNmF2, equinoctial differences
also have two centers in the Southern Hemisphere, while a
new center appears around longitude sector 60°W in the
Northern Hemisphere. In particular, we can find significant
TOPEX DTEC only in very limited areas.
[18] Considerable discrepancies can also be detected among

the data sources, especially between TOPEX DTEC and GPS
DTEC. Possible sources can be outlined. First, GPS observa-
tions are mainly conducted over land, while TOPEX recorded
over ocean areas. The GPS satellites are running at altitudes
high over the TOPEX satellite. Although the TEC is assumed
to be dominated by electron densities in the F region, we
have no complete information on the electron density in the
altitude ranges above the TOPEX to GPS satellites. As a
result, the altitude differences of the two satellites may also
induce differences. Moreover, the GPS TEC used in our
work is provided from JPL. Both the retrieving TEC from

Figure 3. Map of COSMIC NmF2, TOPEX TEC, and JPL GPS‐TEC around 1400 local time (left) in the
September equinox and (right) in the March equinox. The three white curves in each panel indicate the
equator and latitude ±20°, respectively, in the Apex coordinate frame [Richmond, 1995].
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GPS observations and from TOPEX may further induce
some uncertainty. The possible differences between GPS
TEC and TOPEX TEC have been reported in prior works.

3.2. Latitudinal Profile

[19] To examine the latitudinal profile more explicitly,
we longitudinally averaged COSMIC NmF2, TOPEX TEC,
and GPS TEC in Apex coordinates. The median values at
1400 LT in the September (March) equinox are plotted
with solid (dashed) curves as a function of Apex latitude in
Figure 5 (left). The corresponding lower and upper quartiles
are presented with vertical bars. Figure 5 (right) gives the
equinoctial differences of their median values. In essence,
Figure 5 is an alternative presentation of Figures 3 and 4.
Meanwhile, Figure 6 organizes the ionosonde NmF2 from
175 global stations during LSA in the same way as Figure 5.
By combining these data sources, we may have a more
comprehensive picture on the ionosphere in equinoxes.

[20] From Figures 5 and 6, the following features may
be outlined. The plasma in the ionosphere distributes with
a gentle latitude gradient at middle and high latitudes,
but the latitudinal profiles become rather steep below 30°
Apex latitude in both hemispheres. Meanwhile, a hemispheric
symmetry with pronounced intensities can be detected in
TOPEX TEC in both equinoxes and in COSMIC NmF2 during
the September equinox. Evidently, a higher northern peak
exists in COSMIC NmF2 during the March equinox as well
as in GPS TEC and ionosonde NmF2 in both equinoxes.
However, the hemispheric asymmetry in ionosonde NmF2 is
more pronounced during the September equinox than that
during the March equinox. Furthermore, the median values
of ionosonde NmF2 show outstanding spread in the equa-
torial and low‐latitude regions, more specifically around
−20° Apex latitude, revealing the longitudinal modulation as
mentioned above.
[21] It is worth noting that, as confirmed in Figures 5

and 6, the equinoctial asymmetry is predominately a low‐
latitude phenomenon. NmF2 from both COSMIC and iono-
sondes in the March equinox exceed those in the September
equinox by about 2 × 105 electrons/cm3 at low latitudes, and
two peaks are found in the latitudinal profile of DNmF2.
In contrast, the equinoctial differences of GPS TEC exist
within ±24° Apex latitude, spanning the whole equatorial
and low latitudes. The situation of TOPEX TEC is unique.
The equinoctial differences of TOPEX TEC fluctuate at low
latitudes. Hence, the detailed latitudinal profile of the equi-
noctial differences is somewhat inconsistent among these
four data sources.

3.3. Altitude Pattern

[22] It is instructive to examine the altitude pattern of the
equinoctial asymmetry in terms of the COSMIC Ne profile
data. The absolute (DNe) and relative (dNe) differences of Ne

between the two equinoxes at seven selected altitudes are
illustrated in Figure 7 (left) and Figure 7 (right), respectively.
[23] As indicated in Figure 7, similar to that in COSMIC

NmF2 (Figure 5 (right)), the absolute equinoctial differences
(DNe) in the bottomside (cases for altitudes at 250 and
300 km) are also pronounced at low latitudes in both hemi-
spheres. However, the value of DNe in the southern region
turns to increase with latitude starting at −50° Apex latitude.
With increasing altitude, the intensity of the equinoctial
difference diminishes at low latitudes in the Southern Hemi-
sphere. In contrast, the region with evident relative equi-
noctial differences at the northern low latitudes moves
toward the equator, and its amplitude also decreases at
higher altitudes. At higher latitudes, the relative values dNe

are significant over wider Apex latitudes in the Northern
Hemisphere because of low values of background electron
densities over there. As shown in Figure 7, equinoctial asym-
metries exist in the Ne profiles, relatively stronger in the
Northern Hemisphere.

4. Discussion

[24] The equinoctial asymmetry in the ionosphere may be
understood with the help of information of annual harmonic
components. Many previous investigations [e.g., Jakowski
et al., 1981; Liu et al., 2007c, 2009a, 2009b; McNamara

Figure 4. Map of the differences of COSMIC NmF2,
TOPEX TEC, and JPL GPS‐TEC around 1400 local
time between the September and March equinoxes. The
three curves indicate the Apex equator, and latitude ±20°,
respectively.
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and Smith, 1982; Meza and Natali, 2008; Rishbeth et al.,
2000; Su et al., 1998; Titheridge and Buonsanto, 1983;
Unnikrishnan et al., 2002; Yu et al., 2004; Zhao et al., 2005]
have reported that the annual and semiannual components
absolutely dominate in the seasonal variations of the iono-
spheric Ne, and other harmonic components can be neglected.
In general, during LSA the semiannual components of NmF2
and TEC are always peaked at equinoxes, whereas the annual
components are not always peaked at December or June
solstices anywhere. As a consequence, there are winter/
seasonal anomalies, nonseasonal anomalies, and semiannual
anomalies [see Torr and Torr, 1973; Yonezawa, 1971]. Some
displacement of the Ne annual phase toward one equinox
may exist in some regions, as indicated in Figure 3 of Liu
et al. [2009a] and Figure 1 of Yu et al. [2004], for exam-
ple. Therefore, the equinoctial asymmetry may be considered
a manifestation of the annual variation. When the annual
phase significantly shifts away from the solstices, there is an
equinoctial asymmetry.
[25] The seasonal variations of thermospheric composi-

tions and neutral winds have been used to explain seasonal
variations in the ionosphere [e.g., Liu et al., 2007c;Mendillo
et al., 2005; Millward et al., 1996; Oliver et al., 2008;
Pavlov and Pavlova, 2005; Richards, 2001; Rishbeth et al.,
2000; Torr and Torr, 1973; Wright, 1963; Zou et al., 2000].

As for the physical causes of the ionospheric equinoctial
asymmetry, Balan et al. [1997, 2000] had proposed a
scheme based on the MU radar observations, which stimu-
lated Kawamura et al. [2002] to further explore the annual
and semiannual variations with plasma observations from
the MU radar. Balan et al. [2000] thought that, during the
daytime, the equinoctial asymmetry in thermospheric com-
positions (mainly [O]/[N2], the ratio of concentrations of
atomic oxygen O to molecular nitrogen N2) causes the
asymmetry in the bottomside ionosphere, while the asym-
metry in the field‐aligned component of the neutral wind is
responsible for that in Ne near the F layer peak and above.
[26] As we know, thermospheric winds may influence the

latitude structure of the ionospheric plasma via modulating
the field‐aligned flow. This direct effect of neutral winds on
the ionospheric plasma density is most effective in regions
where cos I·sin I reaches the maximum, here I is the mag-
netic dip angle. As Rishbeth [1998] and Rishbeth et al. [2000]
pointed out, at solstices the neutral wind induces an inter-
hemispheric plasma transport from the summer to the winter
hemisphere. It is expected that there are intermediate periods
at equinoxes between solstices. The seasonal variations of
meridional winds may contribute to influence the seasonal
variations of Ne [e.g., Oliver et al., 2008; Rishbeth, 1998],
especially at which the thermospheric wind effects are partic-

Figure 5. (left) Latitudinal profile of the longitude‐averaged COSMIC NmF2, TOPEX TEC, and JPL
GPS‐TEC around 1400 local time in the September and March equinoxes. (right) The corresponding dif-
ferences between the two equinoxes. The vertical bars denote the upper and lower quartiles.
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ularly effective. Neutral winds may have equinoctial differ-
ences [e.g., Aruliah et al., 1996; Kawamura et al., 2002; Liu
et al., 2003].
[27] Meanwhile, the ionosphere is closely dependent on

[O]/[N2] rather than directly on the thermospheric mass
density. The TIMED/GUVI measurements may provide valu-
able information of thermospheric [O]/[N2]. Unfortunately,
the TIMED/GUVI data do not have enough seasonal cov-
erage, with sparse data during equinoxes. Hence, we cannot
reliably judge from the current TIMED/GUVI data whether
the equinoctial differences in thermospheric [O]/[N2] are
significant or not (figure not shown here). On the other
hand, Figure 3 of H. Liu et al. [2007] clearly shows pro-
nounced equinoctial differences in the thermospheric mass
density with higher values in the March equinox than in
the September equinox at all latitudes. Because of atomic
oxygen dominates over other compositions in the upper

thermosphere, the results in H. Liu et al. [2007] at least
imply an equinoctial difference in the thermospheric atomic
oxygen.
[28] Figure 8 depicts the latitudinal profiles of hmF2 at two

equinoxes and the equinoctial difference of hmF2 (DhmF2).
The hmF2 data are extracted from COSMIC Ne profiles. We
can detect that hmF2 has different equinoctial differences in
the two hemispheres. In the Northern Hemisphere, hmF2 has
higher values in the March equinox, and DhmF2 is negative
over all latitudes but more significant at low latitudes. In
contrast, DhmF2 in the Southern Hemisphere is positive in
two regions, at low and middle latitudes, respectively.
[29] DhmF2 in Figure 8 reveals that the ionospheric

dynamics presents an equinoctial asymmetry, which has
hemispheric differences. The effect of neutral wind may
satisfactorily explain the northern low‐latitude equinoctial
asymmetry according to DhmF2, in terms of the scheme
of Balan et al. [1997, 2000]. Surprisingly, it fails in the
Southern Hemisphere. Therefore, the complicated situation
implies that, besides neutral winds, other factors are surely
required to take effect. However, searching the real sources
of the equinoctial asymmetry of low‐latitude Ne is a chal-
lenging task for future research.

5. Summary

[30] We conducted a statistical analysis on the equi-
noctial behaviors of the daytime ionospheric plasma density
at low solar activity. The ionospheric plasma density data
source collected for this study include three‐year Ne profile
data from COSMIC IRO observations, TEC from TOPEX
and Jason‐1 during LSA, TEC in 2008 and 2009 derived from
GPS receivers at JPL, as well as NmF2 during LSA retracted
from foF2 measurements at 175 global ionosonde stations.
[31] The analysis reveals that, during LSA, the equinoctial

asymmetry in ionospheric plasma density is mainly a low‐
latitude phenomenon. Considerable equinoctial differences
of TEC and NmF2 are detected at low‐latitude regions in
both hemispheres. In contrast, TEC and NmF2 diminish their
differences between two equinoxes at higher latitudes. Mod-
erate longitudinal variations can be detected at low latitudes.
Therefore, in ionospheric empirical models and our future
statistical analyses, the behaviors of the plasma density in
the low‐latitude ionosphere in the March equinox should be
distinguished from that in the September equinox.
[32] COSMIC Ne at selected altitudinal levels also illus-

trate pronounced equinoctial asymmetries at low latitudes.
At higher altitudes, the regions with pronounced equinoc-
tial difference in COSMIC Ne move toward the magnetic
equator, and the equinoctial difference diminishes in the
Southern Hemisphere. In particular, the F layer peak height
(hmF2) extracted from COSMIC Ne profiles also shows
opposite equinoctial asymmetries in both hemispheres, indi-
cating the existence of equinoctial differences in low‐latitude
neutral winds, specifically in the Northern Hemisphere. How-
ever, the effect of neutral winds alone is not enough to
explain the observed features of the ionospheric equinoctial
differences. Other physical processes should be involved
in it.
[33] The ionospheric equinoctial asymmetry may be con-

sidered as a manifestation of annual variations, when the
annual phase is significantly away from the solstices. The

Figure 6. Latitudinal profile of NmF2 around 1400 local
time in the September and March equinoxes and the corre-
sponding differences DNmF2 between the two equinoxes.
We choose NmF2 for low solar activity (F10.7P < 100) and
under quiet‐to‐moderate geomagnetic conditions (Ap < 20).
These data are recorded at 175 worldwide ionosonde sta-
tions, whose locations are illustrated in Figure 2. The ver-
tical bars indicate the upper and lower quartiles.
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Figure 7. Latitudinal profile of DNe and dNe around 1400 local time at several selected altitudes
between the two equinoxes. DNe is the absolute difference of COSMIC electron density, and dNe is
the relative difference (the ratio of DNe to the median electron density).
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real physical sources of the equinoctial asymmetry of low‐
latitude Ne are still challenging for future research.
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