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Abstract. Observations made by the Hinotori satellite
have been analysed to determine the yearly variations of
the electron density and electron temperature in the low-
latitude topside ionosphere. The observations reveal the
existence of an equinoctial asymmetry in the topside
electron density at low latitudes, i.e. the density is higher
at one equinox than at the other. The asymmetry is
hemisphere-dependent with the higher electron density
occurring at the March equinox in the Northern
Hemisphere and at the September equinox in the
Southern Hemisphere. The asymmetry becomes stronger
with increasing latitude in both hemispheres. The
behaviour of the asymmetry has no signi®cant longitu-
dinal and magnetic activity variations. A mechanism for
the equinoctial asymmetry has been investigated using
CTIP (coupled thermosphere ionosphere plasmasphere
model). The model results reproduce the observed
equinoctial asymmetry and suggest that the asymmetry
is caused by the north-south imbalance of the thermo-
sphere and ionosphere at the equinoxes due to the slow
response of the thermosphere arising from the e�ects of
the global thermospheric circulation. The observations
also show that the relationship between the electron
density and electron temperature is di�erent for daytime
and nighttime. During daytime the yearly variation of
the electron temperature has negative correlation with
the electron density, except at magnetic latitudes lower
than 10°. At night, the correlation is positive.
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1 Introduction

Yearly variations of the Earth's ionosphere can be
represented by a superposition of annual, seasonal and
semiannual components, and the yearly average. Both
the annual and seasonal components have a 12-month
cycle with maxima and minima around the June and
December solstices; the annual component has the same
phase in both hemispheres whilst the seasonal compo-
nents, in each hemisphere, are 6 months out of phase.
The semiannual component has a 6-month cycle with
maxima around the March and September equinoxes.

Recently, Su et al. (1998) have compared the electron
densities in the topside ionosphere observed by the
Hinotori satellite at the June and December solstices.
They found that the behaviour of the annual and
seasonal variations in the topside ionosphere is rather
di�erent to that reported previously for the ionospheric
F region (e.g. Torr and Torr, 1973). In the present study,
a 12-month period of electron density and electron
temperature data observed by the Hinotori satellite is
analysed to investigate the yearly variations of the
topside ionosphere. As we have already carried out an
investigation of the behaviour at the June and December
solstices (Su et al., 1998), in the present study we
concentrate on the behaviour at the equinoxes.

Observations covering a wide variety of physical
parameters show the existence of equinoctial asymme-
tries in the ionosphere and thermosphere, i.e. the
parameters are larger at one equinox than at the other.
Essex (1977) and Titheridge and Buonsanto (1983)
found an equinoctial asymmetry in the observations of
the ionospheric total electron content (TEC) and that
the behaviour of the asymmetry depends on location
and solar activity. Recently, Feichter and Leitinger
(1997) have reported that the equinoctial asymmetries in
TEC and F2-layer peak electron density (NmF2) change
with the 11-year solar cycle. The altitude dependencies
of the asymmetry in the ionosphere at low latitudes have
been investigated by Balan et al. (1998) using data fromCorrespondence to: G. J. Bailey
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the Japanese MU radar. Balan et al. (1998) found that
the strength of equinoctial asymmetry in electron
density increases with increasing altitude. The existence
of an equinoctial asymmetry in the nighttime thermos-
pheric neutral wind at high latitudes has been reported
by Aruliah et al. (1996a). In Aruliah et al. (1996b, 1997),
it is suggested the asymmetry arises from the diurnal
variation in the cross polar cap potential di�erence due
to the annual and diurnal variation in the orientation of
the magnetosphere with respect to the interplanetary
magnetic ®eld.

Observations presented show that there are signi®-
cant equinoctial asymmetries in the electron density and
electron temperature of the low-latitude topside iono-
sphere. The latitudinal, longitudinal and magnetic
activity variations of the asymmetries are also investi-
gated. A source mechanism for the asymmetries is
investigated using CTIP (coupled thermosphere iono-
sphere plasmasphere model, Millward et al., 1996a).

2 Data analysis and results

The Hinotori satellite was launched into a near-circular
orbit at 600 km altitude with an inclination of 31° in
February 1981 and it operated until June 1982. The
orbital period of the satellite was about 90 min. Since
the memory of the recorder on board the satellite was
limited, only 4 to 6 orbits of data per day were
transmitted to the data acquisition station at the
Kagoshima Space Center. The electron density and
electron temperature were measured by an impedance
probe in an upper resonance mode (Watanabe and Oya,
1986) and a resonance recti®cation probe (Hirao and
Oyama, 1970), respectively. The relative error of the
electron density measurements is about 10% and the
maximum error of the electron temperature is about
50 K. It should be pointed out that normally the F2
layer peak of the ionosphere is lower than the altitude of
the satellite (600 km), although the peak might occa-
sionally move to above 600 km around equator during
the postsunset period (Su et al., 1997).

To obtain monthly averaged values of electron
density and temperature covering each month of a year,
we have used the data obtained over the period
February 1981 to February 1982. The data from the
months of February 1981 and February 1982 were
combined to provide the monthly averaged values for
February because only a few days of data are available
for February 1981 (data collection did not commence
until 23 February, 1981). Although the time sequence of
the data is from February 1981 to February 1982, we
present our results in the order of January to December.
The number of days, the number of orbits on which data
are available, and the monthly averaged F10.7 for these
days are listed in Table 1. It can be seen from Table 1
that the values of the averaged F10.7 are lower around
the solstices than around the equinoxes. These di�eren-
ces in F10.7 might have some e�ect on the yearly
variations of the ionosphere. However, the di�erences of
the monthly averaged values between the March and

September equinoxes should not be signi®cantly a�ected
by the variations in solar activity since the di�erence in
F10.7 between the two equinoxes is small.

For each month, the electron density and tempera-
ture are averaged into bins of 5° magnetic latitude for
daytime hours (09:00±17:00 LT) and for nighttime
hours (23:00±04:00 LT). The yearly variations of the
electron density and electron temperature for each
latitude bin are displayed in Figs. 1 (daytime) and 2
(nighttime). The data observed at all longitudes and
magnetic activity levels are included in the results
displayed in these ®gures. The central latitude of each
latitude bin is given in each panel of each ®gure. For
clarity, the error bars are only shown for the equatorial
and Southern-Hemisphere curves. The errors bars for
the Northern Hemisphere are of similar magnitude to
those of the Southern Hemisphere.

Figure 1a shows that, in general, the yearly variation
of the daytime electron density has maxima around the
equinoxes and minima around the solstices. This feature
is the semiannual anomaly, which has been observed in
the ionospheric F region (e.g. Torr and Torr, 1973).
However, as Table 1 shows, F10.7 is higher at both the
equinoxes than at either of the solstices and these
di�erences in F10.7 might make a contribution to the
di�erences in the electron density at the equinoxes and
solstices. Figure 1a also shows a strong annual anomaly,
i.e. the electron density being higher at the December
solstice than at the June solstice. As a result of a
superposition of the annual anomaly and seasonal
variation, the electron density is much higher at the
December solstice than at the June solstice in the
Southern Hemisphere and is similar at both solstices in
the Northern Hemisphere. The behaviour and a possible
source mechanism for the annual and seasonal compo-
nents have been investigated in some detail by Su et al.
(1998).

Table 1. Number of days and orbits in which the data are available
and the monthly-averaged F10.7 for each month

Month Number of
days

Number of
orbits

F10.7

January 21 116 177
February 32 167 214
March 23 109 205
April 24 95 230
May 28 137 198
June 27 133 161
July 25 113 200
August 21 105 217
September 25 122 223
October 27 135 222
November 24 124 206
December 23 118 206

Fig. 1a. Yearly variations of the daytime (09:00±17:00 LT) averaged
electron density at the magnetic equator and at magnetic latitudes 5°,
10°, 15°, 20° and 25°; Southern Hemisphere (solid curves) and
Northern Hemisphere (dashed curves). b Same as a except for the
electron temperature
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A notable feature seen in Fig. 1a is the existence of an
equinoctial asymmetry in the electron density, i.e. the
electron density is higher at one equinox than at
the other. When the latitude is greater than 10°, in the
Southern Hemisphere, the electron density is higher at
the September equinox than at the March equinox while
in the Northern Hemisphere the higher density occurs at
the March equinox. At greater latitudes, the asymmetry
becomes stronger with increasing latitude. At latitude
25°, in both hemispheres, the electron density at one
equinox is about 40% higher than at the other. The
electron density is similar at both equinoxes around
latitudes of �10° but the density is higher at the
September equinox than at the March equinox around
magnetic equator. The feature around the magnetic
equator might be partially a�ected by some unknown
bias in the data. Month-to-month variations of solar
activity and magnetic activity are not thought to be the
reason for the equinoctial di�erence in the electron
densities at the latitudes above 10° since the higher
density occurs at di�erent equinoxes in di�erent hemi-
spheres.

As shown in Fig. 1b, at the magnetic equator, the
yearly variation in the daytime electron temperature has
peaks around the equinoxes and minima around the
solstices. However, with increasing latitude, the tem-
perature increases more rapidly at the solstices than at
the equinoxes. As a result, at the higher latitudes, the
yearly variation in the electron temperature has a
negative correlation with the electron density. In the
Northern Hemisphere, the two peaks in electron tem-
perature around the solstices correspond to the two
minima in the yearly variations of the electron density.
In the Southern Hemisphere, the annual variation is
dominant; only one electron temperature peak appears
around the June solstice and at the December solstice
the temperature is lowest or similar to that at the
equinoxes. The low temperature at the December
solstice results from the electron density at the Decem-
ber solstice being much higher than at the June solstice
and similar to that at the equinoxes due to the
superposition of the annual and seasonal variations
(see Fig. 1a). In both hemispheres, the electron temper-
ature is lower in summer than in winter. There is no
signi®cant di�erence in the electron temperature
between the two equinoxes.

A comparison of Figs. 2a and 1a shows that, while
the general features that occur during nighttime are
similar to those that occur during daytime, the eq-
uinoctial asymmetry is stronger at night. At night, the
feature that the higher density occurs at di�erent
equinoxes in di�erent hemispheres can be seen at
magnetic latitudes as low as 5°, while the feature cannot
be seen during daytime when the latitude is lower than
15°. In the Southern/Northern Hemisphere, with in-
creasing latitude, the electron density peak around the
September/March equinox becomes stronger and moves
slightly towards the summer. At the same time, the
peaks that occur around the March/September equinox
disappear. At latitude 25°, in the Southern/Northern
hemisphere, the peak electron density at the September/

March equinox is about 100% higher than at the
March/September equinox.

The yearly variation in the nighttime electron tem-
perature (see Fig. 2b) has, in general, positive correla-
tion with the electron density with the electron
temperature being higher around the equinoxes than
around the solstices. This feature is contrary to that seen
during daytime at higher latitudes. The nighttime
temperature at higher latitudes shows an equinoctial
asymmetry with the temperature being lower at the
March/September equinox than at the September/
March equinox in the Southern/Northern Hemisphere.
The asymmetry in the electron temperature is much
weaker than that occurring in the electron density.

To investigate the longitudinal variation of the
equinoctial asymmetry, we have separated the data into
three longitude sectors. The choice of longitudes for each
sector has been based on the con®guration of the
geomagnetic ®eld. The data have been averaged into
bins of 10° in magnetic latitude instead of the previously
adopted value of 5° to give more reliable average values
for each longitude sector. The yearly variations of the
daytime (09:00±17:00) average electron density for the
three longitude sectors are shown in Fig. 3. It can be seen
from Fig. 3 that, although there are longitudinal di�er-
ences, for each longitudinal sector, the general features of
the equinoctial asymmetry are similar to those shown in
Fig. 1a. The equinoctial asymmetries with higher elec-
tron density around theMarch/September equinox in the
Northern/Southern Hemisphere occur in each of the
three longitude sectors at the higher latitudes. It is noted
that, for the longitude sector 240±320°E in the Northern
Hemisphere, the asymmetry is smaller than that occur-
ring in the other longitude sectors.

In Aruliah et al. (1996b, 1997), it has been suggested
that, at high latitudes for the same hemisphere, the
neutral wind should be higher at one equinox in one
longitude sector and at the other equinox in the
longitude sector that di�ers by 180°. However, there is
no data at high latitudes to test this suggestion. The
longitude variations shown in Fig. 3 suggest that, for
low latitudes, the behaviour of the equinoctial asymme-
try is not signi®cantly di�erent to that in the longitude
sector that di�ers by 180°. Thus the mechanism that
Aruliah et al. (1996b, 1997) suggested does not extend to
low-latitudes.

Geomagnetic activity e�ects have been investigated
by separating the data into low (Ap � 15) and high
(Ap > 15) magnetic activity levels. The yearly variations
of the daytime (09:00±17:00) average electron density for
both magnetic activity levels are displayed in Fig. 4.
This ®gure shows that the equinoctial asymmetry seen in
Fig. 1a occurs during both low and high magnetic
activity levels. However, there are indications in Fig. 4
to suggest that the equinoctial asymmetry is stronger
during periods of low magnetic activity than during
periods of high magnetic activity.

Fig. 2a. Same as Fig. 1a except for nighttime (23:00±04:00 LT).
b Same as a except for the electron temperature
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3 Model calculations and results

The model used for the present study is CTIP, the
coupled thermosphere ionosphere plasmasphere model
(Millward et al., 1996a). This model has been developed
during the past decade from the global thermosphere
model of Fuller-Rowell and Rees (1980), the high-
latitude ionosphere model of Quegan et al. (1982), and
the mid and low-latitude ionosphere-plasmasphere
model of Bailey et al. (1993). In CTIP, the thermosphere
model and the ionosphere-plasmasphere model run

concurrently and are fully coupled with respect to
energy, momentum and continuity.

In previous studies, e.g. Millward et al. (1996b), it
was realized that the model results could be a�ected by
the initial conditions. To overcome this problem,
Millward et al. (1996b) ran CTIP for twenty 24-h
periods with the same day and model inputs in order
to achieve a steady state condition. Running the model
in this way is to assume that the position between the
earth and the sun does not change over the 20-day
period, which is not the case in reality. This method
e�ectively loses the geophysical history. As a result, their
model results produced no signi®cant di�erences for the
March and September equinoxes. In the present study,
we approach this problem in a di�erent way. To obtain
the model results for the March and September
equinoxes, we have simulated the passage of time. Thus
we have run the model continuously for each day

Fig. 3. Yearly variations of the daytime (09:00±17:00 LT) averaged
electron density at magnetic latitudes 5°, 15° and 25° for the
longitudinal sectors 0±150°E (top panels), 150±240°E (middle panels)
and 240±320°E (bottom panels); Southern Hemisphere (solid curves)
and Northern Hemisphere (dashed curves)

b

Fig. 4. Yearly variations of the daytime (09:00±17:00 LT) averaged electron density at magnetic latitudes 5°, 15° and 25° Southern Hemisphere
(solid curves) and Northern Hemisphere (dashed curves) for low (top panels) and high (bottom panels) magnetic conditions
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between the December solstice day and the March
equinox day and between the June solstice day and the
September equinox day, respectively. All the model
calculations have been carried out for magnetically quiet
(Ap � 7) and high solar activity (F10.7 = 180) condi-
tions.

The latitude variations of the modelled electron
density at 600 km altitude during daytime (14:00 LT)
and nighttime (02:00 LT) at the March and September
equinoxes are displayed in Fig. 5a and b, respectively. It
can be seen that, during both daytime and nighttime in
the Northern Hemisphere, the modelled electron densi-
ties are higher at the March equinox than at the
September equinox. The equinox with the higher elec-
tron density changes near the magnetic equator, thus, in
the Southern Hemisphere, the higher electron density
occurs at the September equinox. These modelled

equinoctial asymmetries and hemisphere dependencies
are in good agreement with the observations. By
comparing Fig. 5a, b, it can be seen that the percentage
di�erence in the electron density between the two
equinoxes is much larger during nighttime than during
daytime. Again, this modelled feature is consistent with
the observations that the equinoctial asymmetry is
stronger during nighttime than during daytime.

The model results suggest that the equinoctial asym-
metry at low latitudes is caused by the global thermo-
sphere circulation. During the period when the season
changes from solstice to equinox, the thermosphere is
still winter-like in one hemisphere and summer-like in
the other hemisphere. As thermospheric circulation
changes the thermosphere slowly, there is still an
imbalance between the hemispheres on equinoctial days
even though the direct energy input to the thermosphere
by the solar radiation is the same for both hemispheres.
The thermospheric imbalance at the equinoxes gives rise
to the imbalance in the ionosphere. Also, as summer and
winter occur in opposite hemispheres at the December
and June solstices, the ionospheric imbalance gives rise
to higher and lower electron densities in opposite
hemispheres at the March and September equinoxes.

4 Discussion and summary

Yearly variations of the topside ionosphere at low
latitudes have been investigated using observations
made by the Hinotori satellite. The observations show
the existence of an equinoctial asymmetry in the low-
latitude topside ionosphere with the higher electron
density changing from the Northern Hemisphere at the
March equinox to the Southern Hemisphere at the
September equinox. These features occur at all longi-
tudes. While the behaviour of the asymmetry in the
Northern Hemisphere shown in this study is in accord
with the MU radar observations at Shigaraki (magnetic
latitude 25°N), Japan, and reported by Balan et al.
(1998), the additional information obtained from the
present study regarding the hemisphere dependency and
the lack of signi®cant longitudinal variation should
assist in obtaining an understanding of a source
mechanism for the asymmetry.

Our model calculations suggest that the equinoctial
asymmetry is caused by the south-north imbalances of
the thermosphere and ionosphere at the equinoxes due
to the slow response of the thermosphere to the e�ects of
thermospheric circulation. Observations showing the
hemisphere dependency and the lack of signi®cant
longitudinal variation of the equinoctial asymmetry
strongly support this suggested source mechanism for
the asymmetry at low latitudes. Aruliah et al. (1996b,
1997) suggested that, at high latitudes, the equinoctial
asymmetry in the nighttime neutral wind arises from the
diurnal variation in the cross polar cap potential
di�erence, which is caused by an annual and diurnal
variation in the orientation of the magnetosphere with
respect to the interplanetary magnetic ®eld. The source
mechanism of the asymmetry suggested by Aruliah et al.

Fig. 5a. Latitude variations of the modelled electron density at
March (solid curve) and September (dashed curve) during daytime.
b Same as a except for nighttime
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(1996b, 1997) implies that the amplitude of the asym-
metry should decrease with decreasing latitude. Obser-
vational evidence given in this study strongly suggests
that the proposed high-latitude source mechanism is not
valid at low latitudes because the mechanism requires,
for the same hemisphere, that the observed parameters
should be higher at one equinox in one longitude sector
and at the other equinox in the longitude sector that
di�ers by 180°. This is contrary to the present low-
latitude observations. Feichter and Leitinger (1997)
have reported that, at latitudes 45±65° in the Northern
Hemisphere the equinoctial asymmetry in TEC and
NmF2 changes with the 11-year solar cycle. For the
solar cycle when the ionospheric data from the Hinotori
satellite were collected, Feichter and Leitinger (1997)
showed that TEC and NmF2 are higher at the Septem-
ber equinox than at the March equinox. This is contrary
to the observations made by the Hinotori satellite at low
latitudes. Again, these di�erences seem to suggest that
the mechanism for the equinoctial asymmetry is di�er-
ent for the low- and high-latitude regions.

The observations made by the Hinotori satellite also
show that the semi-annual anomaly, i.e. the electron
density being higher at the equinoxes than at the
solstice, exists in the low-latitude topside ionosphere.
The source of the semiannual anomaly is complicated.
Recently, Fuller-Rowell (1998) used CTIM (coupled
thermosphere ionosphere model), a version of CTIP, to
investigate the semi-annual anomaly. Fuller-Rowell
(1998) suggested that the semi-annual anomaly is caused
by the ``thermospheric spoon'', i.e. the global thermos-
pheric circulation at solstices raises the molecular
nitrogen and oxygen densities and, therefore, reduces
the atomic oxygen density compared with the equinoxes.
Because the molecular gases and atomic gases control
the loss rate and production rate of the plasma,
respectively, a low atomic/molecular ratio gives rise to
low electron densities in the ionosphere. The e�ect of the
``thermospheric spoon'' in the low-latitude ionosphere
cannot be studied using CTIM because the model does
not solve the equations of the low-latitude ionosphere in
a self-consistent way. The e�ect of the ``thermospheric
spoon'' on the low-latitude ionosphere needs to be
investigated using CTIP.

Another interesting feature observed by the Hinotori
satellite is that the relationship between the electron
density and electron temperature is di�erent during
daytime and nighttime. While during daytime the yearly
variation of the electron temperature has negative
correlation with the electron density, except where the
magnetic latitude is lower than 10°, at night, the
temperature has positive correlation with the electron
density. This behaviour of the electron density suggests
that the electron density controls the electron temper-
ature in di�erent ways during daytime and nighttime.
During daytime, at magnetic latitudes higher than 10°,
high electron densities give rise to low electron temper-
atures, since for the same energy input from the sun,
there are more electrons to be heated than when the
electron density is low. Around the magnetic equator
during daytime, the positive correlation of the electron

temperature with the electron density suggests that, due
to low heat capacity of the magnetic ¯ux tube around
the equator, the temperature of the ion gases is cooled to
that of the neutral gas and that the electron temperature
is not controlled by the density of the plasma but by the
density of the neutral gas. At night, there are no energy
sources to heat the plasma. When the plasma cools
down, the higher electron density, which has a higher
heating capacity, gives rise to a slow electron cooling
and a positive correlation of the electron temperature
with the electron density. It is likely that the reason for
the asymmetry in the electron temperature at the
equinoxes is negligible during daytime and only small
at night is that the variability in the electron temperature
is much smaller than that in the electron density (Su
et al., 1995).
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