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[1] Monthly median NmF2 (maximum electron density of the F2-layer) data at Okinawa,
Yamagawa, Kokubunji, and Wakkanai have been collected to investigate the solar
activity dependence of the nighttime ionosphere. The result shows that there are seasonal
and latitudinal differences of the solar activity variation of nighttime NmF2. The main
seasonal effects are as follows: nighttime NmF2 increases with F107 linearly in equinoctial
months (March and September), and it tends to saturate with F107 increasing in
summer solstice month (June). What is peculiar is that there is an amplification trend
of nighttime NmF2 with F107 in winter solstice month (December). The latitudinal
difference is mainly displayed by the evolvement course of the variation trend between
NmF2 and F107. Using hmF2 (peak height of the F2-layer) data and the NRLMSISE00
model, we estimated the recombination loss around the F2-peak at different solar activity
levels. We found that the solar activity variation of the recombination processes around
the F2-peak also shows seasonal dependence, which can explain the variation trends of
nighttime NmF2 with F107 qualitatively, and field-aligned plasma influx plays an important
role in the equatorial ionization anomaly (EIA) crest region. During the first several
hours following sunset in December, there are faster recombination processes around the
F2-peak at medium solar activity level in mid-latitude regions. This feature is suggested
to be responsible for inducing the amplification trend in winter. In virtue of the calculation
of neutral parameters at 300-km altitude and hmF2 data, the variation trend of the
recombination processes around the F2-peak with F107 can be explained. It shows that
both the solar activity variations of hmF2 and neutral parameters (neutral temperature,
density, and vibrational excited N2) are important for the variation trend of nighttime NmF2

with F107. Furthermore, the obvious uplift of hmF2 at low solar activity level following
sunset in December is important for the amplification trend.
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1. Introduction

[2] The Earth’s ionosphere is mainly produced via the
photoionization of the upper atmosphere by solar EUV and
X-ray radiation. As a result, the behaviors of the iono-
sphere are strongly controlled by solar radiation. The
variations of solar radiation are significant over different
timescales, which of course will cause corresponding
variations in the ionosphere [e.g., Ivanov-Kholodny and
Mikhailov, 1986; Kawamura et al., 2002; Rishbeth and
Garriott, 1969]. The 11-year solar cycle variation is a
prominent component of the variations of solar radiation
[e.g., Kane, 1992, 2003; Lean et al., 2001], which affects
the ionosphere significantly. Therefore, the study about the
solar activity variations of the ionosphere is essential for
understanding the long-term variations of the ionosphere.
Previous works about the solar activity dependence of the

ionosphere mainly pay attention to the daytime ionosphere,
which show complicated solar activity variations of the
ionosphere [e.g., Adler et al., 1997; Balan et al., 1994a,
1994b, 1996; Bilitza et al., 2007; Gupta and Singh, 2001;
Huang and Cheng, 1995; Kane, 1992, 2003; Kouris et al.,
1998; Lei et al., 2005; Liu et al., 2003, 2004, 2006, 2007a,
2007b; Mikhailov and Mikhailov, 1995; Richards, 2001;
Sethi et al., 2002; Su et al., 1999].
[3] Recent works show there is a nonlinear relation

between daytime ionospheric parameters (NmF2, maximum
electron density of the F2-layer; foF2, critical frequency at
the F2-peak; TEC, total electron content) and solar proxies
(such as F107, 10.7 cm solar radiation flux) in all seasons.
The ionospheric parameters approximately increase linearly
with solar proxies at low and medium solar activity levels;
however they tend to saturate at high solar activity level
[e.g., Balan et al., 1994a, 1994b, 1996; Gupta and Singh,
2001; Lei et al., 2005; Liu et al., 2003, 2004, 2006;
Richards, 2001; Sethi et al., 2002; Su et al., 1999]. Balan
et al. [1994a, 1994b, 1996] proposed that the saturation
effect during daytime is due to the nonlinear variations of
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solar EUV flux with F107, while NmF2 and TEC increase
linearly with integrated EUV flux. Liu et al. [2003] found
that the saturation effect also exists between foF2 and solar
EUV radiation, and the most profound saturation effect
occurs in the equatorial ionization anomaly (EIA) region.
They supposed that the daily equatorial fountain effect and
the prereversal enhancement are important for the satura-
tion. Recently, Liu et al. [2006] systematically investigated
the dependence of noontime NmF2 with solar EUV flux in
the East Asia/Australia sector. Their result shows a signif-
icant saturation effect between NmF2 and EUV flux at low
latitudes, which also confirms that the saturation effect
between NmF2 and F107 cannot only be attributed to the
nonlinear increase of EUV flux with F107. They showed that
the ionospheric dynamics and the variations of neutral
atmosphere also play important roles. Furthermore, some
works about the solar activity dependence of the topside
ionosphere have been carried out recently [e.g., Liu et al.,
2007a, 2007b]. The results show that the solar activity
dependence of the topside ionosphere is quite different from
that in the F2-layer, which further indicates the importance
of the ionospheric dynamics for the solar activity depen-
dence of the ionosphere.
[4] Previous works are rarely concentrated on the solar

activity effects of the nighttime ionospheric electron den-
sity. Different from the situation for the daytime iono-
sphere, photoionization processes can be neglected in the
F-region during nighttime. The electron density at any
given moment largely depends on its historical values. So
the nighttime ionosphere cannot be treated independently.
Recombination processes and the ionospheric dynamics
simultaneously control the evolvement of the nighttime
ionosphere. On the one hand, ionospheric dynamics pro-
cesses directly affect the nighttime electron density. Down-
ward field-aligned plasma influx can maintain the
nighttime F2-layer to some extent, and its contribution is
prominent when it is comparable with recombination
processes [e.g., Mikhailov et al., 2000]. On the other hand,
the ionospheric dynamics strongly affects recombination
processes by changing the altitudes of the ionosphere. The
F2-layer is uplifted to higher altitudes during nighttime by
the upward plasma drift caused by equatorward neutral
winds. That strongly affects the recombination processes in
the F-region. Therefore, the nighttime ionosphere may be
more sensitive to the ionospheric dynamics. From another
point of view, the study about the solar activity variations
of the nighttime ionosphere should be more suitable for
investigating the effects of the ionospheric dynamics. Liu
et al. [2004] investigated the variations of nighttime foF2

with F107 using Wuhan ionosonde observations. They
showed seasonal difference of the solar activity depen-
dence of nighttime foF2. However we do not know
whether this seasonal difference is a general effect, and

the possible mechanism is not discussed as well. All these
form the motivation of this study.
[5] This work investigates the solar activity dependence

of nighttime NmF2 in different seasons and latitudes. The
purposes of this work are twofold: (1) to investigate the
solar activity dependence of nighttime NmF2 and its sea-
sonal and latitudinal variations; and (2) to evaluate the solar
activity variations of upper atmosphere and the ionospheric
dynamics, and to discuss their contributions to the solar
activity variation of nighttime NmF2.

2. Data

[6] Data from various ionosonde stations have been accu-
mulated over a long time, which is essential for investigating
the solar activity dependence of the ionosphere. In this work,
four ionosonde stations’ data for several solar cycles were
collected to study the solar activity dependence of the
nighttime ionosphere. The stations we analyzed are located
in the East Asia/Australia sector, with geographic latitudes
spanning from 26.3�N to 45.4�N (see Table 1). Hourly values
of foF2, foE (critical frequency of the E-layer) andM(3000)F2

(maximum usable frequency factor) are provided by NICT
(National Institute of Information and Communications
Technology). We adopt the adjusted F107 as solar proxy,
which is provided at the SPIDR website.
[7] Monthly median values of ionospheric parameters can

represent the average behavior of the ionosphere well. We
adopt monthly median foF2 and F107 in this work. The data
will be discarded if the count number in one month at any
given local time is less than 10. Monthly median NmF2 are
derived from monthly median foF2 data. Monthly median
hmF2 (peak height of the F2-layer) are calculated in terms of
monthly median foF2, foE and M(3000)F2 according to
Dudeney [1983]. In order to investigate the seasonal variation
of the solar activity dependence of the nighttime ionosphere,

Table 1. Information of the Ionosonde Stations Used in Our Work

Station Name

Geographic Coordinate Geomagnetic Parameters

Year Segments of DataLatitude Longitude Latitude Dip

Okinawa 26.3 127.8 15.8 36.6 1957–1989, 1992–1993, and 1996–2007
Yamagawa 31.2 130.6 20.8 44.0 1957–1988, 1996–1999, and 2001–2007
Kokubunji 35.7 139.5 25.9 48.8 1957–2007
Wakkanai 45.4 141.7 35.8 59.5 1948–1988, 1992–1993, and 1996–2007

Figure 1. The monthly median F107 (in unit of
10�22 W � m�2 � Hz�1). Horizontal solid lines represent the
time coverage of ionosonde data.
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we selectively analyzed the data of March, June, September,
and December, which stand for spring, summer, autumn, and
winter respectively. Figure 1 shows the solar cycle variation
of monthly median F107, as well as the time coverage of the
ionosonde data used in this work.

3. Results

[8] Figure 2 presents the solar activity variations of
nighttime NmF2 at Okinawa, Yamagawa, Kokubunji, and
Wakkanai. The crosses are monthly median values of
observed (NmF2, F107), and the solid curves denote qua-
dratic regression fits between NmF2 and F107. The data in

Figure 2. Variations of nighttime NmF2 (in unit of 1012 electrons/m3) with F107 (in unit of
10�22 W � m�2 � Hz�1) at (a) Okinawa, (b) Yamagawa, (c) Kokubunji, and (d) Wakkanai. NmF2 and F107

are monthly median values. Equinox, Jun, and Dec represent equinoctial months, June, and December,
respectively, and three mass plots at different local times show the evolvement of the solar activity
dependence. The crosses represent observations, and the solid curves are quadratic regression fits.
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March show a similar variation trend as that in September,
therefore, we combine these two months data as Equinox.
The result shows that there is an obvious seasonal difference
in the relationship between nighttime NmF2 and F107, which
differs from the saturation effect during daytime in all
seasons [e.g., Balan et al., 1994a, 1996; Gupta and Singh,
2001; Liu et al., 2004, 2006; Richards, 2001; Sethi et al.,
2002]. Several hours later after sunset (Table 2 gives
corresponding mean local time when the solar zenith equals
to 90 degrees at ground dusk), which depends on latitude,
NmF2 appears different variation trends with F107. Night-
time NmF2 approximately increases linearly with F107 in
equinoctial months, and it tends to saturate when F107

exceeds a threshold in June. What is peculiar is that there
is an amplification trend of nighttime NmF2 when F107

increases in December. That is contrary to the daytime
saturation effect.
[9] Since the nighttime ionosphere largely depends on its

historical state, it’s necessary for us to know how the
relation between nighttime NmF2 and F107 evolves with
local time. We selected three representative cases, which are
at local times distributing from sunset to post-midnight, to
show the evolvement process in every month. There are
latitudinal differences of the evolvement process in all
seasons. (1) The daytime saturation effect continues for
about one hour following sunset, before it tends toward
linear increase gradually, at low latitude stations (Okinawa
and Yamagawa) in equinoctial months. While at mid-lati-
tude stations (Kokubunji and Wakkanai), the linear increase
trend between NmF2 and F107 establishes quickly following
sunset in equinoctial months. (2) NmF2 tends to saturate
with F107 increasing during nighttime in June except at
Okinawa, where NmF2 increases linearly with F107 around
sunset before it tends to saturate gradually. (3) NmF2

saturates with F107 around sunset at Okinawa in December,
and the amplification trend is visible about four hours later.
While NmF2 approximately increases with F107 linearly for
about one hour following sunset at the other stations in
December, and then it tends toward an amplification trend
quickly.
[10] The latitudinal features of the solar activity variation

in December are analyzed except for what we referred
above for the particular solar activity variation of nighttime

NmF2 in winter. Figure 3 presents F107 and local time
variations of nighttime NmF2 at four ionosonde stations in
December. The NmF2 data at different local times are
quadratic regression fitted values between NmF2 and
F107. Figure 3 shows that NmF2 attenuates obviously with
local time throughout all night at Okinawa, especially at
high solar activity level. While NmF2 just decreases rapidly
with local time during about the first four hours following
sunset at Wakkanai, and then it changes little until dawn.
At Yamagawa and Kokubunji, the cases transit gradually.
The modalities of NmF2 with F107 at different local times
also vary with latitude. The feature of the amplification
trend of NmF2 with F107 keeps obviously until dawn at
Okinawa. But with latitude increasing, there is only weak
increase of NmF2 with F107 after midnight at Wakkanai.
Moreover, it is noticeable that NmF2 only changes little and
steadies at higher levels between 1830 LT and 2030 LT at
Okinawa.

4. Discussion

[11] Recombination processes and the ionospheric dy-
namics simultaneously control the variations of the night-
time ionosphere. The ionospheric dynamics processes
mainly involve drifts caused by neutral winds and electric
fields, field-aligned plasma influx, diffusion as well as
thermal expansion and contraction. Diffusion process is
more important in the topside ionosphere except in mag-
netic equatorial region due to the exponential decrease of
ion-neutral collision frequency with altitude, while it is

Figure 2. (continued)

Table 2. Local Time When the Solar Zenith Equals to 90� at

Duska

Station Name

Local Time

March June September December

Okinawa 17:59 18:49 18:03 17:11
Yamagawa 17:59 19:01 18:04 16:59
Kokubunji 17:59 19:13 18:04 16:48
Wakkanai 17:58 19:44 18:06 16:16
aMarch, June, September, and December are corresponding to 80th,

170th, 260th, and 350th day, respectively.
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