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1. Introduction

Among ionospheric characteristic parame-
ters, the critical frequency of the F region, foF2
is one of the most important ones. Over
decades, great efforts have been made to study

the statistical model of foF2. An excellent re-
view of many available models has been pre-
sented recently by Bilitza (2002) and Zolesi and
Cander (2000). Among these models, the Inter-
national Reference ionosphere (IRI) model, a
global statistic model, is most widely used, and
is recognized as the standard specification of
ionospheric parameters by the Committee on
Space Research (COSPAR) and the Internation-
al Union of Radio Science (URSI).

However, many research workers have de-
veloped the single-station model (SSM) for a
particular station (Moraitis et al., 1991;
Sizun, 1991; Dick and Bradley, 1992; Kouris
et al., 1993; Pancheva and Mukhtarov, 1998;
Liu et al., 2004). The basic advantages of the
SSM are: i) more accurate results for a partic-
ular ionosonde station than the global one,
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and ii) the current updating of a SSM is usu-
ally a very easy process (Pancheva and
Mukhtarov, 1996). It is well known that the
foF2 depends strongly on solar activity. At
middle and low latitudes, the primary source
of ionization in the F region is the solar ex-
treme ultraviolet (EUV) irradiances. Thus
ionosphere empirical models depend on how
to describe the relationship between foF2 and
thesolar activity index. However, measure-
ments of EUV have been rather meager, espe-
cially in the past. Traditionally sunspot num-
ber R is considered as an index of solar activ-
ity, although other indices, solar or ionospher-
ically derived (Liu et al., 1983; Caruana,
1990; Mikhailov and Mikhailov, 1995), are
also used. The sunspot number is convenient
for use because of its long series of observa-
tions and its characteristics of reliability and
predictability.

The monthly median values of the ionos-
pheric characteristic are frequently presented
with linear dependence on R for every hour in
the day and every month in the year, e.g. the in-
ternational reference ionosphere (Bilitza,
2001), ionospheric regional model (Zolesi et
al., 1993; De Franceschi and Desantis, 1994) as
well as single-station model (Pancheva and
Mukhtarov, 1996; Holt et al., 2002). For low
and medium sunspot numbers, the relationship
is reasonably linear, nevertheless at large
sunspot numbers, foF2 seems to show satura-
tion effect (Huang, 1963; Kane, 1992). To take
into account this behavior, a second-degree re-
lationship between foF2 and solar activity in-
dices is used frequently (Sizun, 1992; Xenos et
al., 1996; Pancheva and Mukhtarov, 1998).
This «hyseresis» effect depends on latitude
(Sethi et al., 2002) and historical solar activity
(Rao and Rao, 1969; Liu et al., 2004). In fact
Liu et al. (2004) and Sethi et al. (2002) claimed
that for low-latitudes, a second-degree relation-
ship made much improvement, while, for Euro-
pean stations, Kouris and Nissopoulos (1994)
have demonstrated that a second-degree equa-
tion is needed especially during evening and
night hours in the winter and summer-time. 

Moreover the variations of foF2 are com-
plex and cannot be described considering only
sunspot number. The ionosphere variations are

due to the influence of the solar and geomag-
netic activities as well as other sources (Forbes
et al., 2000; Zhang et al., 2004). For the same
R, foF2 may show different values during the
ascending and descending of the cycle (Rao and
Rao, 1969) and is attributed to possible geo-
magnetic storm effect (Kane, 1992), a view al-
so shared by Apostolov et al. (1994). Pancheva
and Mukhtarov (1996) developed a single-sta-
tion spectral model over Sofia with R and KR

and demonstrated that in many cases the in-
crease in the monthly standard deviation coin-
cided with the increase in the geomagnetic ac-
tivity index aa. Kane (1992) argued that long-
term prediction models need to take into ac-
count not just R but some solar index and geo-
magnetic index as two key parameters to which
not much attention has been paid to date. One
objective of this work is to assess both the solar
activity and geomagnetic activity dependence
of the monthly median foF2 over Chongqing.  

Because of the advantages of SSM and lack
of SSM for foF2 yet at Chongqing or in the
Chinese subcontinent, we develop a spectral
model both taking sunspot number R and geo-
magnetic index Ap into account based on the
data from 1977 to 1997 over Chongqing. The
data description is presented in Section 2; the
relationship between foF2 and solar activity
and geomagnetic activity are considered in Sec-
tion 3; the model and results are presented in
Section 4. The last section contains some dis-
cussions and conclusions.

2. Data set

The time series of monthly median hourly
values of foF2 for the time interval 1977-1997
(solar cycle 21 and 22), or 21years, was
processed at Chongqing station (geographic
29.50N, 106.40E), which, located in central Chi-
na, is away from the northern crest of equatori-
al anomaly in East Asia. It has significant val-
ues for studying ionospheric dynamics in the
equatorial anomaly region. Because this obser-
vatory is in the transition area of middle lati-
tudes to low latitudes, the foF2 variation is ex-
pected to be dependent both on nonlinear solar
activity and geomagnetic activity. 
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3. Solar activity and geomagnetic activity
dependence of foF2

We first consider the statistical relationship
between foF2 and sunspot number R and geo-
magnetic Ap before constructing spectral mod-
el. Ionospheric electron density is mainly due to
the ionization of neutral atmosphere by solar ra-
diation, thus electron density of F region in-
creases with the increasing of solar activities
(Balan et al., 1994; Kouris et al., 1998;
Richards, 2001; Sethi et al., 2002), whereas the
monthly median foF2 increase with solar activ-
ities in a rather complicated way (Kouris et al.,
1998; Richards, 2001). Monthly median foF2
linearly increases with the long-term solar ac-
tivity, but saturates at extremely high solar
epochs (Kane, 1992; Liu et al., 2003). Many re-
searchers have shown that the nonlinear rela-
tionship between foF2 and solar activity. 

We use regression methods to study the so-
lar activity dependence of foF2 over Chongqing.
Fist regression model is a linear approximation
to describe the relationship between sunspot
number R and foF2

(3.1)

h and m are the hour and the month of interest
while a0 and a1 are two matrices of 24×12=288
coefficients for each hour of day and each
month of the year, and R is twelve-month run-
ning mean values of sunspot number. The linear
model has been applied largely (Dominici and
Zolesi, 1987; Holt et al. 2002).The regression
employing the method of least squares was per-
formed between the measured foF2 data of each
hour of each month, and the results at local time
noon (12 h) and midnight (0 h) are presented in
fig. 1 and fig. 2 with dotted lines.

The second-degree regression is expected to
make improvement, and the quadratic relation-
ship between R and foF2 is described as 

(3.2)

where b0, b1 and b2 also are the coefficients at
specified time h and month m. Sample fit re-
sults are also represented with solid lines in fig.
1 and fig. 2. 

2f F b b R b R0 , 0 , 1 , 2 ,
2

h m h m h m h m$ $= + +

2f F a a R0 , 0 , 1 ,h m h m h m $= +

As shown in fig. 1, we find that the foF2 is
almost entirely dependent on nonlinear solar
activity, while in fig. 2 an evident non linear de-
pendence is observed only in summer (May,
June and July) which is nearly consistent with
the conclusions of Kouris and Nissopoulos
(1994). Furthermore at noon in each month,
b2<0, i.e. when sunspot number R reaches high
enough, the monthly median foF2 decreases
with the increasing solar activity. But at mid-
night in winter, b2>0, indicating that foF2 in-
creases with the increasing solar activity, i.e.
the saturation effect is unobvious. Liu et al.
(2004) firstly reported this phenomena based on
the data from 1957 to 1991 at Wuhan station
(geographic 30.60N, 114.40E), China, which in-
dicates that the phenomena may exist in
low/middle-latitude in China but needs more
ionosonde observations data to validate.

It is well known that ionosphere is princi-
pally determined by the level of both solar ac-
tivity and geomagnetic perturbations, but simi-
lar studies for the geomagnetic index depend-
ence of foF2 have been more limited, but some
exist (Solé, 1988). Further significant improve-
ment is expected from a multiple regression
model taking geomagnetic activity into ac-
count. Therefore the third regression model can
be expressed as

(3.3)

where Ap is twelve-month running mean val-
ues. c0 to c5 are coefficients at given local time
h for different month m, in which c3 represents
of coaction of solar and geomagnetic activity,
while c4 and c5  are the geomagnetic activity am-
plitudes. 

Figure 3 illustrates the diurnal variations of
standard deviations for these three regression
fitted models from observed values, which
shows that, in general, a second-degree regres-
sion of R gives a much lower standard devia-
tions than the linear fit. The significant de-
creases in standard deviation occur in May
from 0.9 to 0.4 and in October from 1.2 to 0.7.
Over Chongqing, the solar cycle dependence
of foF2 is obviously nonlinear, especially at
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daytime in each month and at nighttime in
summer, which supports the conclusion of
Kouris and Nissopoulos (1994). Moreover,
Liu et al. (2004) obtained similar conclusions
using the solar activity index F10.7. On the
other hand, when we take geomagnetic activi-
ty into account, the standard deviations are
smaller than only considering the nonlinear in-
fluence of solar activity, but its effect depends

on time and month. Generally, a decrease
about 0.1MHz is obtained at daytime. At
nighttime, the two model standard deviation is
nearlythe  same except in summer, in which
the standard deviations decrease about 0.2
MHz using equation (3.3). Over Chongqing,
the influence of magnetic activity on foF2 is
evident at daytime in each season, and at
nighttime in summer. 

Fig. 1. The responses of the monthly median foF2 to solar activities represented by smoothed monthly mean
sunspot number R at local time 12 h during the whole interval of 1977-1997 over Chongqing. Observed data are
plotted with cross. Dotted and solid lines represent the linear and quadratic fits, respectively.
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4. Model and results

Since there are diurnal periodicities inherent
in all the geophysical data, Fourier expansion
generally has the highest priority in constructing
empirical models. The diurnal variations can be
well expressed by a Fourier expansion of cosine
and sine functions with periods of 24 hours and
higher harmonics, and many ionospheric empir-
ical models are established with Fourier expan-
sion (e.g. Zolesi et al., 1993; De Franceschi and
Desantis, 1994; Pancheva and Mukhtarov, 1996;
Liu et al., 2004). In this way, the diurnal varia-
tion of foF2 can be expressed as

(4.1)

where h is local time and N=6 is the harmonic
number (24-, 12-,8-,6-,4.8- and 4-hour) and T is
equal to 24 hours. These spectral coefficients
are a function of R and Ap. In this model, these
coefficients are approximately expressed as
equation (3.3), and can be estimated with a least
squares regression analysis for the data set in a
specified month m.  
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Fig. 2. Same as fig. 1, but for local time 0 h.
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The time series of monthly median hourly
values of foF2 during the interval 1977-1997
was processed. Figure 4 demonstrates the com-
parison between our model and the observed
data. Six years in which solar activity was high
(1980 and 1991), in the ascending part of the
solar cycles 21 and 22 (1978 and 1988) and in
the descending part of the two cycles (1983 and
1994) are chosen. Furthermore the years of
high activity (2000) and descending part of the
solar cycle 23 (2003) are also plotted in fig. 4 to
illustrate the model ability in long-term predic-
tion. It is obvious that the model describes the

diurnal variation of foF2 successfully. 
The SSM is compared with IRI by statistic

errors shown in fig. 5 and fig. 6. Figure 5 shows
the yearly and diurnal variations of the standard
deviations of the model and IRI from the ob-
served values for the whole interval 1977-1997.
Evidently this model is better than IRI, and the
standard deviations almost decrease about
0.3MHz for both yearly and diurnal variations
with our model compared with IRI except the
yearly variations in 1981 and 1988. Figure 6
shows the probability density histogram of foF2
errors with relative deviations from the obser-

Fig. 3. Diurnal variation of standard deviations of the values of three regression fits form observed foF2 for the
whole interval of 1977-1997 over Chongqing.
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vations. The error distribution is evidently nor-
mal which is reasonable. The solid thin line is
the Gaussian curve through least squares fit. As
Pancheva and Mukhtarov (1996) processed, the
relative deviations are not lager than 12% at the
confidence level of 95% for the SSM, while the
errors are about 22% at the same confidence for
IRI model. Moreover, the standard deviation of
the model from observations for the whole data
set is 0.65 while is 0.96 for IRI model. Thus our
new SSM provides a higher accuracy than IRI
model. Figures 4-6 have basically demonstrated
the advantage of our model.

5. Discussions and conclusions

Because global models may smear out fea-
tures unique to a particular region, single-sta-
tion models are very useful and widely viewed
as the milestone of any ionopheric services
(Holt et al., 2002, Pancheva and Mukhtarov,
1998; Liu et al, 2004), and there is no station-
specific model over Chongqing, we developed a
SSM of monthly median foF2 based on the ob-
servations from 1977 to 1997. In our model, we
chose twelve-month running mean values of
sunspot number R and geomagnetic index Ap

Fig. 4. Comparison between observed (open circles) and modeled (lines) foF2 values for high solar activity
(1980, 1991), the descending part of the solar cycle (1983,1994), the ascending part of solar cycle (1978, 1988),
high solar activity (2003) and descending part of solar cycle 23 (2003) for long-term prediction.
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rather than monthly average or monthly median
indices. In practice, the latter may present the
influence of solar or geomagnetic activity on

ionopheric average action more effectively in
specific month, and some empirical models
chosen these indices (e.g. Zolesi et al., 1993;

Fig. 5. The standard deviations (σ) and the distributions of relative deviation of the new SSM values and IRI
model from observed foF2 over Chongqing during the whole interval of 1977-1997. The thin lines are Gaussian
fitting curves.

Fig. 6a,b. The (a) yearly and (b) diurnal variations of standard deviations of the SSM and IRI model values form
observed foF2 for the whole interval of 1977-1997 over Chongqing. 
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Liu et al, 2004), nevertheless the indices are
difficult to predict with a long lead time be-
cause of their severe variations. But the former
are relatively smoother and have the advantages
of availability, reliability and predictability.

The results of this paper show that there is a
nonlinear relationship between monthly median
foF2 and solar activity. A second-degree fit
gives a much better correlation than the linear
fit dependent on hour and month. The standard
deviations decrease significantly mostly during
daytime in each season and nighttime in sum-
mer. Moreover, introducing geomagnetic index
Ap further improves the description of variation
of monthly median foF2. We conclude that the
variation of foF2 is nonlinearly dependent both
on solar activity and geomagnetic activity, at
Chongqing station, China. Considering both
nonlinear influence of solar activity and geo-
magnetic activity, our model are successfully
constructed using Fourier expansion, which is
verified with standard deviation and relative de-
viations distributions compared with IRI mod-
el. The SSM has a low standard deviation is
0.65MHz and its relative deviations are not
lager than 12% at the confidence level of 95%,
while standard deviation is 0.96MHz and the
errors are about 22% at the same confidence for
IRI model. Furthermore, the approach of our
model could be used for the short-term predic-
tion and disturbance. 
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