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Abstract

Global modeling of M(3000)F2 and hmF2 based on three alternative EOF (empirical orthogonal function) expansion methods is
described briefly. Data used for the model construction is the monthly median hourly values of M(3000)F2 from the ionosonde/digisonde
stations distributed around the world for the period of 1975-1985 and the hmF2 data of the same period converted from the measured
M(3000)F2 based on the strong anti-correlation existing between them. Independent data of a low (1965) and a high (1970) solar activity
year are used to validate the three alternative models based on different EOF expansion methods. Comparisons between the modeled
results and observed data for both the low (1965) and high (1970) solar activity years showed good agreement for both M(3000)F2
and hmF?2 parameters. Statistical analysis on the differences between model values and observed data showed that all the three alternative
models (Model A, B and C) based on the different EOF expansion methods have better agreement with the observed data than the mod-
els currently used in IRI. All three alternative EOF based models have almost the same accuracy. Discussion on the preference of the
three alternative EOF based models is given.
© 2010 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Many empirical ionospheric models such as the Interna-
tional Reference Ionosphere (IRI) (Bilitza, 1990, 2001) and
NeQuick (Leitinger et al., 2005) use critical points such as
the F2, F1 and E layer peaks as anchor points to determine
the electron density profile, using parameters of foF2,
hmF2, foF1, hmF1, foE and hmE (the critical frequencies
and peak heights of the F2, F1 and E layers, respectively)
as inputs. As is well known, the F2 layer is the most impor-
tant region of the ionosphere since the ionospheric electron
density has its maximum values in this layer. Therefore, in
empirical ionospheric models, hmF2 is one of the key
parameters in the determination of the electron density pro-
file. Although there are database of bottomside (such as the
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DIDBase, see Reinisch et al., 2004) and topside (such as the
Alouette/ISIS topside sounder data, see Bilitza et al., 2006;
Benson and Bilitza, 2009) electron density profiles provid-
ing hmF2 data, in practice, the value of hmF2 is usually
calculated from the ionospheric propagation factor
M(3000)F2 based on the strong anti-correlation existing
between them (e.g., Bilitza, 1990), with a correction term
related to the ratio of foF2/foE that accounts for the delay
effect caused by ionizations in the E layer (Bradley and
Dudeney, 1973; Bilitza et al., 1979). Usually, M(3000)F2
value is provided by the CCIR (International Radio Con-
sultative Committee) M(3000)F2 model (CCIR Reports
340, 1967). However, some recent researches showed that
CCIR-M(3000)F2 model has some remarkable discrepan-
cies with observational data, in particular in the equatorial
and low latitude regions (Adeniyi et al., 2003; Obrou et al.,
2003; Zhang et al., 2004, 2007). Therefore, there is the
necessity to update the existing M(3000)F2 model or
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construct directly a global model of hmF2. To achieve this
goal, recently, some new modeling efforts have been made
and modeling techniques have been proposed. For example,
Oyeyemi et al. (2007) proposed a new modeling technique
based on the application of neural network to model the
M(3000)F2. Gulyaeva et al. (2008) derived a numerical
model of hmF2 using topside sounding database of about
90,000 electron density profiles provided by satellite obser-
vations. Our team has been pursuing to develop another
modeling technique based on empirical orthogonal function
(EOF) decomposition to model the M(3000)F2 and hmF2
parameters (Liu et al., 2008; Zhang et al., 2009). First, a sin-
gle station modeling technique based on EOF analysis has
been developed and tested with good validity (Liu et al.,
2008). Then the EOF based global modeling technique to
model M(3000)F2 and hmF2 parameters has been devel-
oped (Liu et al., 2008; Zhang et al., 2009). The single station
modeling technique is a fundamental part of our global
modeling since it is used as means to fill single station data
gaps for data-preprocessing in our global modeling devel-
opment (Liu et al., 2008; Zhang et al., 2009). In this paper,
we aim at evaluating of the global modeling technique
based on three alternative EOF expansion methods of
M(3000)F2 and hmF2 dataset. In Section 2, we will first
describe briefly the modeling technique base on the three
EOF expansion methods and the data used in the modeling
and validating study. In Section 3 we will show some sample
modeling results. The last section (Section 4) is the summary
and conclusion.

2. Modeling technique description and data used for the
modeling and validating study

The modeling technique we used is mainly based on the
empirical orthogonal function (EOF) decomposition of a
dataset. This method was first introduced into ionospheric
empirical modeling by Dvinskikh (1988) and his work was
followed by many others (e.g., Singer and Taubenheim,
1990; Bossy and Rawer, 1990; Singer and Dvinskikh,
1991; Dvinskikh and Naidenova, 1991). It has also been
shown by many other researches that the EOF analysis is
a powerful method in ionospheric data representation
and empirical modeling (e.g., Daniell et al., 1995; Marsh
et al., 2004; Matsuo et al., 2002, 2005; Mao et al., 2005,
2008; Materassi and Mitchell, 2005; Zhao et al., 2005; Zap-
fe et al., 2006; Liu et al., 2008; Zhang et al., 2009; and many
more). The main point of this method is that it decomposes
a dataset into a series of eigen function (or base functions)
E; and its associated coefficients A, with the base func-
tions Ej orthogonal to each other. A very important fea-
ture of the EOF decomposition is that the eigen series
converges very quickly. This makes it possible to use only
a few orders of EOF components to represent most of
the variance of the original dataset.

For details of our global modeling technique, please
refer to Liu et al. (2008) and Zhang et al. (2009). Here
we only give a brief description.

2.1. EOF decomposition of dataset

In our modeling study, the first step is to decompose the
dataset using the EOF expansion. The EOF decomposi-
tions of a database can be made in any one of the following
three ways. In the first decomposition method, the base
functions Ej describe the variation of the dataset Y (Y
can be either M(3000)F2 or hmF2) with the geographical
latitude (Glat), longitude (Glon) and the universal time
(UT), whereas the coefficients A4; represent the variation
of the dataset with seasons (m) and solar cycle activity (rep-
resented by F107, the monthly mean solar irradiance flux
index at the wavelength of 10.7 cm).

Y(Glon, Glat, UT,m,F107)

N
= Ax(m,F107) - Ex(Glon, Glat, UT) (1)

k=1

In the second decomposition method, the base function Ej
describe the variation behavior of the dataset with the
modified dip latitude (or modip, u) and local time (LT)
as well as the universal time (UT). The coefficients 4, rep-
resent the variation of the dataset with seasons and solar
cycle activity.

N

Y(u, LT, UT,m,F107) = > " Ax(m,F107) - E(u, LT, UT)

7 @

In the third decomposition method, there are two layers of
EOF decomposition. In the first layer, the dataset is
decomposed into the EOF base functions Ej representing
the variation of the dataset with the modified dip latitude
(p) and the local time (LT), and the associated EOF coef-
ficients P; representing the variations of the dataset with
the universal time (UT) and seasonal as well as solar cycle
variations as follows
N

Y(u, LT, UT,m,F107) = > " Ex(, LT) - Py(UT,m, F107)

3)

Then the EOF coefficients P, obtained in the first layer
EOF analysis are decomposed once again into a series of
base function F, representing the variation with the univer-
sal time (UT) and the associated coefficients 4} representing
the seasonal as well as solar cycle variations

N1
Py(UT,m,F107) = F{(UT) - 4;(m, F107) (4)

J=1

Later on in this paper (Section 3), we will present the sta-
tistical analysis results (in Tables 1 and 2) on the model-data
comparison for all these three alternative decomposition
methods. However, we will only show those plots of the
results obtained by applying the third EOF decomposition
method to the dataset. Since we will show later, all the mod-
eling with these three alternative decomposition methods
have almost the same accuracy. However, from the point
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Table 1
Regression correlation coefficients (R) between model and observational data for various models.

R for M(3000)F2 R for hmF2

Model A Model B Model C IRI Model A Model B Model C IRI
1965 0.904 0.905 0.909 0.841 0.949 0.950 0.948 0.862
1970 0.928 0.929 0.928 0.862 0.958 0.959 0.962 0.842
Table 2
Root-mean-squared-error (RMSE) between model and observational data for various models.

RMSE for M(3000)F2 RMSE for hmF2 (km)

Model A Model B Model C IRI Model A Model B Model C IRI
1965 0.09 0.09 0.09 0.12 11.2 11.2 11.8 18.9
1970 0.08 0.08 0.08 0.11 134 13.3 134 22.6

of view of simplicity and concise, the base functions Ej
(u, LT) and F 2 in the third decomposition method are in
the simplest format and easy to be presented in plots. It also
requires much less storage space for its base function
database and the associated EOF coefficients.

Hereafter, we will call models with the first, second and
third decomposition methods as Model A, B and C.

2.2. Modeling the associated EOF coefficients Ay,

The second step in our modeling is to model the EOF
coefficients 4, with the following harmonic functions rep-
resenting the seasonal (annual and semi-annual) and solar
cycle variations.

Ai(m, F107) = By (m, F107) + Bya(m, F107)

ficients A,. Then, with the calculated modeled coefficients
Ay, depending on the decomposition method used, Eq.
(1) or Eq. (2) or Egs. (3) and (4) are used to calculate the
modeled value of Y (Y is either M(3000)F2 or hmF2).

2.3. Data used

For this study, measured monthly median hourly values
of M(3000)F2 for the period of the years 1975-1985 from
the ionosonde/digisonde stations distributed around the
world were used for the M(3000)F2 global modeling study.
The hmF2 data of the same period used for the modeling
study is calculated from the measured M(3000)F2 based
on the strong anti-correlation existing between them using
formulae (Bilitza, 1990),

1490
+ By (m, F107) (5)  hmF2= - 176 (9a)
Bu(m, F107) = ¢4 + d F107 (6) M(3000)F2 + AM
2mm Ay = F1R2) - FoRio, @) (R12) (9b)
Bia(m, F107) = (ci2 + djaF107) cos =~ foF2/foE — F3(R;,) ~ *° "7
m Fi(R12) = 0.00232 - Ry, 4 0.222 (9¢)
1:F107) sin=— 7
+ (2 + 14 F107) sin =7 D) oy (Rip, @) = 1 — R1n/150 - exp(—*/1600) (9d)
Bys(m, F107) = (ci3 + disF107) Cos2n_m F3(R13) = 1.2 —-0.0116 - exp(R/41.84) (9e)
Y F4(R12) = 0.096 - (Ry; — 25)/150 (9f)
+ (Sk3 + tk3F107) sinT (8)

where m is the month representing the seasonal variation,
and F107 is the monthly mean solar irradiance flux index
at the wavelength of 10.7 cm, a proxy used to represent
the solar activity levels. With these equations, the coeffi-
cients Crls dkls Cr2, dkz, Si2s Lios Ci3s dk3, Sk3, L3 are deter-
mined by the least-square fitting approaches.

Our model constructions are then made in the reversal
procedure based on the obtained EOF base functions Ej
(and F} if the third decomposition method is used) as well
as the coefficients Clls dkla Cr2, dkz, Sk2s Lios Ci3, dk3, Si3s i3
obtained. Specifically, to calculate the model value of
M(3000)F2 or hmF2, one first uses Eqgs. (5)—(8), with the
given month m and the corresponding solar flux index
F107(m), to calculate the modeled second layer EOF coef-

where Rj, is the 12-month running mean of the sunspot
number, @ is the magnetic dip latitude which is related to
the magnetic inclination I as 2tg® = tgl. The measured
M(3000)F2, foF2, foE used in calculation of hmF2 in this
study were downloaded from Space Physics Interactive
Data Resource (SPIDR) website http://spidr.ngdc.noaa.
gov/. Fig. 1 shows the global distribution of the stations
used for the M(3000)F2/hmF2 global modeling study.
The total number of stations is about 86. There are still
gaps in the coverage of the globe in the data used for this
study. This data gap problem is overcome by a data-pre-
processing procedure before applying the EOF expansion
to the dataset. Procedure and details of data-preprocessing
for the global modeling is described in Liu et al. (2008) and
Zhang et al. (2009).
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Fig. 1. Global distribution of the stations used for the present modeling study.

For evaluating the models’ validity, data of M(3000)F2
and hmF2 for a low solar activity year (1965) and a high
solar activity year (1970) are used to validate the models’
performance. They are independent data from that used
in model development.

3. Modeling results
To demonstrate the success of the modeling technique,

here as an example, we show some sample plots (Figs. 2
and 3) obtained by applying the third EOF decomposition

12 18 24
LT

method to the dataset of M(3000)F2. The corresponding
EOF expansion results for the hmF2 parameter are pre-
sented and discussed in Zhang et al. (2009), readers who
are interested in may refer to that paper. Fig. 2 shows the
contour plots of the first four orders of the base functions
E\—E, obtained with the Ist layer EOF decomposition. It
can be seen that, apparently, the base functions E; we
obtained showed some typical features of M(3000)F2. For
example, the 1st order of base function £; manifests mainly
a typical phenomenon produced due to the ‘fountain effect’
in the equatorial ionosphere, whereas the 2nd base function

18
LT

Fig. 2. Distribution of the first 4 base functions E|—E, obtained with the st layer EOF decomposition of M(3000)F2.
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Fig. 4. Scatter plots of model value versus observational data for M(3000)F2 (left panels) and hmF2 (right panels).

E> mainly reflects the north-south asymmetry which is clo-
sely related to the seasonal change of the solar zenith angle.
Therefore, the EOF decomposition analysis method, to
some extent, is able to separate the variance of a dataset into
components caused by sources due to different physical pro-
cesses or mechanisms.

Fig. 3 shows the results obtained in the 2nd layer EOF
analysis, that is, the EOF decomposition of P, (see Eq.
(4)). The left panels are the distributions of the base func-
tions | — F obtained, the right panels are for the corre-

sponding associated coefficients 4, — 4}. The three lines in
each panel represent j = 1 (red), 2 (black), 3 (blue). As we
can see from the right panels, the 2nd layer EOF coefficients
A} mainly contains the annual and semiannual variation
components and their amplitudes also change with the solar
cycle activity levels. This justify the modeling of the coeffi-
cients Af; with the harmonic functions representing the sea-
sonal (annual and semi-annual) variations as well as their
solar cycle activity dependence represented by the F10.7
index as expressed by Eqgs. (5)—(8). The overlaying green
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Fig. 5. Sample plots of model value and the observational data comparison for M(3000)F2 for the years of (a) 1965 and (b) 1970. (Blue dots, observational
data; red thick values, EOF model; black thin curves, CCIR model.) (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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lines in the right panels are the corresponding results mod-
eled with Egs. (5)—(8). As can be seen, the EOF coefficients
AJ, were reproduced very well by the modeled results.

Fig. 4 shows the scatter plots of the model value versus
observational data for M(3000)F2 (left panels) and hmF2
(right panels). The upper panels are for the case of the
low solar activity year (1965) and the lower panels for
the case of the high solar activity year (1970). These two
years data are independent of those used in modeling. It
can be seen that the model values calculated with our con-
structed model based on the EOF decomposition and the
observational data show a high linearity and the correla-
tion coefficients R between the model values and the obser-
vational data are very high (for M(3000)F2, R is 0.91 and
0.93, and for hmF2, R is 0.95 and 0.96, respectively, for the
years of 1965 and 1970). The high linearity and correlation
coefficients between the modeled values and the observa-
tional data imply that the constructed model is able to
reproduce the observational data quite well.

Fig. 5a and b show some sample plots demonstrating the
comparison between the observational data of M(3000)F2
and the model values given by our EOF based model
(Model C) as well as by the IRI-CCIR model for the low
solar activity year 1965 (Fig. 5a) and the high solar activity
year 1970 (Fig. 5b) for 10 stations representative of high,
middle and low latitudes from both north and south hemi-
spheres. In these plots, the red thick curves represent our
EOF model results, the thin black curves represent the
results given by IRI-CCIR model, and the blue points are
the observational data. As can be seen from these plots,
the EOF model results in general reproduced quite well
the behavior of the observational data. Compared with
the results given by IRI-CCIR M(3000)F2 model, the
EOF model results are obviously in better agreement than
the IRI-CCIR model results with the observational data.
Similar comparisons with same conclusion have also been
made for hmF2 parameter; interested readers may refer to
Zhang et al. (2009) for details and plots showing the results.
It has been pointed out that the IRI model cannot represent
the sharp evening peak in hmF2 at magnetically low/equa-
torial latitudes that is due to the drift reversal (e.g., see Bili-
tza, 2003; Obrou et al., 2003). The CCIR spherical
harmonics model is of too low order to be able to represent
features smaller than the 1-hour level. Since our modeling
uses monthly median hourly data of M(3000)F2 and
hmF2, it would be expected that features smaller than 1-
hour level could not be represented well in our EOF models.
This problem can only be solved by using higher time reso-
lution data (e.g., 15 min data) in the modeling when dataset
of higher time resolution with enough long time period cov-
erage (e.g., one solar clcye) are available. However, the EOF
models we constructed do, to some extent, represent better
the smaller scale features, as can be seen in the Fig. 5a and b
in this paper and the Fig. 7a and b in Zhang et al. (2009).

Plots showing the comparison results for EOF based
models using other decomposition methods (Model A
and B) are not shown here for the sake of concise. Here

we only list in Table 1 the regression correlation coefficients
R between the EOF based models (with various decompo-
sition methods) and the observational data. From Table 1,
we can see that both for M(3000)F2 and hmF2, the corre-
lation coefficients R between all three EOF based models
and the observational data are similarly very high for both
the low and high solar activity years, and that they are all
much higher than that between the IRI model result and
the observational data.

To estimate the accuracy of the constructed models, we
made a statistical analysis on the differences between the
model values and the observational data by calculating
the root-mean-squared-error (RMSE):

| &
RMSE = N_ Z(Ymode[ - YobS)z (10)

P =1

where Y = M(3000)F2 or Y = hmF2. Y,,,4. denotes model
value, Y, denotes observational data. N, is the total
number of the data points.

The calculated results of RMSEs for M(3000)F2 and
hmF2 for the low solar activity year (1965) and the high
solar activity year (1970) are shown in the Table 2. For
the purpose of comparison, the RMSEs for IRI are also
calculated and shown in the Table 2. As we can see in
the Table 2, the RMSEs for the three models based on
three alternative EOF expansion methods are more or less
the same. Moreover, they are in general less than that of
the IRI.

4. Summary and conclusion

In this study, global modeling techniques based on three
alternative EOF expansion methods of the M(3000)F2 and
hmF2 dataset are briefly described. Some sample plots
showing the EOF decomposition results of M(3000)F2
dataset based on the third decomposition method are pre-
sented. Validating study of the constructed models based
on all the three alternative EOF expansion methods are
made using M(3000)F2 and hmF2 data that are indepen-
dent of those used in model development. Comparisons
between the model predictions and the observed data for
both the low (1965) and the high (1970) solar activity years
showed reasonably good agreement. Statistical analysis on
the differences between model values and observed data
showed that the constructed models based on all the three
alternative EOF expansion methods have better agreement
with the observed data than the models currently used in
IRI. Statistically, all the three models based on the three
alternative EOF expansions methods (Model A, B and C)
showed very similar results, i.e., they have very similar
accuracies. However, from the point of view of simplicity
and concise, Model C is preferable. It requires much less
storage space for its base function database and the associ-
ated EOF coefficients. It is also because the base functions
E; (1, LT) in Model C is organized in the coordinate of
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(n, LT), a coordinate under which the features of the iono-
spheric parameters, in particular those of the F2 layer, are
found mostly well organized (Rawer, 1963; Azpilicueta
et al., 2006). Indeed, as we have demonstrated above and
in Zhang et al. (2009), the EOF decomposition method
used in Model C is able to separate the variance of a data-
set into components caused by sources due to different
physical processes or mechanisms.
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