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Preface
The aim of the work is to describe ionospheric variability and its connection
to external (solar, geomagnetic) forcing and influence of neutral atmosphere
to the state of the ionosphere. We covered large range of periods ranging
from one day up to several solar cycles.
Analysis of wave–like oscillations of the sporadic E–layer (Es layer) and
lower lying stratosphere (at potential height of 10 hPa) from three special
summer campaigns (2004, 2006, 2008) is presented. We show domains of
common oscillations in the neutral atmosphere temperature and parameters
of the Es layer in range 1–32 days corresponding to an area of planetary
periods. We suggest that coherent oscillations of foEs/hEs parameters and
stratospheric temperature support strongly an idea of planetary wave effect
to the Es–layer formation. We show that common power computed by means
of Cross Wavelet Transform (XWT) and Wavelet Coherence (WTC) between
stratospheric temperature and sporadic E–layers data cover large continuous
area of periods between 4–32 days. Common periods detected by means of
WTC are located predominantly on the periods close to planetary wave on
domains of 2, 4, and 8 days (Rossby modes).
In a scaling analysis part, we focus on long–term data covering several
solar cycles and we show the relation between ionospheric data obtained
from ground based measurement and global (geomagnetic and solar) data.
We compare scaling properties of ionospheric, solar and geomagnetic data
at medium periods in range 2–32 days and show that ionospheric data are
closely related to Kp and AE on selected domains while the solar flux F10.7
index and Dst have different scaling properties. We show that inner structure
of data from six ionospheric station at periods 2–64 days is roughly linearly
dependent to their geographical/geomagnetic latitudinal position where the
stations located more to the geographic/geomagnetic north have more regular
ionospheric behaviour on selected time scales.
We studied correlation coefficients between foF2 from 11 ionospheric stations and geomagnetic and solar indices (AE, Kp, Dst, F10.7, SSN). Results
for pairs of foF2 and (AE, Kp, Dst, F10.7 and SSN) are strongly dependent
to the time scale. Inter correlation coefficients for foF2 from the stations indicates that there exists a characteristic dimension 10◦ . Below this value the
correlation coefficients of foF2 are very high which indicates quasi–collective
behaviour of the ionosphere in the heights of F2 layer.
We show strong correlation between long–term data from various ionospheric stations even on short–term periods (daily scale) which suggests acting of wave activity in neutral atmosphere.
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Ionospheric variability
The ionosphere is affected heavily by solar and geomagnetic activity on long–
term (e.g., quasi 11 year solar cycles, and secular variations), medium–term
(e.g., seasonal dependence, solar rotation) and short–term periods (e.g., solar
events, geomagnetic disturbances, neutral atmosphere activity). The ionosphere is therefore a complicated system with a large variability over wide
range of periods. Beside the extraterrestrial and geomagnetic forcing, neutral atmosphere is another important source of ionospheric variability. Atmospheric waves that originate in practically all atmospheric regions travel
through the atmosphere and alter conditions in distant regions (Laštovička,
2006; Forbes, 1994; Pancheva, 2003). Classically, the description of ionospheric variability is split into long–term and short–term based descriptions
of the system. Long–term we use hence for scales corresponding to 11–years
solar cycle or seasonal dependence while the short–term is connected to the
extreme solar activity and consequent changes in geomagnetic field.
Neutral gas in the ionosphere is ionized by means of Lyman–α, EUV flux
and in smaller extent due to galactic rays and other inputs (Tascioni, 1994).
Recombination of ionized particles has usually one or two steps and the
concentration of particular neutral gas (especially N2 and O2 ) is of crucial
importance. Transport of plasma is mostly connected to ambipolar diffusion, neutral winds interactions and drifts connected to electric fields. All
described mechanisms are reflected in the profile of electron concentration
which may be represented by means of ionospheric parameters (critical frequencies) measured by the ground sounding. The ionosondes and digisondes
provide us with long datasets covering several solar cycles.

Wave–like oscillations in sporadic E–layers and
connection to neutral atmosphere
Sporadic E–layers are formed in the height of the E region between approximately 90 to 150 km. The Es–layers may contain very high concentrations of
ionized particles which may exceed maximum concentrations usually located
in the F2 layer. Thus, the sporadic E–layers are very important for shielding
and modification of propagation of electromagnetic waves. The sporadic E–
layers mostly occur in midlatitudes during summer time (Haldoupis et al.,
2006). The mechanism of Es formation has not yet been fully understood.
However, widely accepted theory explains the Es dynamics as a result of geomagnetic field configuration and horizontal neutral winds interaction when
long–lived metallic ions move vertically upward or downward according to
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the wind shear. Narrow, dense plasma convergence zone is formed by this
mechanism (e.g., Whitehead (1961, 1989); Mathews (1998)). Collisions between ions and neutrals are very frequent below 125 km which means that
the vertical plasma drift is collision dominated and controlled mainly by the
zonal wind. At heights above 130 km, collision frequency decreases sufficiently and the plasma drift is controlled by the magnetic field. Except the
electric and electromagnetic phenomena, the upward propagating waves in
the neutral atmosphere are supposed to be of the greatest importance for
the ionosphere (Laštovička, 2006; Šauli and Bourdillon, 2008) and the Es
dynamics (Voiculescu et al., 2000; Haldoupis and Pancheva, 2002; Pancheva,
2003) through the action of diurnal and semidiurnal tides which are modulated by the planetary waves (PWs). Planetary waves (with periods of about
2–30 days) are predominantly of tropospheric origin and can penetrate up to
heights of 100 km.
We studied data from three special campaigns with high sampling rate
(26 July – 1 September 2004 with 5 min resolution, 31 May – 27 August 2006
and 29 May – 31 August 2008 with 15 min time resolution) measured at the
Pruhonice station using the digisonde DPS–4 (Reinisch et al., 2005). Parameters describing the Es behaviour are critical frequency foEs and height of the
Es layer hEs. Parameter representing stratospheric behaviour is temperature
T at height corresponding to 10 hPa (ERA–40 reanalysis model, Uppala et
al. (2005)) from a grid point 50◦ N, 15◦ E which is close to the location of
Pruhonice (50◦ N, 14.5◦ E).
To detect periodicities in the data we used Continuous wavelet transform. For the investigation of common oscillations between stratospheric
temperature T and Es data foEs and hEs we used Cross wavelet transform
(XWT) and Wavelet coherence according to (Torrence a Compo, 1998; Grinsted et al., 2004). While the XWT serves to detect domains of high common
power the WTC detects coherent structures between the data and emphasizes areas of coherent oscillations. It means that WTC finds regions in
time–frequency/period space where the two time series co–vary, but they do
not need to exhibit high common power.
Continuous wavelet transform of stratospheric temperature, foEs and hEs
shows the diurnal period as the most pronounced in all datasets (Fig. 1).
Besides that, there are significant oscillations in the period range 4–16 days
laying in the planetary wave domain. Systematically, the periods between
1–4 days show relatively low power in the temperature data compared to
longer periods. The scalograms of foEs reveal periodicities corresponding to
planetary wave oscillations at 4 days (2004), 2–3 (2006) and 4–6 days (2008,
Fig. 1, middle panel). The parameter hEs did not show significant oscillations at periods longer than one day during the 2004 campaign. Pronounced
3

periods were present at 3–4, 8, and 16 days in the hEs during the 2006 campaign. There is a wide range of oscillation of the PWs nature and no general
pattern can be established from these 3 particular campaigns based only on
the basic spectral analysis (wavelet power spectra). Wave–like oscillations
with periods 4, 8, and 10–16 days are present in the 2008 dataset (Fig. 1,
bottom panel).

Figure 1: Continuous wavelet transform of stratospheric temperature T,
critical frequencies foEs and heights of the layers hEs. The Cone of Influence
(black line) denotes a region where edge effects become important (Mošna
and Koucká Knı́žová, 2012).
Our analysis by means of XWT and WTC detects diurnal oscillations
with a stable phase shift in a range of values π/4 − π/2 which means that the
temperature data lead the Es data by 1/8–1/4 of the day. Longer periods
corresponding to the planetary wave domain with increased power by means
of XWT are detected at a whole interval of values higher than four days (Fig.
2, upper panels).
Coherent structures found by means of WTC have periods of about 2, 4,
8, and 16 days for both temperature–hEs and temperature foEs pairs during
4

Figure 2: The left panels show the relation between stratospheric temperature T and height of the sporadic E–layer hEs. The right panels show
the relation between the stratospheric temperature T and critical frequency
foEs. Cross wavelet transform (upper panels) shows a continuum of common
oscillations at diurnal period and periods longer than 4 days. Domains of
common periods computed by the wavelet coherence are close to periods of
planetary waves (bottom panels) (Mošna and Koucká Knı́žová, 2012).
all three campaigns. These findings support the idea that vertical coupling
takes place predominantly on periods close to main planetary periods. Contrary to the diurnal periods, the phase shift is very variable and probably
indicates a nonlinear relationship between planetary wave–type oscillations
in temperature and Es layers behaviour.
Periods of 2, 4, 8, and 16 days are not random numbers. It is important
to point out that through solving the general dynamical equations governing periodic atmospheric motion we obtain a collection of eigen oscillations
(Forbes, 1994), or modes with periods close to the CWT detected bursts.
5

It is reasonable to assume that WTC detects PWs eigen modes (probably
slightly shifted due to the Doppler shift) that are the principal modes of
vertical coupling.

Scale dependent analysis of ionospheric, solar
and geomagnetic indices
Scaling analysis is a tool to study the inner structure of the data. The similar
properties of structure at particular periods indicate a possible connection
between the datasets under study at these periods. This concept has been
used in many geophysical studies (e.g., Davis et al. (1994, 1996); Burlaga
and Klein (1986); Consolini et al. (1996); Vörös et al. (2002); Hnat et al.
(2003); Lovejoy and Schertzer (2007). The ionospheric application has been
only very limited.
Multiresolution coefficient Tx (a, t) is a function of a scale a and a position
t. It may be defined simply as Tx (a, t) = X(t + a) − X(t), but use of the
dx (a, t) based on wavelet decomposition is more suitable as this approach
better reflects the scaling properties of the data and avoids problems of nonstationarity (Abry et al., 2000; Chainais et al., 2000). The exponent ζ(q)
present on the right side of equation
E(|dx (a, t)|q ) = cq aζ(q) ,

(1)

is called the scaling function, cq is a general coefficient and E(|...|)q is q–th
moment. It has been shown that this equation holds for many geophysical
and other processes (e.g., Mandelbrot (1967); Muzy et al. (1994); Davis et
al. (1994, 1996). The scaling function ζ(q) is a characteristics of the dataset.
Processes that hold the equation 1 are called scale invariant. Data with the
scaling function do not have dominant scales (or there is only a limited number of such scales), or, all scales are important (Barenblatt, 2003). The existence of scaling invariance is not accidental; it reflects important properties of
the system (e.g., Abry et al. (2000)). Scaling refers to behaviour of the data
on a range of scales rather than one particular scale. Linearity/nonlinearity
of ζ(q) defines the monofractality/multifractality of the dataset.
The spectrum of singularities D(h) is directly connected to the scaling function via the Legendre transform and it describes the distribution
of Hölder exponents which describe the roughness, or singularities of the
dataset at every point of the dataset. Thus, the value hhi is the most frequently occurring exponent in the dataset and the variance of h reflects the
mono/multifractal character of the data (in an ideal monofractal situation,
data have only one value of hhi).
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The results in this chapter are computed using the software of Dr. P. Abry
and Dr. S. Roux, http://perso.ens-lyon.fr/patrice.abry/software.
html and http://perso.ens-lyon.fr/stephane.roux/.

Analysis of h for long–term datasets F10.7, Dst, Kp,
P
Kp, and foF2
We studied daily values of foF2 from six European stations (Roma, Pruhonice, Juliusruh, Uppsala, Moscow, and Sodankylä, Mošna and Koucká Knı́žová
(2011)). The ionosonde data were manually checked and were further analP
ysed with solar flux F10.7 and indices of geomagnetic activity AE, Kp, Kp
and Dst. The analysis involves the time interval from four solar cycles from
the years 1965–2004 with one day resolution for all datasets (except for the
Kp where the resolution is 3 hours). The time series of foF2 are computed
as a median from four near noon values. The solar flux F10.7 and Dst are
mean values from each day. The AE indices are from the time interval 1965–
1989 as later data are highly inconsistent due to missing measurement from
Soviet/Russian stations.
Table 1 provides values of hhi from the datasets involved in the study at
periods of 2–32 days. The lower limit was the result of a one–day temporal
resolution of the data, the upper limit was chosen due to the occurrence of
the 27–day period in the data. The results can be generally divided into two
groups. The first group with hhi > 1 consists of F10.7 and Dst indices. The
P
second group with hhi < 1 consists of Kp, Kp, and AE indices and critical
frequencies foF2 from all ionospheric stations under study. The values of
P
hhi for Kp, Kp, AE, and ionospheric data are located in a relatively small
interval [0.69, 0.89], which suggests a close relation between geomagnetic activity at midlatitudes and in the auroral zone and ionospheric processes at
studied stations at chosen periods. It confirms the fact that geomagnetic
activity is the dominant driver of ionospheric processes at medium period
scales. The large difference between hhi for solar flux and foF2 suggests that
the link between these series is more complicated than we expected and calls
for more detailed analysis.
The multifractal behaviour is a consistent result for practically all the
time series of foF2 from all analyzed stations, solar and geomagnetic data
(see, e.g., the variance of h of Sodankylä foF2 in Fig. 3). The only dataset
that was identified as monofractal was foF2 series from the Roma station.
Fig. 4 presents a relation between hhi and the geomagnetic and geographic latitudes of the stations. This finding shows that more northerly
stations have more regular behaviour by means of the singularity of the data
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Figure 3: Distribution of values h from the Sodankylä foF2 dataset. The
most probable value of h is denoted as hhi. The width of the curve is a
description of mono/multifractality (presented data are clearly multifractal).
Red lines denote the 95% confidence intervals (Mošna and Koucká Knı́žová,
2011).
than those located further south. This result may be surprising as the stations close to the auroral region (Sodankylä, Uppsala) are supposed to be
more affected by variable and disturbed conditions of solar and geomagnetic
activity. A possible explanation is that the effects represented by the AE
index are of shorter periods on minutes to hour scales and thus the polar/auroral activity is not reflected in our analysis at periods of the order of
days.
Table 1: Parameters hhi for foF2 and solar and geomagnetic indices
Station
geom. lat.
hhi
Index
hhi

Rome
41.9
0.79
AE
0.77

Průhonice
50.0
0.80
Kp
0.69

Juliusruh
54.6
0.86
P
Kp
0.79
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Moscow
55.4
0.87
Dst
1.02

Uppsala
59.9
0.86
F10.7
1.71

Sodankylä
64
0.89

Figure 4: Relation between hhi and geomagnetic and geographic position
of the ionospheric station. Higher values of hhi represent more regular behavior of the data. Thin and thick lines are regressions for geographic and
geomagnetic position, respectively (Mošna and Koucká Knı́žová, 2011).
Despite the fact that the Sun is the most important source of ionization
different values of hhi for F10.7 and foF2 suggest a more complicated relationship between both parameters at periods of 4–32 days. The index F10.7
is widely used to predict the value of foF2 for telecommunication and other
purposes (Mikhailov et al., 1996; Zolesi and Cander, 2014). Although a high
correlation exists between foF2 and F10.7 on long scales we show that the
approximation of foF2 using F10.7 is at least problematic. Similarly, the
Dst index which represents geomagnetic activity near the equatorial area is
shown to have a different scaling parameter hhi than the ionospheric series
of foF2.

9

Figure 5: Correlation coefficients between foF2 from different ionospheric
stations and latitudinal differences of the stations (panel a) and for foF2
vs. solar and geomagnetic indices dependent on the location of the stations
(panels b to f). Stars (*) are raw data, circles (o) are trends, crosses (+) are
fluctuations. The limiting value between trends and fluctuations is 64 days
(Roux et al., 2012).

Intercorrelation between ionospheric, solar, and geomagnetic data using scaling analysis
Scaling analysis of 11 ionospheric datasets, geomagnetic, and solar indices
from years 1971 to 1998 is used for correlations of the data at different scales
(Roux et al., 2012). Trends Xa and fluctuations Xd are obtained from the
dataset X by means of low–pass and high–pass filtering with a limiting value
of 64 days (chosen arbitrarily) as X = Xa + Xd .
Fig. 5, panel a, shows the dependence of correlation coefficients to the
difference between north latitudes of the stations. The correlation coefficients
are very high for the difference 0◦ –10◦ . Above 10◦ the correlation coefficients
decrease rapidly (both for fluctuations and trends). The stable values of the
correlation coefficients between 0◦ and 10◦ suggest the probable existence
of one common agent forcing the ionosphere. It could be considered as the
influence of the lower–laying neutral atmosphere that affects the state of the
ionosphere by upward propagating atmospheric (gravity) waves.
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Correlation of foF2 and solar indices, and foF2 and geomagnetic
indices
Panels b to f in Fig. 5 show dependence of the correlation coefficients between trends, fluctuations and raw data for pairs (foF2, SSN), (foF2, F10.7),
(foF2, Kp), (foF2, Dst), and (foF2, AE) on the latitudinal location of the
ionospheric stations.
Panel b (foF2 vs. SSN) and panel c (foF2 vs. F10.7) in Fig. 5 show very
close results. Moreover, the correlation coefficients for the raw data are very
little dependent on the position of the ionospheric station and are located
in the range 0, 4 ≤ R ≤ 0, 5, with pronounced maxima of correlations for
stations located in midlatitudes (50◦ –55◦ . N). The correlation of trends shows
the maximum for two north–latitude stations (Archangelsk and Lycksele,
about 65◦ N). The correlation of fluctuations is relatively low (R is in the
interval (0,15;0,20) for all ionospheric stations).
The latitudinal dependence of R(foF2,Kp) is shown in panel d, Fig. 5.
The absolute values of R are very low both for the raw data and trends.
Correlation coefficients for fluctuations are in the range R≈(-0,3; -0,4) with
a low, but obvious latitudinal dependence (decrease of R towards the North).
A very pronounced effect of splitting the signals to trends and fluctuations can be seen for pairs (foF2, Dst). Practically zero correlations for
raw data ”changed” to R≈(0,35;0,4) for fluctuations and R≈(-0,4;-0,3) for
trends. The positive correlation of short–term components (fluctuations) indicates the statistical majority of negative storms (decrease of foF2 correlates
positively sith decrease of Dst) over positive storms. This result is in accordance with (Mošna et al., 2009a,b), where most of the solar events (coronal
mass ejections and high sped solar streams) led to the negative storm effects.
This finding is supported for example by the work of (Prölss, 1995). The
values of R(foF2, AE) are shown in panel f, Fig. 5. Absolute values for
the raw signal (−0, 1 ≤R≤ 0), trends (−0, 4 ≤R ≤ −0, 2) and fluctuations
(−0, 05 ≤R≤ −0, 15) are i) surprisingly low, ii) practically independent of
the position of the station. The second statement is surprising as the effect
of processes represented by means of the AE index can seem stronger for
stations located closer to the auroral region. However, the AE index seems
to be of very low importance for periods longer than one day, even for such
a northerly located stations as Lycksele and Archangelsk.
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General conclusion
We studied the short–term and long–term variability of the ionosphere by
means of critical frequencies and heights of the layers foEs, foF2, hEs, h’F2,
and hmF2 and their connection to the solar, geomagnetic and neutral atmosphere activity. The fact that neutral atmosphere influences the ionosphere
by means of wave activity is generally well accepted. We tried to contribute
to this debate with the study of sporadic E–layers behaviour and its connection to the neutral atmosphere, which is under intense study. The variability
of the ionosphere at medium and long–term scales and its connection to solar
and geomagnetic activity was studied using scaling analysis. Scaling analysis is shown as a relatively new method for ionospheric research yet it gives
interesting results.

Wave–like oscillations in Es and connection to the neutral atmosphere
We studied the effects of planetary waves originating on the stratosphere to
the area of the sporadic E–layer formation. Apart from the well known effect
of diurnal tides on the Es formation, we found common oscillations at periods corresponding to PWs periodicities that are seen as regular quasiperiodic
oscillations within stratosphere temperature time series. A significant influence of the stratospheric PWs on the Es layer formation can be detected in
the Es layer data.
We present the following new results:
• Both temperature–hEs and temperature–foEs data show coherent wave–
like oscillations at periods close to 2, 4, 8, and 16 days.
• Common periods of (T, hEs) and (T, foEs) detected in the area of
planetary waves are located predominantly on periods corresponding
to planetary eigen–periods (Rossby mode).
• The phase shift between stratospheric and ionospheric data is stable for
diurnal periods, however it is variable for planetary–wave like periods
even if we analyze one particular period. This later fact supports the
idea of a non–linear connection between the stratospheric data and foEs
and hEs at planetary wave modes.
• Planetary scale atmospheric waves are recognized as an important factor influencing the behaviour of sporadic E–layer formation and occurrence.
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Medium and long–term behavior: Scaling analysis
We studied the scaling properties of critical frequencies foF2 from European
ionospheric stations located at midlatitudes and high latitudes, and geomagnetic and solar data over several solar cycles. A comparison of ionospheric,
solar and geomagnetic parameters according to a scaling function and mean
value of Hölder exponent hhi shows a close relation between foF2 and Kp and
AE, while the effect of solar activity (represented by F10.7) and geomagnetic
activity (represented by Dst) on the chosen periods is more complicated. We
detected the latitudinal dependence of hhi of the foF2 on the geographic
and geomagnetic position of the ionospheric stations. Wavelet correlation
coefficients of foF2 between the ionospheric stations, and between foF2 and
geomagnetic and solar indices are very weakly dependent on the latitude of
the stations.
We show these important new results:
• Multifractal behaviour of analyzed ionospheric, geomagnetic and solar
data was detected.
• Values of hhi for Kp, AE and foF2 from all stations are at a relatively narrow interval [0.69, 0.89], which suggests a close relation between geomagnetic activity at midlatitudes and in the auroral zone
and ionospheric processes at studied stations. The scaling factor hhi
is dependent on latitude. A linear dependence exists between the geomagnetic/geographic latitudes of the stations and the structure of the
foF2 dataset. More northern stations behave in a smoother manner to
those located further south.
• We detected a characteristic dimension of 10◦ at which a break in the
correlation coefficient exists. Below this value, the correlation coefficients are very high and the foF2 datasets behave in a quasi–collective
manner. Below this value the correlation coefficients significantly decrease rapidly. The high correlation between the foF2 below a distance
of 10◦ is probably the result of neutral atmosphere activity with such
a dimension (gravity waves activity).
Acknowledgements: We thank Dr. P. Abry and Dr. S. Roux for their
help with the analyses. I thank Dr. Th. Ulich, Dr. T. Raita and their
colleagues from the Sodankylä observatory for their help during my visit of
Tähtelä.
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3. Mošna, Z., Šauli, P., Georgieva, K., Ionospheric response to the particular solar event as seen in the ionospheric vertical sounding, WDS
2009 Proceedings of Contributed Papers, Part II, pp. 68–73, 2009b.
4. Automatic visualization method of height–time development of ionospheric layers, WDS 2010 Proceedings of Contributed Papers, Part II,
pp. 199–204, 2010.
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