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[1] The diurnal and semidiurnal atmospheric tides are known to be of fundamental
importance in the formation of midlatitude sporadic E layers, acting through their
vertical windshear forcing of the long-living metallic ions in the lower thermosphere.
Also, recent studies suggested that planetary waves play a role on sporadic E generation
as well, a fact that went unnoticed in the long-going research of sporadic layers. In this
paper a methodology is employed to investigate the tidal and planetary wave
periodicities imprinted onto sporadic E critical frequencies foEs. In this approach,
standard analysis techniques used in neutral atmospheric dynamics are applied on foEs
time series obtained during summertime when sporadic E occurrence is nearly
continuous. It is shown that besides the dominant and known 24-hour and 12-hour tidal
periodicities in foEs, there is often a weaker terdiurnal (8-hour) oscillation present as
well. In addition, there are planetary wave periodicites in foEs with periods near the
normal Rossby modes, that is, 2, 5, 10, and 16 days. It is also found that the tidal
oscillations in foEs undergo a strong amplitude modulation with periods comparable to
the dominant planetary wave periodicities present in the data. Our results are in line with
recent findings based on a single event study which suggested that sporadic E layers are
affected indirectly by planetary waves through their nonlinear interaction and
modulation of the atmospheric tides at lower altitudes. The close relationship between
neutral wave dynamics and midlatitude sporadic E periodicities suggests that the
ionosonde data can be used as an alternative means of studying tidal and planetary wave
characteristics and their climatology in the lower thermosphere. INDEX TERMS: 2439
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1. Introduction

[2] The midlatitude sporadic E, or temperate Es, are dense
layers of metallic ions which form mostly in the lower
thermosphere between 90 and 120 km, a region that is
characterized by complicated atmospheric dynamics and
nonlinear plasma processes. The sporadic E phenomenon,
which is representative of the complex interaction between
the neutral atmosphere and the ionosphere, has attracted
considerable attention over the last decades, which led to
numerous scientific studies. In our present understanding,
the formation of Es relies on vertical wind shears associated
with atmospheric tides and gravity waves that force the

long-living metallic ions into thin layers. For a summary of
Es properties and a large list of references, see reviews by
Whitehead [1989] and Mathews [1998].
[3] Although temperate sporadic E have been studied

primarily with ionosondes, in the last 2 decades new
knowledge was obtained with the incoherent scatter radar
(ISR) at Arecibo. As summarized by Mathews [1998], the
Arecibo studies revealed a parenting process for the ‘‘clas-
sical’’ sporadic E in the lower E region which involves
descending ‘‘intermediate’’ layers that initiate in the upper E
and lower F regions. Furthermore, the Arecibo observations
established a fundamental role for the diurnal and semidi-
urnal tides in Es formation, which often are also referred
to as ‘‘tidal ion layers.’’ The contribution of 12-hour and
24-hour tides on Es formation has been identified also in
ionosonde records [e.g., see MacDougall, 1974; Wilkinson
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et al., 1992; Szuszczewicz et al., 1995]. Moreover, both ISR
and ionosonde studies suggested that Es is part of a
deterministic rather than a sporadic process, which involves
regular wind shear convergence and downward transport in
the context of the global system of thermospheric tides.
[4] Besides the tides, gravity waves with periods from a

few hours down to the Brunt-Vaisala period of 5 min must
also play a role in Es generation. Obviously, there is a wealth
of gravity waves in the lower thermosphere that have ampli-
tudes and wind shears sufficiently large to affect the vertical
motion of plasma locally or even increase/decrease horizontal
transport within the layer itself [e.g., see Chimonas, 1971].
Gravity waves can intervene and alter the regular tidal forcing
of the Es forming process; therefore their confluence with
tidal waves can reinforce or disrupt the convergence of
metallic plasma into a layer and thus impose a sporadic
character in Es. Naturally, the unpredictable occurrence of
gravity waves combined with their dynamic evolution and
breaking at lower thermospheric heights makes it difficult for
their effects on Es to be quantified.
[5] In addition to the anticipated role of atmospheric tides

and gravity waves, recent results suggested that planetary
waves (PW) play a role on Es formation as well [e.g., see
Tsunoda et al., 1998; Voiculescu et al., 1999; Igarashi and
Kato, 2001]. The first direct evidence for a link between Es

and PW was provided by Haldoupis and Pancheva [2002].
They used sporadic E layer critical frequency ( foEs) data
from an extended longitudinal chain of ionosondes during a
strong PWevent that occurred in August–September 1993 to
show that all stations displayed the same 7-day periodicity in
foEs concurrently with the 7-day PW found independently in
MLT ground radar and satellite wind measurements [Clark et
al., 2002; Wu et al., 1994; Meyer and Forbes, 1997]. In an
effort to understand the Es-PW relationship, Pancheva et al.
[2003] correlated MLT wind and ionosonde foEs time series
for the same 7-day PWevent. They found that Eswas affected
by the planetary waves indirectly through the action of the
diurnal and semidiurnal tides, which were modulated by their
nonlinear interaction with the PWat subsporadic E altitudes.
[6] The present study comes as a continuation of recent

work on tidal and planetary wave effects on midlatitude
sporadic E layers. Actually, it was triggered by the need to
test the validity and generality of the findings based on the
strong 7-day PW event of August–September 1993. Here, a
methodology is developed and used to identify and quantify
the tidal and PW periodicities impacted upon sporadic E and
then investigate their temporal evolution and how the long-
period amplitude modulation in the tidal periodicities com-
pares with the PW oscillations present also concurrently in
the data.
[7] In the following, we first set the stage by providing

the basics of windshear theory as applies at midlatitude.
Then the objective of this work is stated briefly followed by
the description of the data and analysis methods. The results
are then presented in the subsequent sections, and the
main findings are summarized and discussed in the last part
of the paper.

2. Basics of Windshear Theory

[8] Our understanding of sporadic E formation relies on
the so-called ‘‘windshear theory’’ first introduced in the

1960s and developed further in the following years (for a
list of references see review by Whitehead [1989]). This
theory shows that vertical wind shears with a proper polarity
can cause, by the combined action of ion-neutral collisional
coupling and geomagnetic Lorentz forcing, the long-lived
metallic ions to move vertically and converge into dense
plasma layers. In this process, the magnetized electrons
simply follow the ions by moving along the field lines to
maintain charge neutrality.
[9] In general, the driving agents which act to form the

layers are both winds and electric fields, but at midlatitude
the ambient dynamo electric fields are small and have a
minimal contribution relative to the winds; thus they are
omitted. The theory relies on the steady state ion momen-
tum equation which, after neglecting diffusion and electric
field forces, takes the simplified form:

evi � BþMni vi � Uð Þ ¼ 0; ð1Þ

where e andM are the ion charge and ion mass; ni is the ion-
neutral collision frequency; and vi, B, and U are the ion
velocity, magnetic field, and neutral wind velocity vectors,
respectively.
[10] Following the notations of Mathews and Bekeny

[1979], one arrives easily from equation (1) to the vertical
drift velocity of ions (positive upwards):

wz ¼
cos I sin I

1þ ni=wið Þ2
U þ ni=wið Þ cos I

1þ ni=wið Þ2
V ; ð2Þ

where U and V are the geomagnetic southward and eastward
components of the neutral wind (representing approxi-
mately the meridional and zonal wind components,
respectively), I is the magnetic dip angle, and (ni/wi) = r
is the ratio of ion-neutral collision frequency to ion
gyrofrequency. The vertical winds are ignored as being
too small to have a significant effect on vertical plasma
transport.
[11] The vertical plasma drift becomes collision-domi-

nated below about 125 km because r2 � 1. The merid-
ional wind (first) term in equation (2) dominates over the
zonal wind (second) term above say 125 km, where r
becomes increasingly smaller than unity as the ions become
less and less collisional with increasing altitude. Thus in the
upper E region the meridional winds play the dominant role
in vertical plasma convergence with layers forming most
effectively in the presence of a suitable meridional wind
shear, that is, with a northward wind above and a southward
or smaller northward wind below. On the other hand, below
about 120 km the vertical plasma motion is controlled solely
by the zonal wind, with a downward (upward) drift caused by
a westward (eastward) wind. In this case the plasma conver-
gence into a layer becomes effective in the presence of a
vertical wind shear with a westward wind above and an
eastward or smaller westward wind below.
[12] Since most Es layers are located below 120 km, their

presence there is sustained solely by a vertical shear in the
zonal wind or even a westward wind that pushes the plasma
downward till it is nearly stopped by collisions. Above
125 km, the process is dominated by a vertical wind shear in
the meridional wind, or even by a mere northward wind that
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pushes ions down in the upper E region, acting as a source
of metallics for layer forming at lower altitudes. Finally, as
shown by MacDougall [1974], no wind component will
cause plasma drift below about 98 to 95 km because the
vertical Lorenz forces diminish there. In addition, Es layers
start to deplete quickly below this altitude because of sharp
increases in metallic ion recombination rates [e.g., see
MacDougall et al., 2000].

3. Data and Methods of Analysis

[13] This work was initiated in order to test the validity
and generality of the recent findings of Pancheva et al.
[2003]. The purpose was to identify and study the prevailing
periodicities in Es, which are presumed to be caused by the
winds and wind shears associated with atmospheric waves
in the lower thermosphere, and then study their properties.
To achieve this we considered high-resolution ionosonde Es

critical frequency ( foEs) time series, from an electromag-
netically quiet site during a summer period of fairly con-
tinuous sporadic E activity, and applied standard analysis
techniques used in the study of atmospheric wave dynamics.
In order to assess and validate the significance of our
findings, the available measurements were supplemented
with World Data Center data from a second ionosonde
station.
[14] The ionograms used for analysis were obtained with

a Canadian advanced digital ionosonde (CADI) which was
operated during summer 1996 on the Aegean island of
Milos (geographic location 36.7�N, 24.5�). The CADI
was programmed to perform a sweep in frequency with
250 steps from 1.5 to 16 MHz in about 54 s and record
ionograms every 2 min during the night and 5 min during
the day. Inspection of the ionograms showed the presence of
a fairly continuous Es activity from late June to early
September, which allowed for a reasonably complete time
series of the Es parameters to be obtained. To materialize
this, an interactive program was developed and used to
compute the sporadic E critical frequency foEs in sequence.
The layer’s critical frequency foEs is expressed in MHz and
is an estimate of the layer’s maximum electron density that
is used widely to quantify the layer’s strength and variabil-
ity. Note that although we have also computed the layer’s
virtual height h0Es, this was not used in the present analysis
because it can differ significantly at times from the real
height due to propagation effects.
[15] To reduce long data ‘‘gaps’’ which are due to the

absence of layers at times, foEs hourly means were com-
puted from 27 June to 4 September, when Es occurrence
was fairly continuous. In this way, the ‘‘no Es gaps’’
represented less than 3% of the total period of 69 days,
which, for all practical purposes, is small and expected to
have no serious effect on the analysis. In order to have a
complete time series, which is required by the wavelet
transform algorithm used in our study, the ‘‘no Es gaps’’
were taken as being physically significant, that is, the wind
conditions during these times were unfavorable in forming a
layer and then filled the gaps with representative values.
This was done by replacing the ‘‘no Es gaps’’ during the day
by the E region critical frequency foE, and with the lowest
ionogram frequency of 1.5 MHz during the night. In this
way we obtained for analysis a complete foEs times series

of 1656 hourly means for the Milos Es data during the
interval from 27 June to 4 September. In addition, the foEs
time series of hourly mean values measured by the ion-
osonde station in Rome (41.9�, 12.5�) for the same exactly
time period as the Milos data was also retrieved for analysis
from the web page of the Colorado World Data Center.
[16] Since an objective of this work was to determine

the prevailing periodicities in foEs, the high-resolution
spectral analysis method of the ‘‘correloperiodogram’’
[e.g., see Kopecky and Kuklin, 1971] was selected to
compute amplitude spectra. Also, the wavelet transform
was employed in order to calculate spectrograms which
unravel the dynamic changes in the foEs spectral content.
Here, the Morlet wavelet was applied, consisting of a sine
wave modulated by a Gaussian envelope, which is used
widely in the analysis of ionospheric and MLT (meso-
sphere-lower-thermosphere) wind time series [e.g., see
Pancheva and Mukhtarov, 2000].
[17] In order to investigate if the observed tidal perio-

dicities are modulated by the dominant PW modes present
in foEs, a methodology was developed in which the tidal
components were extracted by applying a best-fit procedure
to the time series. In this respect, the raw data were analyzed
by means of using a linear least squares fit method which
included the 24-hour, 12-hour, and 8-hour periodic (tidal)
components. The data points were weighted in the fitting
process according to the number of individual measure-
ments contributing in each hourly mean. The tidal waves
were obtained for a time segment of 24 hours, and this
segment was shifted through the time series in steps of
1 hour to yield hourly spaced values for the 24-hour, 12-hour,
and 8-hour wave amplitudes. The significance of the tidal
periodicities was tested by using the Student T-test method to
compute confidence levels under the assumption that the
residual error in the fit was equivalent of Gaussian-white
noise. Finally, the tidal time series were analyzed further by
using the wavelet transform method for spectral decomposi-
tion in order to identify the dominant modulation periods.

4. Tidal and Planetary Wave Periodicities in Es

[18] Figure 1 summarizes the Milos foEs data in both the
time and frequency domain. The upper panel shows the
hourly means of the sporadic E critical frequency in time
sequence from 27 June to 4 September, with the thick line
representing a 75-hour running mean. A first inspection of
this plot shows the presence of a pronounced diurnal
variability which is amplitude-modulated at a much slower
rate, from a few to several days. The correloperiodogram
amplitude spectrum of the foEs time sequence is presented
in the lower two panels. The middle panel shows the short
period (high frequency) spectrum between 3 and 36 hours,
whereas the lower panel has its ordinate axis labeled in days
and illustrates the long period spectrum from 1.5 days to
20 days.
[19] The middle panel spectrum is dominated by three

narrow spectral peaks fixed exactly at 24, 12, and 8 hours.
As seen, the 24-hour peak is by far the strongest whereas the
8-hour component is the weakest. As it will be discussed
later, there are good reasons to associate these three perio-
dicities with the diurnal, semidiurnal and terdiurnal atmo-
spheric tides. The bottom panel in Figure 1 shows the foEs
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spectrum to intensify in the period range from a few days to
about 20 days, with the strongest peaks located between
8.0 to 9.0 days and 16 to 18.0 days. Also, significant peaks
that exceed the 95% confidence level exist near 5.0 days
and between 2.5 to 3.5 days. In accordance with past studies
by Voiculescu et al. [2000] and Haldoupis and Pancheva
[2002], these periodicities are attributable to planetary
waves. This is reinforced further by the fact that the
geomagnetic variability in the Ap index (not shown here),
during the summer 1996 interval under consideration, did
not exhibit long-term periodicities comparable to the PW-
like ones observed in foEs. We are aware of course that the

PW-like periodicities found in the present data are only
approximately close to the usual planetary wave periods
predicted by theory, that is, 2, 5, 10, and 16 days. Also,
no cross-check has been made here against global PW
fields which have undoubtedly been observed by satellites
and/or MLT radars during the measurement period under
consideration.
[20] The terdiurnal (8-hour) periodicity was identified in

ionosonde data clearly for first time. In order to exclude the
possibility that the 8-hour peak is the third harmonic of the
dominant 24-hour oscillation, we inspected the time series
and found the 8-hour variability to be clearly present in foEs

Figure 1. (top) Time series of foEs hourly means measured in Milos from 27 June to 4 September 1996;
the thick solid line produces the smoothed behavior of foEs obtained by a 75-hour running mean. Also
shown are (middle) amplitude spectra obtained by the correloperiodogram method for the period ranges
from 3 to 36 hours and (bottom) 1.5 to 20 days.
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for time intervals of several days. This is illustrated in
Figure 2 which shows in the top panel foEs hourly means in
sequence from day number 21 to 30, that is, from 17 to
25 July 1996. Seen there are three foEs peaks present at
about 8 hours apart during the course of every day except
for day 23. The lower panel displays the mean diurnal
variation of foEs for all these 9 days shown in the upper
pannel, which shows the 8-hour periodicity to be clearly
present; thus we conclude that the 8-hour peak in the
spectrum is unlikely to be a 24-hour harmonic.
[21] Wavelet period-time-spectrograms of the Milos time

series are shown in Figure 3 separately for the 3 to 36 hour
band (bottom panel) and the 1.5 to 20 day band (top panel). In
accord also with Figure 1, the strongest components are in the
short period band, mostly around the 24-hour and 12-hour
periods, that is, the diurnal and semidiurnal periodicities in
foEs. The amplitudes of the tidal-like periodicities however
are seen to be strongly modulated in time with a period of
several days, and, as expected, they are nearly in phase with
the amplitude variations in foEs shown in the top panel of
Figure 1. The situation here reminds one of the case study of
Pancheva et al. [2003] and hints of a role played by the PW-
like periodicites shown in the upper panel of Figure 3, an
option that is dealt with in the next section.
[22] Shown also in the lower spectrogram in Figure 3 are

numerousshort-lived individual spectralburstscorresponding
to oscillations in foEs with relatively short periods that
compare well with atmospheric gravity wave periods. These
components do not peak in the spectrum of Figure 1 (middle
panel) because they are uncorrelated; therefore they average
out in the correloperiodogram. Finally, the upper panel in
Figure 3 shows the presence of a strong 8.5-day oscillation to

dominate during the first 25 to 30 days and a weaker 17-day
periodicity to be present as well from about day 5 to day 60. In
addition, one sees also shorter lasting oscillationswith periods
less than about 7 days,which can associatewith shorter period
planetary waves, as it has been concluded elsewhere, for
example see Voiculescu et al. [1999] and Igarashi and Kato
[2001].
[23] The same analysis was applied also to the simulta-

neous Rome foEs data and led to similar results. To
appreciate the proximity between the Milos and Rome foEs
periodicities, we provide Figure 4, which is the same as
Figure 1 but refers to the Rome ionosonde data. Comparison
shows a fair degree of resemblance between the times series
(top panels) whereas the amplitude spectra are nearly
identical in both the tidal (3–36 hours) and PW (1.5 to
20 days) bands (note that in the lower panel, the dashed line
spectrum corresponds to Milos and is plotted here for
comparison purposes). A good deal of similarity does also
exist between the Milos wavelet spectrograms shown in
Figure 3 and the corresponding ones for Rome (not shown
here). This suggests that the prominent oscillations imbed-
ded in both the Milos and Rome data are both realistic and
significant. On the other hand, their detection in both sites,
which are situated about 1300 km apart and differ in latitude
by about 5�, implies that a large-scale process is involved, a
fact that is in accord with the notion of tidal and planetary
wave effects on sporadic E.

5. PW Modulation of the Tidal Periodicities

[24] Given that PW amplitudes tend to diminish above
about 100 km, Pancheva et al. [2003] questioned the direct

Figure 2. (top) Sporadic layer foEs hourly means measured in Milos from 17 to 25 July 1996, where an
8-hour periodicity is prevailing in every day. (bottom) Composite diurnal course obtained by the
superposed epoch method for the time interval in the upper panel.
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PW roll on Es and provided evidence suggesting an indirect
PW role through nonlinear interaction and modulation of
atmospheric tides at lower altitudes. The tides, which are
known to intensify with altitude and propagate well into the
upper thermosphere [e.g., see Crary and Forbes, 1986;
Fesen, 1992; Mayr et al., 1992], carry upwards their PW
modulation as well which then is impacted upon Es through
the action of the windshear processes summarized in
section 2. In this section we test this option by investigating
if the long period amplitude modulation observed in the
tidal-like periodicities relates to the PW-like oscillations
seen simultaneously in foEs.
[25] To examine if the tidal-like periodicities are modu-

lated at the foEs PW-like periods, we first extract the tidal
components from the data and then compute their wavelet
spectrograms. The 24-hour, 12-hour, and 8-hour periodici-
ties were extracted from the foEs times series by using the
least squares fit method described in section 3. The results
of this band-pass filtering process are shown in Figure 5 for
all three tidal-like periodicites of the Milos data. As seen, all
amplitudes undergo a deep modulation with periods from a
few to several days, with the strongest modulation seen in
the 24-hour component (upper panel) and the weakest in the
terdiurnal one (bottom panel). Also, the amplitude varia-
tions are at times in phase for all three components, e.g., see
the peak between day 16 and 20 or near day 59.
[26] In order to find if the prevailing modulation periods

in tidal amplitudes compare with the PW periods in foEs,
we compute the wavelet spectrograms of the 24-hour,
12-hour, and 8-hour tidal time series. These are shown in
Figure 6. By comparing the spectrograms in Figure 6 and
the foEs spectrogram shown in the top panel of Figure 3, we
conclude the following: (1) Despite differences in detail,
there is a general resemblance of all spectrograms. (2) The
dominant 8.5-hour PW-like periodicity in foEs during the

first 25 to 30 days, from about 27 June to 25 July, is also
present concurrently in the amplitudes of all three tidal
periodicities. (3) A 16-day to 17-day periodicity is present
overwhelmingly in the 12-hour amplitude during the first
40 to 50 days, apparently in close relation with the same
approximately PW-like period of about 17 days seen in
foEs. (4) The amplitude of the 24-hour periodicity is
strongly modulated at a rate of about 6 to 7 days during
the last 30 days of the data, at a time when a similar
periodicity is weakly present in foEs as well. (5) An
amplitude modulation period between 2.5 and 3.5 days
is seen in all three tidal components between about day 50
and 65, which coincides with the presence of a periodicity
near 3 days seen in foEs during the same time. Finally,
inspection of the top and bottom panels in Figure 6
suggests that the 8-hour periodicity is not the third
harmonic of the 24-hour oscillation.
[27] Given the complexity of the time series and the

inherent errors of the analysis methods, the above conclu-
sions support the notion that the tidal periodicities are
amplitude modulated at periods which compare well with
the simultaneous PW periods present in foEs. This is in
agreement with the findings of Pancheva et al. [2003].
[28] The tidal-PW interaction in the MLT region is

known to be a nonlinear process [Teitelbaum and Vial,
1991] which resembles amplitude modulation (AM) in
communication systems. As a result, one would expect
to find about the strong tidal wave peak in the spectrum,
two weak secondary peaks at the sum and differences of
the interacting primary waves, that is, wT ± wPW for the
tidal (wT) and planetary (wPW) waves. Obviously, if we see
these secondary peaks to exist in the foEs spectrum, then
this constitutes evidence in favor of an indirect PW role on
Es through nonlinear interaction and modulation of atmo-
spheric tides.

Figure 3. Wavelet spectrograms of sporadic E layer critical frequency, foEs, measured in Milos from
27 June to 4 September 1996, calculated for the period intervals from (bottom) 3 to 36 hours and (top)
1.5 to 20 days.
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[29] Knowing the dominant PW-like periods in foEs, we
can search in the spectra for secondary wave peaks about
the tidal periods, as it is anticipated from the presumed
nonlinear interaction of tides with PW. Based on the wavelet
spectrograms of Figures 3 and 6, we observe that the
prominent PW-like period bands are centered near 8.5 and
16.5 days during the first 30 days from 27 June to 26 July
and near 3 and 7 days during the last 25 days from about
19 August to 4 September. The foEs correloperiodogram
spectra corresponding to these two time intervals are shown
in Figure 7, where the top spectrum is from 27 June to
26 July and the bottom one is from 10 August to

4 September. Also shown in Figure 7 is a number of
different arrows designating the position of the secondary
peaks computed from the resonance condition wT ± wPW,
where 1 wT are the 24-hour, 12-hour, and 8-hour periods,
and 1/wPW are periods in days of the dominant PW-like
periodicities under consideration.
[30] Inspection of the spectra in Figure 7 shows that most

of the arrows positioning the anticipated secondary waves
under consideration coincide reasonably well with spectral
peaks which are statistically significant relative to the 95%
confidence level. For example, in the case of the 12-hour
component, the secondary waves for the 8.5-day and

Figure 4. Same as in Figure 1 but for the Rome Ionosonde foEs hourly means measured during the
same time interval (from 27 June to 4 September 1996) as the Milos observations. For comparison
purposes, also plotted in the bottom panel with dashed lines is the corresponding Milos spectrum of
Figure 1.
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16.5-day PW modulation are near 11.3 and 12.8 hours and
near 11.6 and 12.4 hours, respectively. The same is also true
for the corresponding Rome spectrum as well (not presented
here), showing the semidiurnal foEs periodicity to be strongly
modulated at about 8.0 and 16.0 days from 27 June to 27 July
1996. Also, for the 24-hour peak during 10 August
to 4 September, the secondary waves for the 2.7-day and
7.0-day PWmodulation are near 17.5 and 38.0 hours and near
21.0 and 28.0 hours, respectively. As seen, these secondary
wave periods are exactly where they should be about the
12-hour and 24-hour tidal peaks in the top and bottompanel of
Figure 7, respectively, as designated by the small and large
arrows in both panels. The evidence above, although not
entirely conclusive, supports the possibility that the modula-

tion of the tidal periodicities results from a nonlinear interac-
tion of atmospheric tides and planetary waves, which again is
in line with the results of Pancheva et al. [2003].

6. Summary and Discussion

[31] In the present study, continuous time series of critical
sporadic E frequencies ( foEs) are analyzed in order to
detect and quantify the periodicities impacted upon sporadic
E by atmospheric wave dynamics. Our results are summa-
rized as follows:
[32] 1. The dominant periodicities in foEs are tidal-like

and are present regularly and repeatedly. The strongest
component is at 24 hours accompanied by a less pro-

Figure 5. Amplitude variability of the tidal-like periodicities present in the Milos foEs time series.
Shown are the (top) 24-hour, (middle) 12-hour, and (bottom) 8-hour periodicities extracted from the foEs
time sequence.
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nounced one at 12 hours. These relate to the well-known
daily variability of sporadic E and are attributable to the
diurnal and semidiurnal atmospheric tides in the lower
thermosphere. Also detected clearly for first time is a
weaker terdiurnal component present as well.
[33] 2. Short lasting bursts of oscillations with periods

less than 6 hours, that is, periods comparable to those of
gravity waves, are abundant in foEs but their occurrence in
time is sporadic and uncorrelated.
[34] 3. In accord with recent results, there are significant

long-term periodicities present in sporadic E as well, having
periods in the planetary wave range, that is, near the normal
Rossby modes of 2, 5, 10, and 16 days.

[35] 4. The tidal periodicities in foEs undergo a long-term
modulation in amplitude with periods from a few to many
days. These amplitude variations occur mostly simulta-
neously, and their periods compare well, with the PW-like
periodicities in foEs.
[36] 5. Some evidence exists indicating that the amplitude

modulation of the tidal-like periodicities result from a
nonlinear wave interaction process, which could involve
planetary waves at lower heights.
[37] The strongest 24-hour and 12-hour periodicities

imprinted on sporadic E are attributed to the vertical wind
structure and propagation of the diurnal and semidiurnal
atmospheric tides, which act through the wind shear mech-

Figure 6. Wavelet transform spectrograms for the amplitudes of (top) 24-hour, (middle) 12-hour, and
(bottom) 8-hour periodicities in foEs which are shown in Figure 5.
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anism outlined in section 2 to produce the layers. Several
observations and models show that the tidal winds can
control the occurrence and strength of sporadic E through
their descending vertical wind shears and plasma converg-
ing nodes in the altitude range from 100 to 160 km.
Apparently, the tidal winds at these altitudes are continu-
ously available for the formation of layers, a fact that has
been inferred from the ISR measurements at Arecibo (e.g.,
see Mathews [1998] for a review and a list of references).
Harper [1977] studied tidal winds in the 100 to 200 km
region and found the 12-hour tidal wind system to become
dominant above 110 km, whereas it merges into the 24-hour
system at altitudes between 100 and 110 km. Mathews and
Bekeny [1979] presented evidence on the role of the diurnal
and semidiurnal tides in forming lower E region sporadic E
and intermediate layers. They noted a repeating semidiurnal
pattern for the descending intermediate layers in the
upper E region and a dominant diurnal behavior for the
lower E region layers, plus a confluence zone in the lower
E region where both tidal modes are contributing. Given
that the ionosonde Es reflections are heavily biased to lower
altitudes, foEs represent mostly heights inside and below the
tidal confluence zone, which in turn explains why
the observed diurnal periodicity in foEs is stronger than
the semidiurnal one.
[38] The role of diurnal and semidiurnal tides on Es

formation has been also recognized in several ionosonde
studies. MacDougall [1974] used a global distribution of
ionosondes to infer a well defined role for the zonal

semidiurnal and diurnal winds acting near 110 km. The
work of Wilkinson et al. [1992] and Szuszczewicz et al.
[1995], who used data from a network of ionosondes as well
as simulation models, identified diurnal and semidiurnal
tidal modes as the causal mechanisms for layer formation
and transport with primary controls driven by meridional
and zonal wind-shear forces. In line with inferences made
by Wilkinson et al. [1992], the regular occurrence and
persistence of the tidal periodicities in our data favor a
‘‘deterministic’’ character for Es which, apparently, is dic-
tated by the permanent global system of thermally driven
diurnal and semidiurnal tides.
[39] Our study revealed, in addition to the predominant

diurnal and semidiurnal periodicities, a well-defined terdiur-
nal oscillation in foEs which reflects a weaker but regular
wave-like process being present. In line with the 24-hour
and 12-hour periods, this 8-hour component is identified
with a terdiurnal tide in the neutral wind. The literature
contains little reference to tide-like oscillations in Es with
periods shorter than 12 hours. Tong et al. [1988] have
reported an upper E region quarterdiurnal (6-hour) oscilla-
tion seen by the Arecibo ISR. It was associated with
descending intermediate layers and explained in a realistic
model atmosphere with a diurnal, semidiurnal, and quarter-
diurnal tidal wind system. To our knowledge, Szuszczewicz
et al. [1995] have the only paper which refers briefly to a
possible terdiurnal periodicity seen at times in ionosonde Es

data that was attributed to a descending meridional wind
shear associated with a terdiurnal tide in the neutral wind.

Figure 7. Amplitude spectra of the Milos foEs time series for the period range between 3 and 40 hours.
The upper spectrum is from 27 June to 26 July; there, the small arrows designate the secondary waves
resulting from nonlinear interaction between the foEs tidal-like and 8.5-day (PW-like) periodicities,
whereas the large (thick) arrows position secondary waves associated with a 16.5-day wave interaction.
(bottom) The spectrum for the interval from 10 August to 4 September. There the small arrows indicate
the secondary waves resulting from nonlinear interaction between the tidal-like periodicities and a 2.5- to
3-day wave, while the large arrows indicate the interaction with a 6.5- to 7-day wave.

A02302 HALDOUPIS ET AL.: TIDAL AND PW PERIODICITIES IN SPORADIC E

10 of 12

A02302



Crary and Forbes [1986] refer to terdiurnal tides in the
wind field located in the F region which were attributed to
in situ generation through nonlinear interactive coupling
between the neutral wind and ion drag. We feel that the
terdiurnal periodicity which seem to appear regularly in
foEs, is a topic that deserves further investigation.
[40] The observed PW-like periodicities in foEs favor the

existence of a relation between PWand sporadic E, as it was
recognized by Tsunoda et al. [1998], Voiculescu et al.
[2000], Igarashi and Kato [2001], and Haldoupis and
Pancheva [2002]. Note that Igarashi and Kato [2001]
analyzed ionosonde foEs measurements and MLT neutral
winds obtained with a medium frequency radar at Yama-
gawa, Japan during August 1996 that overlaps with part of
the time interval considered in our study. These authors
found PW periodicities of 2, 8, and 16 days in both foEs and
neutral wind, which agrees at least partly with the PW
periodicities observed also in our foEs data.
[41] The first effort to understand the physics behind this

interaction was made by Shalimov et al. [1999], who
introduced a mechanism of direct PW-control on the metal-
lic ion density and thus on the Es forming process. This
mechanism, which was formulated and modeled later by
Shalimov and Haldoupis [2002], required large-scale hori-
zontal convergences of metallic ions in the E region, driven
by the horizontal Lorentz force inside areas of positive PW
vorticity set up by large scale cyclonic neutral wind shears.
More recently, Voiculescu and Ignat [2003] used a model of
linear superposition of tidal and PW wind fields to show
that it can lead to PW modulation of metallic ion densities
which then can account for the PW-like variations found in
Es layer occurrence. It is important to stress however that
these mechanisms are subject to two severe constraints, that
is, (1) the PW amplitudes need to be large, which implies
PW penetration well into E region heights with little
attenuation, and (2) the metallic ions need to have long
lifetimes of the order of half the PW periods involved.
[42] Recently, Pancheva et al. [2003] suggested another

physical explanation for the observed relation between
sporadic E layers and planetary waves. Although this cannot
exclude a direct PW role on Es formation, it showed that
sporadic E can be affected indirectly by the planetary
waves. This was possible through the action of the atmo-
spheric tides which can be strongly modulated by the
simultaneously present PW through a nonlinear interaction
process at altitudes below 100 km. Evidence on such
nonlinear interaction between tides and PW is ample in
several MLT wind studies [e.g., see Pancheva, 2001, and
references therein]. Since the tides are known to intensify in
amplitude as they propagate well into the upper E region,
this mechanism has the advantage to be free of the con-
straints applying in the case of a direct, or in situ, PW
control on Es.
[43] The present results support the indirect PW mech-

anism reasonably well. As shown, the long-term, ampli-
tude modulation found in all three (24-hour, 12-hour, and
8-hour) tidal periodicities in foEs, varies with time at rates
comparable to the periods of the PW periodicities which
are present simultaneously in the time series. Also, the
analysis provided some additional evidence of an ampli-
tude modulation (AM) process which favors a nonlinear
wave interaction. Although we recognize that more testing

is necessary, we conclude that the findings of Pancheva et
al. [2003], which were based on a single PW event, appear
to have a general validity.
[44] Finally, we introduced here a new methodology for

the investigation of atmospheric wave-induced variability of
sporadic E layers, in which we have employed analysis
techniques used in MLT wind field dynamics. The approach
relies on the deterministic character of sporadic E which
roots in the global system of atmospheric tides and plane-
tary wave climatology. This allows, during the summer
months of regular sporadic E activity, the detection of fairly
continuous times series of the Es parameters, particularly of
the layer’s critical frequency foEs. We suggest that foEs
time series can be useful for inferring information on large-
scale neutral dynamics at altitudes above 100 km, that is,
higher than those covered by conventional (meteor and
medium frequency) radar methods. This sounds more
promising given the dense network of ionosonde stations
and the enormous capacity for continuous global coverage.
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