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Abstract

This article introduces the concept of ionospheric waves with periods from about 15 min to about 4 h as one of
the acoustic-gravity wave-induced phenomena. The existence of these medium-period ionospheric waves in
the various ionospheric layers is supported by the results of a data analysis which has shown remarkable char-
acteristics in occurrence and direction of the waves with a period not longer than about 2 h. The explanation
offered is based on the assumption that a unique phenomenon capable to launch acoustic-gravity waves related
to such ionospheric waves is the sudden change in physical conditions of the atmosphere due to the passage of
the solar terminator.

Key words ionosphere — ionospheric waves —  spheric waves, namely ordinary compressional
acoustic gravity waves waves (acoustic waves) and a particular kind
of transversal wave appearance (acoustic-grav-

1. Introduction ity waves). Subsequent studies recognized that
almost all large-amplitude and large-period

The existence of movements in the upper ~ (over 2 h) southwards directed waves are
atmosphere and hence in the ionosphere has launchgd by'hilgh—latltude phenomena of geo-
been recognized since the early days of iono- magnetic activity (e.g., Hunsucker, 1982). It is
spheric research. Wave-like ionospheric struc- also showed that almost all small-amplitude
tures clearly seen in any representation of and short-period (from a few minutes to few
space-time behaviour of ionospheric character- tenths of minutes) omnidirectional ionospheric
istics belong to the prominent atmospheric dy- waves are related to both acoustic and gravity
namics. A first description of these effects was ~ waves launched by sudden atmospheric pertur-
given by Hines (1960), who stated that such bations, like those due to thunderstorms, vol-
structures are the ionospheric effects of atmo- canic explosions, strong artificial explosions

and earthquakes (e.g., Blanc, 1985). In the last
few years, the trend is towards understanding

Mailing address: Dr. Bruno Zolesi, Istituto Nazionale the medlum'peltmd waves (bejtwe.en about 2 h
di Geofisica, Via di Vigna Murata 605, 00143 Roma, Italy; and about 15 min) (e. g., Dominici et al., 1988;
e-mail: zolesi@marte.ingrm.it Walker et al., 1988). Evidence has shown that
(*) Now at: Rutherford Appleton Laboratory, Radio these Wa.ves 0?0}1 ! ev;ry day 1ITesp E.:Ctlve of ge-
Communications Research Unit, Chilton, Didcot, Oxon omagnetic activity with large amplitude during
0X11 0QX, UK. the day in wintertime and their direction ex-
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hibits a characteristic and regular variation dur-
ing the day and year (Waldock and Jones,
1986). In spite of the large number of studies,
however, at present there is no complete under-
standing of these waves either with respect to
fundamental research or in connection with
ionospheric modelling. Major questions remain
concerning the detailed source mechanisms of
acoustic-gravity waves and their modes of
propagation.

This work extends previous studies of the
ionosonde sounding results by Dominici et al.
(1988) with the aim of introducing: i) the term
Ionospheric Wave for the wave-like corruga-
tions of the isoelectronic surfaces that in the
past have been considered among Ionospheric
Irregularities and then called Travelling Tono-
spheric Disturbances (TIDs); ii) the solar ter-
minator as a possible source of generation of
the medium-period ionospheric waves. For this
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Fig. 1. Local appearance of ionospheric waves. Time behaviour of daily hourly values of £, F, and 4’F (top),
and corresponding time-height pattern of the plasma frequencies f,F, (bottom) at Rome ionospheric station

13 APR 1983 D Day

during an equinoctial period including some geomagnetically quiet (Q) and disturbed (D) days.
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purpose, we examined critically some more
data now available to show the close relation
between such ionospheric waves and the solar
terminator.

2. Results

Several studies have now demonstrated that
the time behaviour of the ionosperic character-
istics deduced from vertical-incidence iono-
grams (ordinary and extraordinary critical fre-
quencies, virtual and real heights of the jono-
spheric layers) observed at any particular site
always exhibit oscillations, the largest of which
often seem to have some character of quasi-pe-
riodicity. Figure 1 shows the time behaviour of
the ordinary critical frequency £, F, and the vir-
tual height #'F (top) and corresponding time-
height pattern of the plasma frequencies Jo b
(bottom) deduced by means of the Dudeney
ionospheric model (Dudeney, 1978) from
hourly ionograms taken at Rome ionospheric
station during a period including geomagneti-
cally quiet (Q) and disturbed (D) days. Indeed,
two or three cycles of wide oscillations clearly
appear superimposed on diurnal variation. But
at this point it is necessary to recall that there
are other important ionospheric irregularities
which cannot be considered wave-like phe-
nomena (Whitehead, 1970; Fejer and Kelley,
1980).

The fact that these oscillations at a particu-
lar ionospheric station can be considered or not
as the local effect of the passage of a wave on
a large spatial scale affecting the isoelectronic
surfaces in the upperlying ionosphere depends
on the existence of some coherence between
the local ionospheric oscillations observed at
the same time on other surrounding iono-
spheric stations. For instance, fig. 2 shows the

Fig. 2. Space-time variations of ionospheric waves.
Time behaviour of daily hourly values of f,F, and
D% (—1+1) at three European ionospheric stations
during a winter period including geomagnetically
quiet and disturbed days. Corresponding values of
the AE index are shown on the top.
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Fig. 3. Distribution of directions of long- and medium-period ionospheric waves as averaged from the avail-
able data. The dotted circles represent the omnidirectional short-period ionospheric waves.

time behaviour of hourly values for £, F, and of
the corresponding oscillatory component as a
relative deviation from the 3-value symmetri-
cal running mean D% (—1+ 1) at three Euro-
pean ionospheric stations during a winter pe-
riod including geomagnetically quiet and dis-
turbed days. The geomagnetic activity is indi-
cated by the auroral electrojet index AE. It is
clear that the medium-period ionospheric
waves are always present at daytime even in
periods of low geomagnetic activity (9/10 De-
cember 1983), and seem to be ambler as the
latitude decreases, while night-time oscillations
are related to the beginning and the develop-
ment of geomagnetic activity, and merge into
daytime oscillations.

In spite of the frequency with which acous-
tic-gravity waves are invoked to explain wave-
like variation in data, their morphology is not
well documented, and apparently conflicting
results exist in the experimental literature. This
is mostly due to the difficulty of measuring a
sufficient number of wave parameters to make
a meaningful assessment of their significance

and to permit an examination of their inter-
relationships. Using the most homogeneous data
available, a general average pattern of iono-
spheric waves is given in fig. 3. In this figure
the similarly averaged daytime/night-time di-
rection distribution is shown. Some conclu-
sions can be added to those directly resulting
from the figure as follows: i) the constantly
present northward or southward components
regard very-long period ionospheric waves;
ii) the circles in the polar diagrams regard the
always present random-directed small-ampli-
tude waves of the background noise, and iii)
the remaining part which exhibits the amplest
seasonal and diurnal variation regards medium-
period ionospheric waves. The prevalent direc-
tion of these waves changes during the daytime
from NE in winter to SE in summer in the
southern hemisphere, being eastward around
the equinoxes. The situation seems much more
complicated, especially at night-time in north-
ern hemisphere, but it is simply due to the
larger amount of data we have had from north-
ern hemisphere stations than from southern
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hemisphere ones. An orthogonal change seems
to occur, in any particular site, between day-
time and night-time directions.

3. Discussion and conclusions

It is well known that the solar terminator
passes twice per day at each point of the
Earth’s surface, at sunrise (morning terminator)
and sunset (evening terminator). The nomo-

graphs of fig. 4 give the local time of sunrise
and sunset at middle latitudes for the 15th day of
each month at 0, 100 and 300 km of altitude. This
figure also gives an idea of the form of the solar
terminator’s surface near the Earth’s surface.
The atmospheric conditions differ in day
and night hemispheres, apart from the solar il-
lumination, because of the different values of
physical parameters, such as the temperature
and the number density of the various neutral
and charged particles in the ionosphere. There-

70°
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Fig. 4. Local time of sunrise and sunset at mid-latitude on 15th day of each month (1 = January; 2 = Febru-

ary, etc.) at 0, 100 and 300 km of altitude.
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fore, from a physical point of view the morn-
ing terminator is a three-dimensional surface
where at each height a transition occurs from
night conditions (absence of direct solar pho-
tons, low temperature, etc.) to day conditions
(presence of direct flux of solar photons,
higher temperature, etc.) and analogously for
the evening terminator. The solar terminator
can be consequently considered the spatial re-
gion where a sufficiently high gradient of one
or more of the above physical parameters ex-
ists. So, the problem of what the solar termina-
tor is becomes the capital problem of how
large a gradient must be considered in defining
it. At present, there is no general agreement on
that, although some tentative suggestions have
been made (e.g., Somsikov, 1991).

Once the significant parameter has been
chosen, its gradient field or if one prefers its
space distribution defines the «ionospheric
width» of the solar terminator. This width has
an important role for the efficiency of the solar
terminator in launching atmospheric waves.

This efficiency is larger the smaller the width,
reaching a maximum for an infinitesimal width
(infinite gradient), to which corresponds the
ideal switch-on function for the source func-
tion based on the selected parameter. From a
purely ionospheric point of view, a rough, but
at first sufficiently significant, estimate of the
width of the physical solar terminator can be
given by the time derivative at dusk and dawn
of f,F,, that can be seen as a local measure of
the zonal gradient of f,F, (1 MHz/h corre-
sponds to 0.6 s ¢ kHz/km, being ¢ the lati-
tude). From fig. 5a, which is sufficiently in-
dicative for all mid-latitude situations, we can
observe that in winter periods this «ionospheric
width» of the morning terminator is always
larger than that of the evening terminator (by a
factor of about 1.5) and that in summer the two
widths are much smaller than the correspond-
ing ones in winter (by a factor of about 6).
Other indications are present in fig. 5b, depict-
ing the more favourable situation existing in
winter and at sunrise to the atmospheric grav-
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Fig. 5a,b. A scheme of the physical solar terminator with definition of «ionospheric width» (a) and some re-
lated physical conditions in winter and summer (b). The arrows indicated the directions of increasing electron

density N.
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ity waves launched by the solar terminator. It
is also important to note that there is another
anisotropy in the ionospheric waves launched
by the solar terminator, namely the different
efficiency of the day and night hemisphere in
propagating ionospheric waves. Although we
still do not have at our disposal a satisfactory
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sonable conjecture is in favour of a better effi-
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minor total MHD viscosity. All that can ex-
plain, at least in part, the observed larger evi-

dence of medium-scale ionospheric waves after Fig. 6. A scheme of the worldwide position of the

solar terminator on the Earth’s surface in December

SUIrSe in winter. , , (solid line) and June (dotted line) at 1200 GMT. The

Therefore, atmospheric gravity waves and direction and length of the arrows roughly indicate
then ionospheric waves launched by the more respectively the direction (neglecting any wind in-
or less thin region we have called physical so- fluence) and efficiency in acoustic-gravity wave
lar terminator, but in the present considerations launching.

Table I. Data on directions of medium-period ionospheric waves.

Authors Daytime (h) %
Winter Equinox  Summer Winter ~ Equinox Summer

Northern hemisphere

Bramley (1953) SE (< 14 h)

SSW (> 14 h)
Crowley and McCrea (1988) SW (> 12 h)
Davies and Jones (1971) SSW* W NNWw#*
Drobzhev et al. (1988) SW NwW NE
Ivanov et al. (1987) SE (< 12 h) E NE NW:#s Nk SE#*:

SW (> 12 h)
Jacobson and Ericson (1992) SE, S, SW SW, E
Liyadze and Sharadze (1987) SE E NE
Sharadze er al. (1987) SE-SW NE-NW
Thomas (1959) SE E
Waldock and Jones (1986) SE (< 12 h) E NE

S (=12h)

SW (> 12 h)

Southern hemisphere

Munro (1958) NE E SE
Heisler (1963) NE SE NwW SwW
Titheridge (1969) MW

* Near sunset; ** near sunrise.
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we shall approximate this source region by its
central part, i.e., the surface of the geometrical
solar terminator. Even referring to some of the
above conclusions on the solar eclipse effects,
one can say that the observed ionospheric
waves derived from atmospheric gravity waves
launched by each element of the solar termina-
tor, acting as a point-like source, and from the
successive interference among these elemen-
tary waves, so that the form of the wavefront
repeats that of the solar terminator. In fig. 6 the
solar terminator profile at ground level in De-
cember and June is reported on a worldwide
scale. Some hypothetical wave directions, ly-
ing along the horizontal trace of the perpendic-
ular to the solar terminator surface, are also in-
dicated by arrows, their length being roughly
indicative of the relative efficiency in related
wave launching. As we recalled above, the
wave launching is more efficient towards the
day hemisphere than towards the night hemi-
sphere. So, in day time hours before the solar
noon the observed ionospheric waves come
from the morning terminator, western, and the
same is for the early hours in the afternoon, but
near sunset perhaps waves from the evening
terminator, eastern, can be observed. In winter
daytime, when the two terminators are rela-
tively close to each other, equatorward waves
around noon and zonal standing waves near
sunset cannot be excluded, especially at mod-
erately high latitude.

These findings can explain some details of
the apparent scatter in directions we previously
evidenced in fig. 3. In this regard, because the
question of the distribution of direction of
these waves seems to be of crucial importance,
we have revised all the unambiguous experi-
mental results and classified them in relation to
the season and hour of the day, as table I
shows. So, the scattered direciton pattern in the
part of fig. 3 concerning the directions of
medium-period ionospheric waves are now re-
solved in a pattern which is highly coherent
with the assumption that the wave direction is
orthogonal to the nearest and most efficient so-
lar terminator. This experimental evidence can
be considered a good starting point in better
understanding the role of the solar terminator
in launching the ionospheric waves.
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