OBSERVATIONS OF ACOUSTIC-GRAVITY WAVES
IN THE IONOSPHERE GENERATED
BY SEVERE TROPOSPHERIC WEATHER

TEREZA SINDELAROVA, DALIA BURESOVA, JAROSLAV CHUM

Institute of Atmospheric Physics, Acad. Sci. Czech Republic, Bo¢ni 11/1401, 141 31 Praha 4,
Czech Republic (tersin@ufa.cas.cz, buresd@ufa.cas.cz, jachu@ufa.cas.cz)

Received: July 30, 2008, Revised: February 13, 2009; Accepted: April 14, 2009

ABSTRACT

Atmospheric waves influence the dynamics and energetic budget of the upper
atmosphere. Using the continuous HF Doppler sounder, we study the wave activity in the
ionosphere during tropospheric convective storms in western and central part of the
Czech Republic. The study is focused on acoustic-gravity waves in the period range 2-30
minutes. We discuss possible methods of distinguishing the waves emitted by
meteorological sources from waves of different origin, particularly waves of geomagnetic
origin. In two cases out of twenty-five analysed, we found waves in the infrasonic period
range which might be generated by exceptionally intense meteorological activity in the
troposphere. The results differ considerably from those previously obtained in North
America. In the central part of the United States, infrasonic waves were frequently
observed during convective storms. As a possible reason, we discuss different intensity
and dynamics of weather systems in both regions.
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1. INTRODUCTION

The state and dynamics of the upper atmosphere is mainly driven by extraterrestrial
sources, particularly by the Sun. Nevertheless, the influences coming from below also
substantially contribute to the upper atmosphere variability. One of the broadly discussed
phenomena is the meteorological activity in the troposphere (e.g. Georges, 1973;
Chimonas and Peletier, 1974; Yeh and Liu, 1974; Prasad et al., 1975; Gossard and
Hooke, 1975; Blanc, 1985; Kazimirovsky and Kokourov, 1991; Kazimirovsky et al., 2003;
Rishbeth, 2006; Lastovicka, 2006).

Meteorological processes in the troposphere are a source of strong internal waves of
abroad period spectrum which carry energy and momentum upward through the
atmosphere. Waves of periods longer than the Brunt-Vaisala period are termed gravity
waves. Gravity waves, emitted besides meteorological activity by a number of various
sources including auroral activity, the passage of solar terminator, solar eclipse,
earthquakes, and eruptions (Lastovicka, 20006), play an essential role in the thermal regime
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and composition of the middle and upper atmosphere and contribute significantly to its
general circulation, structure and variability (Kazimirovsky et al., 2006). Vadas and Fritts
(2004) emphasize the potential of gravity waves to influence very high atmospheric
altitudes because of their relatively large vertical wavelengths and their propagation, at
least initial, in all directions from the source. Climatological studies of gravity waves in
the middle and upper atmosphere over Japan revealed almost continuous presence of
gravity waves in the F region (Oliver et al., 1997). In the E region, gravity waves
contribute to the formation of the Es layer (Matthews, 1998; Fukao et al., 1998,
Kazimirovsky et al., 2003); probably due to the enhancement of irregular neutral winds
associated with gravity waves (Parkinson and Dyson, 1998). Zones of the deep tropical
convection are the dominant sources of convectively generated gravity waves and
possibly the most important sources of high frequency gravity waves on the Earth (Vadas
and Fritts, 2004). As the most efficient meteorological source of gravity waves in mid
latitudes are considered passages of cold fronts (Lastovicka, 2006). Sauli and Boska
(2001) described increased wave activity in the period range 50—-100 min during the
passage of weather fronts over the Czech Republic. The observations of gravity waves
were also reported during tornadoes. Hung et al. (1979) described observations of
13—15 min and 27-30 min waves in the ionospheric F region during an extreme tornado
outbreak. Zuo Xiao et al. (2007) observed medium scale travelling ionospheric
disturbances with periods near 20 min which gradually grow longer and spread F after
sunset as a response to a typhoon.

Waves of periods up to a few minutes are termed acoustic waves. The spectrum is at
long periods restricted by the acoustic cut-off period. Acoustic waves are strongly
absorbed and only waves in the low frequency band of the acoustic spectrum may
propagate to ionospheric heights. Blanc (1985) states that only waves of frequencies lower
than 1 Hz are observed in the upper atmosphere. Due to the profile of refractive index (n)
in the lower and middle atmosphere, » is indirectly proportional to the square root of
absolute temperature, infrasound is focused upwards in the troposphere and in the
mesosphere and the main part of acoustic energy propagates up to the base of the
ionosphere. Thus, infrasound is more efficient in energy transfer to ionospheric heights
than other types of waves (Lastovicka, 2006). On the other hand, infrasonic waves affect
due to the focusing only spatially constricted region in the upper atmosphere. Infrasonic
waves are emitted by artificial as well as natural processes. Most of the infrasound sources
can be described as occasional or sporadic. They include volcanic eruptions, earthquakes,
solar eclipses, passage of the solar terminator in lower latitudes, auroral activity, bolides
and meteorites, nuclear and chemical explosions, supersonic jets and spacecraft launches.
Meteorological activity and ocean waves are considered as a continuous source of
infrasound (Lastovicka, 2006; Rind, 1978). Infrasonic waves were frequently observed
during severe convective storms in the central part of the USA. Numerous authors dealt
with this topic, particularly in 1960s and 1970s. Observations of infrasonic waves with
periods from 1 to 5 min in the ionosphere during nearby tropospheric convective storms
were repeatedly reported (Georges, 1967; Baker and Davies, 1969; Chimonas and Peltier,
1974; Davies and Jones, 1973; Georges, 1973; Prasad et al.,, 1975). Spectral analysis
revealed peaks near the periods 3.5 and 4.5 min. One event lasted several hours; Baker
and Davies (1969) found in their study most typical duration from 2 to 4 h. Ionospheric
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effects were usually observed when a convective storm was active within the radius of
~250 km from ionospheric observation point (Prasad et al., 1975). Georges (1973)
emphasized particular efficiency in producing infrasound of those storms, during which
the cloud tops penetrated the tropopause. The dependence of the observed ionospheric
effects on geographical location and relative position of the convective storm towards the
point of ionospheric observation were mentioned by Georges (1973) and Prasad et al.
(1975). On the other hand, Georges (1973) reported a number of convective storms which
contrary to reasonable expectations produced no observable ionospheric effects.

The present paper describes results of observation of acoustic-gravity waves at
ionospheric heights which occurred during periods of increased meteorological activity in
the troposphere, particularly during convective storms. The emphasis is paid on waves of
periods up to 30 min. Using ionospheric, meteorological and geomagnetic data, we also
discuss a method of distinguishing the origin of observed waves.

2. DATA AND METHODS

The data used in our study include continuous HF Doppler shift measurements at
ionospheric heights, ionosonde data, meteorological radar data, acrological data, satellite
images, data from the surface meteorological station Milesovka (50°33'N, 13°56’E) of the
Institute of Atmospheric Physics (IAP), Prague, and data from the geomagnetic
observatory Budkov (49°04'N, 14°01'E) of the Institute of Geophysics (IG), Prague.
Convective storm events were selected on days with quiet to active geomagnetic
conditions. The Dst index was not lower than —30 nT and the maximum Kp index was 4.

The continuous HF Doppler sounder including special software was developed at IAP.
The transmitted frequency of 3.5945 MHz is derived from the 10 MHz Oven Controlled
Crystal Oscillator (OCXO) by means of direct digital synthesis (DDS). In 2004, the first
transmitter was placed at the Prihonice observatory (49°59'N, 14°33'E), which is at about
7 km distance from the receiver, located at IAP (50°02'N, 14°28'E). A great advantage of
this topological arrangement is the common volume measurement with a digisonde DPS-4
located at Prtthonice. Thus, we can determine the virtual height of reflection of the
3.59 MHz wave directly from ionograms. At the beginning of April 2005, another
transmitter was installed at the observatory Panska Ves (50°32'N, 14°34'E). Two more
transmitters, located at Dlouha Louka (50°39'N, 13°39'E) and Kas$perské Hory (49°08'N,
13°35'E) observatories were set in operation at the beginning of 2007. The frequencies of
transmitters are mutually shifted by 4 Hz. The shift of sounding frequency enables using
of only one receiver located at the IAP.

The spectral content of observed waves was obtained in following way: the received
signal was converted (shifted) to low frequencies, and a spectral analysis was performed
resulting in Doppler shift spectrograms. To achieve high frequency-time resolution of the
observed Doppler shift, the successive spectra were obtained by shifting Gaussian window
of the width ~ 10 s by a time step less than the width of the window in the time domain.
That means the successive time intervals, in which spectra were calculated, overlap each
other. Therefore, the resulting spectrogram has a smoother character comparing to the
analysis with no overlap in time. In further analysis, we selected time intervals, in which
we received signal containing one frequency - we observed one clear trace in the Doppler
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shift spectrograms. That means we excluded time intervals, during which we received two
different frequencies for extraordinary and ordinary waves with comparable amplitudes or
any kind of multi-ray reflection, relatively broad-band spectrum of Doppler shift owing to
reflection from a spread layer etc. In the selected time intervals we found one value of the
Doppler shift which fits best the observation in each time step, thus obtaining an
unambiguous function of Doppler shift on time. Analysing the spectral content of this
function, we got information about typical periods of the observed waves at each time. To
obtain simultaneously a maximum frequency and time resolution for different periods, we
applied a Continuous Wavelet Transform (CWT) based on the complex Morlet wavelet.

The Fourier transform was used in addition to the wavelet transform. Gravity waves
originating from different sources are nearly always present in the upper atmosphere and
gravity waves generated by severe weather do not carry any label which would enable
their identification. Therefore, we first analysed gravity wave spectra on quiet days.
A quiet day means a day with quiet or unsettled geomagnetic field (Kp <3, Dst > -20 nT)
and low meteorological activity in the troposphere. It means weather in Central Europe
was governed by a high air pressure system or a flat low. Due to known different effects
of the morning and evening passage of the solar terminator on the ionosphere (Boska et
al., 2003; Altadill et al., 2004), the night and early morning part of the day (~ 00:00 to
06:00 UT) and the period from afternoon till midnight (~16:00 to 24:00 UT) were
analysed separately. During the daytime (~ 06:00 to 16:00 or to 18:00 UT), the HF signal
is usually reflected in the E region and experiences low Doppler shift close to zero.
Median, upper and lower quartiles were calculated from wave spectra obtained for
individual quiet days and serve as a reference Fourier spectrum. Due to a low number of
cases in the data set, the above mentioned statistics are supposed to be more representative
than the mean and the standard deviation, particularly due to the influence of extreme
values. We compared the reference Fourier spectrum with the Fourier spectrum of the
Doppler shift measurements during individual cases of nearby convective storms. In this
way, we checked whether the amplitudes of waves detected in the previous step by the
wavelet transform exceed significantly mean values for quiet days, it means exceed the
upper quartile.

A possible geomagnetic origin of waves was verified using the data from geomagnetic
observatory Budkov. The wavelet transform of fluctuations of horizontal and vertical
components and the amplitude of the local geomagnetic field was computed and
compared with wavelet transform of the Doppler shift measurements. Cross-correlations
between the Doppler signal and geomagnetic field components were computed as well.
Cross-correlation analysis is able to reveal a possible direct relationship between
ionospheric and geomagnetic oscillations, which was previously described between short
period ionospheric waves and geomagnetic micropulsations (e.g. Marshall and Menk,
1999). On the basis of wavelet analysis, we found the time interval of occurrence of
waves and using band pass filter, we filtered wave periods shown by the wavelet analysis.
Thus processed signals were used for the computation of the cross-correlation. In the case
that ionospheric waves occured simultaneously with geomagnetic oscillations of
corresponding periods (according to the wavelet transform) and/or the cross-correlation

values were |c| 2 0.5, it is in our opinion necessary to consider geomagnetic origin of the

waves.
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The height of reflection of 3.59 MHz radio wave was checked, since the results of
Doppler shift observations are substantially influenced by the reflection height of the
sounding wave, furthermore Doppler shifts possibly caused by sudden changes of the
reflection height between Es and F layer could have been revealed.

To follow dynamics and actual location of weather systems, we used meteorological
radar data. The Czech radar network operated by the Czech Hydrometeorological Institute
(CHMI) consists of radiolocators located at Brdy-Praha (49°39'N, 13°49’E) and at Skalky
(49°30'N, 16°47'E). The radiolocators are able to monitor dynamics of active weather
systems up to the horizontal distance 256 km. The radar volume data are updated every
10 min (Novak and Kracmar, 2000). We use quasi-three-dimensional projections of
maximum radar reflectivity in 30-min intervals, which show projection of column
maximum reflectivity on the horizontal plane and on two vertical planes up to the height
14 km in the north-south direction and in the west-east direction. The reflectivity Z of
meteorological targets is proportional to the sum of the sixth power of particle diameters
in the unit volume. The unit of reflectivity is 1 mm®m3. For practical purposes, the

logarithmic unit dBZ is used, where Z [de]lelog(Z [mmé/ m’ J) (Novdk, 2000).

From radar reflectivity, the precipitation intensity can be computed and subsequently the
strength of convective phenomena can be deduced. There are two threshold values of
maximum radar reflectivity routinely used in the Czech Hydrometeorological Institute to
evaluate the intensity of convective phenomena: 40 dBZ and 52 dBZ for convective
phenomena (showers, rain, thunderstorms) and severe convective events (heavy rain,
hail), respectively (Pesice et al., 2003).

Additional information on vertical extent of convective clouds was obtained from
combination of the Meteosat Second Generation (MSG) images in the IR10.8 channel in
30-min intervals and aerological data - vertical temperature profile up to the pressure level
100 hPa (corresponds to height ~ 16.5 km in the analysed days). The actual height of
tropopause is obtained from aerological data as well. The measurements at the upper air
station Prague-Libu§ (50°01'N, 14°27'E) are scheduled daily at 00:00, 06:00, 12:00,
18:00 UT. The station is operated by the CHMI and is one of the regular World
Meteorological Organization (WMO) aerological stations.

Wind speed at the station MileSovka complete the information about meteorological
conditions on analysed days. The observatory is located on an isolated peak (837 m a.s.l.)
with vertical distance towards its surroundings up to 400 m. The wind speed and direction
thus approaches the wind flow in the free atmosphere.

To compare the meteorological activity during summer convective storm events, we
use an index which is based on the wind speed at MileSovka observatory, the vertical
extent of convective clouds, the extent of area of high radar reflectivity, and the intensity
of convection. We computed the extent of the area of maximum radar reflectivity
52+ dBZ in the horizontal plane projection and in vertical plane projections in the north-
south direction and in the east-west direction at heights above 10 km and summarized the
extents (R). R was obtained for each event in 30 min time step. We found the maximum
and minimum value (R, and R,,;,) for each event. We found the maximum hourly
average wind speed for reach event (W). The extents of arecas of maximum radar
reflectivity 52+ dBZ and the hourly average wind speeds were always expressed as a ratio
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to the corresponding maximum value of all the events. The height of clouds was evaluated
as follows: When the clouds penetrated the tropopause during the event, we assigned
C=1. When clouds reached to the tropopause region, we assigned C = 0.5. When the
height of cloud tops was lower than the tropopause, we assigned C = 0. The index (/) was
then computed as /= R,,;, + R0 + W+ C.

3. RESULTS

Most of the data were collected from May 2006 to September 2006. We considered
only convective storms in the late afternoon and evening of local time (~ 16:00—
—00:00 UT), because the most intense convective storms usually occur in that part of day.
Twelve quiet days according to the criteria described in Section 2 were found and used to
calculate the reference Fourier spectrum. Days with the Es layer occurrence and days
without Es layer were not treated separately.

Twenty-three events were selected during convective storm season 2006. We also
analyse a case of exceptionally intense summer convective storms which developed on 29
and 30 July 2005 and a severe weather event on 18 January 2007. In most cases,
convective storms developed at a cold front which was passing over the Czech Republic.
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Fig. 1. Index to compare meteorological activity in the troposphere during summer convective
storm events. The intensity of convective storms on 29 July 2005 stands out.
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The height of convective clouds varied between ~ 10 km and 16 km. In nine cases,
convective clouds penetrated the tropopause whose height was in the range ~ 10—13 km.
The intensity of summer convective storms is compared using the index (Fig. 1).

We focused on the detection of waves of periods 2—30 min. Fourier analysis showed
increased wave amplitudes during convective storm events compared to wave amplitudes
on quiet days. However, the waves occurred simultaneously with geomagnetic field
fluctuations of corresponding periods. Acoustic-gravity waves of significant amplitudes
(higher than 0.1 Hz) and significant duration (longer than the period of the wave) which
could be unambiguously ascribed to the meteorological activity in the troposphere were
not found in analysed events in 2006. We often observed a spread or smeared Doppler
signal. The Doppler trace was in several cases S-shaped. However, all these effects were
observed also on quiet days. The occurrence and origin of S-shapes in the Doppler record
were discussed by Chum et al. (2008). Spread and smeared signal occurred particularly in
time intervals when an Es layer was present.

Next, we will focus on the days of 29 and 30 July 2005 and 18 January 2007, since the
intensities of meteorological processes which developed in the troposphere on these days
were exceptional for Central Europe.
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Fig.2. a) Doppler shift spectrogram at the Panskd Ves sounding path during convective storm
activity on 29 July 2005, start time at 18:00 UT; b) Wavelet transform of the signal. Arrow denotes
the approximate time of passage of the squall line under the ionospheric observation point
(Sindeldiova et al., 2009, © COSPAR and Elsevier Ltd.).
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Fig.3. Fourier spectrum show much higher wave activity on 29 July 2005 than on quiet days.
Red line: amplitude spectrum on 29 July 2005. Black solid line: median of Fourier spectra on quiet
days. Black dashed lines: lower quartile and upper quartile of Fourier spectra on quiet days.

During the day of 29 July 2005, suitable conditions for strong convection developed in
wet warm air flowing to Central Europe in front of the cold front. The actual passage of
the cold front in the evening hours (~ 18:00-01:00 UT on 29/30 July 2005) was
accompanied by intense convective storms with convective cloud tops reaching to heights
~15-16 km and wind gusts 20—40 m/s. The squall line passed the Doppler system
measuring path between ~ 22:40 and 23:30 UT. Along the north western boarder of the
Czech Republic, a supercell storm and four tornadoes were observed at ~ 18:00-20:30 UT
(analysis of the weather situation by Czech Hydrometeorological Institute, www.chmi.cz).
On 30 July 2005, the intense convective storm activity continued. In the afternoon,
convective storms started developing in Southern Bohemia and moved towards north-east.
They reached the highest intensity around 20:00 UT. The height of convective clouds
exceeded 16 km as follows from MSG satellite images and vertical temperature profiles.
Probably a supercell storm was observed between ~ 17:00 and 19:00 UT in Southern
Bohemia. On 29 July 2005, distinct infrasonic waves with characteristic periods of
~2.5-5 min superimposed on gravity waves were recorded in the F region already at
about 18:00 UT (Fig. 2). The wave activity in the infrasonic range was ceasing after
midnight as convective storms were passing further to the east and were abating. The
Fourier spectrum of the Doppler record shown in Fig. 3 (thick black line) indicates much
higher wave activity on 29 July 2005 compared to quiet days (reference Fourier spectrum
is represented by thin black lines). On 30 July 2005, a relatively weak wave activity was
recorded in the late afternoon and evening hours (Fig. 4). Unlike the day before, the Es
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Fig. 4. a) Doppler shift spectrogram at the Panskd Ves sounding path during convective storm
activity on 30 July 2005, start time at 20:00 UT; b) Wavelet transform of the signal. Relatively low
wave activity was observed. Infrasonic waves if significant amplitudes did not occur.

layer occurred during the whole studied interval with critical frequency higher than
3.6 MHz. We should note that a negligible Doppler shift and/or a spread trace are usually
observed when the reflection occurs from the Es layer.

Wave effects in the Doppler shift record may be caused not only by acoustic-gravity
waves propagating in the neutral atmosphere, but also by magneto-hydrodynamic waves.
Therefore, we checked the oscillations of the north-south, west-east and vertical
component of the geomagnetic field at observatory Budkov. Comparing the wavelet
analysis of the Doppler records (Fig. 2) and wavelet analyses of components of the local
geomagnetic field (Fig. 5) and computing the cross-correlations between the signals, we
conclude that ~2.5-5.5 min waves observed on 29 July 2005 at ~ 18:00—19:00 UT
(Fig. 6), ~20:20-20:40 UT, and ~23:10-23:30 UT are not of geomagnetic origin. We
assume that they were emitted by convective storms in the troposphere. We cannot
exclude that geomagnetic pulsations are responsible for the observed 2—5.5 min waves

Stud. Geophys. Geod., 53 (2009) 411



T. Sindeldrova et al.

Mag. field fluctuations [nT]

-10 L 1 1 i L L L l i l L
0 30 60 20 120 150 180 210 240 270 300 330 360
time [min]

periodicity [min]
- 3 [ o
L4 o (<] o

-
o

0 30 60 90 120 150 180 210 240 270 300 330 360
time [min]

periodicity [min]
- [ N (3
(4] o o o

-
o

0 30 60 90 120 150 180 210 240 270 300 330 360

time [min]
d
30 15
25
T 20 10
E
£ 15
°
8
g 10 5
5
0

0 30 60 90 120 150 180 210 240 270 300 330 360
time [min]

412 Stud. Geophys. Geod., 53 (2009)



Observations of Acoustic-Gravity Waves in the lonosphere ...

within the time intervals from ~ 19:50 to 20:10 UT and from ~ 20:45 to 22:55 UT. The
oscillations of periods over 6 min which occurred at 18:00-24:00 UT are correlated with
fluctuations of the geomagnetic field (not shown). Simultaneous occurrence of
ionospheric and geomagnetic fluctuations was observed also on 30 July 2005.

On 18 January 2007, a deep cyclone was passing over Europe. The large pressure
gradient between Scandinavia and Mediterranean (~ 50 hPa) triggered an exceptionally
strong air flow. The average wind speed measured in the Czech Republic was 15-20 m/s,
and in wind gusts it was over 40 m/s. Wind speed at MileSovka reached over 30 m/s; (to
compare, the average wind speed in January for years 1961-1990 was 9.6 m/s). Strong
wind reaching up to 12° of the Beaufort scale was blowing before the passage of the
frontal system of the cyclone as well as after the passage. The cold front was passing over
the Doppler system network between ~ 20:15 and 23:45 UT. Its passage was accompanied
by thunderstorms with exceptionally high lightning activity compared to usual winter
thunderstorms. Due to different stratification and energetic potential of the lower
atmosphere in winter, the vertical extent of clouds during the January event was
significantly less comparing with summertime events and clouds did not reach to the
tropopause. 18 January 2007 is a case of very strong winter convection in connection with
a strong turbulence (weather situation analysis by Czech Hydrometeorological Institute,
www.chmi.cz). Increased wave activity in the ionosphere was observed during the whole
analysed interval 20:00-23:59 UT (Fig. 7). Doppler records at the Prithonice path and
Panska Ves path were spread and disturbed by a strong ground wave (Prihonice). Waves
of periods ~ 2—4 min which occurred in the records from Dlouha Louka path at ~ 20:50—
—21:35 UT and at 22:00-22:10 UT and waves of periods ~ 2.5—4 min observed on the
Kasperské Hory path at ~21:40-21:50 UT are not related to geomagnetic oscillations. In
our opinion, these oscillations are infrasonic waves generated in the troposphere. Waves
of periods longer than 5 min occurred in Doppler shift records as well as in geomagnetic
records.

The current analysis, based on a larger number of cases, has so far confirmed the
results of our previous study focused on the detection of infrasonic waves in the upper
atmosphere during convective storms (Sindeldiovd et al., 2009). That is, infrasound
emitted by meteorological activity is rarely observed in the upper atmosphere over the
Czech Republic and accompanies only exceptionally severe troposheric weather (in
conditions of Central Europe).

Fig. 5. (Facing page) a) Fluctuations of the local geomagnetic field at the observatory Budkov on
29 July 2005, start time at 18:00 UT. Red: north-south component. Green: west-east component.
Blue: vertical component. Magenta: amplitude. Periods over 30 min have been filtered. b) Wavelet
transform of fluctuations of the north-south component of the geomagnetic field at observatory
Budkov; ¢) the same as b) but for west-east component; d) the same as b) and c) but for vertical
component.
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Fig. 6. a) Short period waves observed in the ionosphere and fluctuations of the local
geomagnetic field at observatory Budkov on 29 July 2005, start time 18:00 UT. Yellow: the
Doppler shift record. Red: north-south component of the geomagnetic field. Green: west-east
component. Blue: vertical component. Magenta: amplitude of the geomagnetic field. Band-pass
filter with pass band 2—5 min was used. b) Cross-correlation functions between the Doppler shift
record and components of the geomagnetic field. Meaning of colours follows the colour system in
panel a).

4. DISCUSSION

The Doppler shift observations of wave activity in the ionosphere are significantly
influenced by the presence of the Es layer. On quiet days, a very low or no wave activity
was observed when the Es layer, particularly non-transparent Es, was present. On 30 July
2005, wave activity in the period range 2—30 min observed by the Doppler measuring
system was weak despite intense convective storms in the troposphere, which is in
contrast to observations made the day before. On 29 July 2005, the Doppler sounding
wave was reflected from the F layer whereas on 30 July 2005, the Es layer persisted
throughout the day; in some intervals, it was non-transparent.

On several days, the Es layer was not present over the whole period of observation.
However, we did not found increased occurrence of infrasonic waves in the intervals
when the Doppler system sounding wave reflected from the F layer. It leads to an
assumption, that convective storms in Central Europe are not as efficient in emitting
infrasonic waves as convective storms in North America.
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Fig.7. a) Doppler shift spectrogram at the Dlouhd Louka sounding path during the windstorm
and passage of the distinct cold front on 18 January 2007, start time at 20:00 UT; b) wavelet
transform of the signal (Sindeldiova et al., 2009, © COSPAR and Elsevier Ltd.).

The observations of infrasonic waves emitted by convective storms were reported
mainly in the central United States in summer. A thermal low develops above the
continent during the summer time and enables the inflow of wet tropical air from the Gulf
of Mexico. In the central USA, no significant orographic barrier exists for the meridional
air flow. The high terrain of the Rocky Mountains generates steep lapse rates in the Plains
of the United States. The moist air together with high lapse rate air creates an ideal
location for development of severe thunderstorms and tornadoes in the central United
States (Brooks et al., 2003). In Central Europe, zonal air flow prevails throughout the
year. (The circulation is determined by the permanent centres of action in the troposphere,
Azores anticyclone in the south and Island cyclone in the north.) The Mediterranean Sea
is not as warm most of the year as the Gulf of Mexico and is relatively small to modify
significantly the air masses (Brooks et al. 2003). Further, the Alps constitute an
orographic barrier for the meridional air flow. Therefore, suitable conditions for intense
convection do not frequently develop in Central Europe.

Waves of periods which correspond to periods of gravity waves were observed in time
intervals when the Doppler system sounding wave reflected from the F layer. Wave
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activity on days with convective storms was higher than on quiet days. However, the
ionospheric waves occurred simultaneously with fluctuations of local geomagnetic field.
Therefore, geomagnetic origin of the waves must be considered. Multipoint measurements
which started in 2007 will contribute to more precise determination of the origin of waves.
In future, we will also focus on the analysis of propagation speed of observed waves and
enlarge the number of cases for better statistics.

5. CONCLUSIONS

We presented the results of the wave activity analysis based mainly on observations
during the convective storms of 2006. Two severe weather events in July 2005 and
January 2007 were presented as well. We analysed wave activity at ionospheric heights
with periods from 2 to 30 minutes. Effects of summer and winter convective storms of
different intensity were studied. In two cases, we found increased wave activity in the
infrasonic period range. On 29 July 2005, 2.5-5.5 min waves were observed in the
ionospheric F region. On 18 January 2007, 2—4 min waves were detected. On the basis of
wavelet analysis of fluctuations of the local geomagnetic field and cross-correlations
between the Doppler signal and geomagnetic data, we are convinced that the observed
oscillations cannot be entirely assigned to the pulsations of the geomagnetic field.
Therefore we consider exceptionally strong meteorological activity as a source of these
waves. Oscillations of periods ~5-30 min observed on these two days were most
probably of geomagnetic origin. During the other analysed events, wave activity which
could be unambiguously attributed to tropospheric meteorological processes was not
found in the analysed period range. The oscillations either were possibly connected with
fluctuations of the geomagnetic field or the pattern did not differ significantly from the
pattern on geomagnetically quiet days with low meteorological activity. The results of
observation in Central Europe significantly differ from the results obtained in the central
part of the United States, where observations particularly of infrasonic waves were
frequently reported. The reason might be lower intensity of convective storms in Central
Europe which can be assumed, if we consider the circulation of the troposphere in both
regions, the orography of both continents and the position of the continents and seas.
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