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Abstract: For a better understanding of atmospheric dynamics, it is very important to know 13 

the general condition (dynamics and chemistry) of the atmosphere. Planetary waves (PWs) are 14 

global scale waves, which are well-known as main drivers of the large-scale weather patterns 15 

in mid-latitudes on time scales from several days up to weeks in the troposphere. When PWs 16 

break, they often cut pressure cells off the jet stream. A specific example are so-called 17 

streamer events, which occur predominantly in the lower stratosphere at mid- and high-18 

latitudes. For streamer events we check, whether there are any changes of gravity wave (GW) 19 

or infrasound characteristics related to these events in ionospheric and surface measurements 20 

(continuous Doppler soundings, array of microbarometers) in the Czech Republic. First order 21 

signatures of streamer events were not identified in infrasound data at stations WBCI and 22 

PVCI. Supplementary ground-based measurements of GW using the WBCI array in the 23 

troposphere showed that GW propagation azimuths were more random during streamer and 24 

streamer-like events compared to those observed during calm conditions. GW propagation 25 

characteristics observed in the ionosphere by continuous Doppler soundings during streamer 26 

events did not differ from those expected for the given time period. 27 

 28 

 29 

 30 
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 31 

1) Introduction 32 

For a better comprehension of climate change it is fundamentally important, how well we 33 

understand the climate system in general, and the dynamics of the atmosphere in particular. 34 

The dynamic processes relevant in this context in the atmosphere take place over a 35 

comparatively wide range of scales in space and time. They include in particular both, 36 

planetary and gravity waves. Planetary waves are the main drivers of the extratropical 37 

circulation. When they break they lead to an irreversible exchange of air masses between the 38 

equatorial and polar region due to an amplification of their amplitudes (e.g. McIntyre & 39 

Palmer, 1983; Polvani & Plumb,1992). In the upper troposphere / lower stratosphere ozone 40 

can be used as a tracer for these large-scale motions, as it has a comparatively long life-time. 41 

When planetary waves break tropical air masses of low ozone concentration are mixed 42 

poleward into the sourrounding atmosphere of the mid and higher latitudes (e.g. Leovy et al., 43 

1985). Streamer events do not have a unique definition in literature, which makes them 44 

difficult to detect objectively. As those streamer events originate by planetary wave dynamics, 45 

the spatio-temporal characteristics are closely linked. They persist for days to weeks and 46 

extend over a region of several 1000 km. Often smaller scale air masses detach from these 47 

streamers and are irreversibly mixed into the higher latitudes. It is found that streamers mainly 48 

occur at the transition zone from the Northern Atlantic to Europe and also, but less often, 49 

from the Northern Pacific to Northern America (e.g. Eyring et al.,2002; James, 1998) which is 50 

why we will focus on the Northern Atlantic / European transition region. During a streamer 51 

event the wind field changes rather strong over a comparatively small distance. Since a 52 

streamer event shows a strong wind shear at its flanks, it is expected that it excites GW (e.g. 53 

Kramer et al., 2015 and 2016 or Peters et al., 2003). Therefore, our focus will be on GW 54 

periods.  55 

It is well-known that enhanced wind gradients or anticyclones can lead to the excitation of 56 

gravity waves (GW) in the atmosphere (e.g. Pramitha et al., 2015; Kai et al., 2010; Kramer et 57 

al., 2015, 2016 and Gerlach et al., 2003). GW have typical vertical wavelengths from a few 58 

100 m to several kilometres (Wüst & Bittner, 2006), and horizontal wavelenghts over tens km 59 

(Wüst et al., 2018), and longer (Rauthe et al., 2006); their fluctuations in the upper 60 

troposphere / lower stratosphere typically show amplitudes of 5–10 m/s at maximum (e.g., 61 

Kramer et al., 2015). Those waves transport energy and momentum horizontally and 62 

vertically through the atmosphere and deposit them especially in the mesosphere but also 63 
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above and below this height region. The propagation of GWs is strongly dependent on the 64 

wind conditions in the stratosphere since the wind field of the middle atmosphere (10–100 65 

km) reaches its maximum there. That is why monitoring waves in upper parts of the 66 

atmosphere, e.g. based on Doppler observations in the ionosphere, can provide us additional 67 

information about stratospheric conditions (for details see Fritts and Alexander, 2003).  68 

Using pressure recordings at a microbarograph array, GWs and infrasound at the ground can 69 

be observed. Ground based observations of GWs at a large aperture microbarograph array are 70 

utilized in the present study as an independent data source for the analysis of GW activity 71 

during streamer events. Infrasound propagation is influenced by wind and temperature fields 72 

in the atmosphere. Three regions play an important role in long-distance infrasound 73 

propagation: (1) the lower thermosphere; (2) the stratosphere; (3) the jet stream near the 74 

tropopause and inversion layers in the troposphere (Evers and Haak, 2010). Infrasound 75 

observed at the ground and emitted by distant sources mostly propagates in the stratospheric 76 

waveguide (Ceranna et al., 2019). A number of case studies have proved that stratospheric 77 

dynamics can be deduced from microbarograph measurements at the ground (Assink et al., 78 

2014; Blixt et al., 2019; Evers and Siegmund, 2009; Evers et al., 2012; Garcès et al., 2004; Le 79 

Pichon and Blanc, 2005; Le Pichon et al., 2006 and 2009; Smets and Evers, 2014). Streamer 80 

events are significant transient disturbances to circulation patterns in the tropopause/lower 81 

stratosphere region; modifications of the stratospheric waveguide can therefore be expected. 82 

A feasibility study on utilisation of ground infrasound measurements in research of streamer 83 

events will be performed using data from two infrasound stations in the Czech Republic. Its 84 

aim will be to identify possible first order phenomena in infrasound detections related to the 85 

streamers – significant deviations in infrasound arrival parameters with focus on the azimuth 86 

of signal arrival, signal amplitude and frequency fluctuations. If an occurrence of such 87 

phenomena was proved during streamer events and if attributes of the phenomena were 88 

generally applicable, notification of a streamer event could be based on a routine operational 89 

evaluation of infrasound detections as such (without using complementary datasets) and 90 

ground based infrasound measurements could serve as a quick indicator of streamers.  91 

Our study will focus on possible utilization Doppler sounding and microbarographs for 92 

description and analysis of GW behaviour and propagation in the stratosphere.   93 
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The structure of the paper is as follow: After introduction the description of the used dataset 94 

and method can be found in the second section. Then we describe our results and in the last 95 

section we discuss the possible connection to previous studies. 96 

 97 

2) Data and methods 98 

The data basis of the selection of the streamer events are global maps of total ozone column 99 

measurements (TO3) which are available as a service by DLR (https://atmos.eoc.dlr.de/). TO3 100 

is retrieved by the Tropospheric Monitoring Instrument (TROPOMI) on the Sentinel 5 101 

Precursor (S5P) mission. Whenever no data by TROPOMI/S5P is available, TO3 102 

measurements of the Global Ozone Monitoring Experiment-2 (GOME-2) on the Metop series 103 

of satellites is considered. Both instruments are nadir-viewing on a near-polar sun-104 

synchronous orbit. TROPOMI/S5P was launched in 2017 and has a spatial resolution of 7x7 105 

km2 with a daily global coverage and a repeat cycle of 17 days (Veefkind et al. 2012). Details 106 

on TO3 by TROPOMI/S5P are given by Spurr et al. (2022). The TO3 retrieval is based on the 107 

processor of the previous GOME instrument: GOME-2 on Metop-AB was launched in 2006. 108 

It has a spatial resolution of 80x40 km2 and almost a daily global coverage with a repeat cycle 109 

of 29 days. See Munro et al. 2006 and Munro et al. 2016 for an overview of the instrument 110 

and data processing. Details of the GOME-2 retrieval algorithm can be found in Loyola et al 111 

(2011). 112 

Streamer events are selected manually for this study, as no distinct definition exists. As 113 

planetary waves are permanently disturbing the atmospheric dynamic, especially smaller scale 114 

streamers can be observed almost every day and the differentiation between streamer events 115 

and calm events becomes subjective. We therefore focus on few events which are 116 

comparatively strong in their evolution from our perspective. Moreover, we focus on streamer 117 

events above the Northern Atlantic. Whenever another streamer event occurs at the same time 118 

at another latitudinal region with comparable spatiotemporal extent, we do not consider this 119 

date as a streamer event. We assume that the effects of the streamer superimpose and a 120 

distinct backtrack to the streamer over the Northern Atlantic will not be possible. This means, 121 

that the analysis of the streamer events can be blurred to some extent.  122 

We consider dates from January 2020 to April 2021. In general, planetary waves drive the 123 

Brewer Dobson Circulation in the stratosphere during winter and ozone-poor airmasses are 124 
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transported northward. Streamer events are therefore detected between September and March. 125 

The streamer events are distinguished if they have a large spatial size, high intensity (low 126 

TO3 concentration) and if air masses are irreversibly mixed into the surrounding atmosphere. 127 

All the selected events persist for several days, but no longer than 10 days. The streamer 128 

events given in table 1 (left) are selected manually, by the given criterions. 129 

To evaluate weather streamer events effect the smaller-scale atmospheric dynamics, calm 130 

events are identified as well by subjective criterions. These events serve as a reference to 131 

streamer events, as large-scale dynamics are hardly visible in the TO3. The events are 132 

selected when the ozone concentration shows a strong meridional gradient from the equator to 133 

polar region on the Northern Hemisphere with almost no longitudinal variation. The examples 134 

of calm atmospheric dynamics are listed in table 1 (right). 135 

 136 

Streamer events Calm periods 

From To From To 

06.02.2020 10.02.2020 02.03.2020 08.03.2020 

31.08.2020 03.09.2020 09.03.2020 14.03.2020 

05.09.2020 11.09.2020 28.03.2020 10.04.2020 

03.11.2020 07.11.2020 19.04.2020 27.05.2020 

21.11.2020 25.11.2020 9.11.2020 15.11.2020 

23.02.2021 27.02.2021 12.12.2020 22.12.2020 

09.03.2021 12.03.2021 30.12.2020 06.01.2021 

  21.01.2021 20.02.2021 

  28.02.2021 07.03.2021 

  13.03.2021 24.03.2021 

  29.03.2021 07.04.2021 

Table 1 Streamer events above Northern Atlantic from January 2020 until March 2021 and 137 

related start and end dates. The right part shows calm periods.  138 
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 139 

Figure 1 shows the TO3 by TOPOMI/S5P integrated from November 3rd to November 5th 140 

2020. Ozone-poor airmasses (blue) are located above the Northern Atlantic from 30°N to 141 

70°N next to smaller scale ozone-poor airmasses above western North America and Central 142 

Asia. The TO3 concentration is disturbed by planetary waves along the latitudes, which lead 143 

to wave structures visible especially at the transition of blue to green colors. A large streamer 144 

event of ozone-poor airmasses is detected over the Northern Atlantic. A small streamer can be 145 

detected over western North America. There are also ozone-poor air masses above eastern 146 

Europe. The temporal evolution shows, that the ozone-poor air masses above eastern Europe 147 

are due to a decaying streamer which evolved several days earlier. As planetary waves are 148 

more or less permanently disturbing the atmospheric dynamics, especially smaller scale 149 

streamers can be detected almost every day. In this example, the streamer event above the 150 

Northern Atlantic is largest. Therefore, we consider this event for the further analysis.  151 

 152 

Fig. 1. TO3 by TROPOMI/S5P from November 3rd to November 5th 2020 shows ozone poor 153 
airmasses above the Northern Atlantic as an example of a streamer event for the further 154 
analysis. Colors (from violet to red) indicate the total ozone column concentrations (from low 155 
to high) in Dobson Units. Source: DLR, CC-BY 3.0 156 

 157 
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Figure 2 shows the TO3 by TOPOMI/S5P from February 11th to February 13th 2020. The 158 

event is characterized by a strong meridional gradient from the equatorial to polar region on 159 

the Northern Hemisphere with almost no longitudinal variation. Therefore, we consider this 160 

event for the further analysis. 161 

 162 

 163 

Fig. 2. TO3 by TROPOMI/S5P from February 11th to February 13th 2020 as an example of 164 
calm atmospheric dynamics. A clear meridional gradient of ozone can be observed on the 165 
Northern Hemisphere without large-scale wave structures. Colors (from violet to red) indicate 166 
the total ozone column concentrations (from low to high) in Dobson Units. Source: DLR, CC-167 
BY 3.0 168 

Two stations of the Czech microbarograph network, (Bondar et al., 2022) are involved in the 169 

study – the large aperture array WBCI (50.25°N 12.44°E) and the small aperture array PVCI 170 

(50.52°N 14.57°E). To study propagation of GW and long-period infrasound (from acoustic 171 

cut-off up to about 2.5 s) pressure recordings at WBCI are utilized.  Four sensors of the WBCI 172 

array are arranged in a tetragon The inter-element distances of 4 – 10 km define an optimum 173 

performance of the array in the infrasound frequency range from the acoustic cut-off 174 

frequency of 0.0033 to 0.0068 Hz (Garcès, 2013). The WBCI array with its large inter-175 

element distances has a unique configuration compared to the arrays of the International 176 

Monitoring System of the Comperehensive Nuclear Test Ban Treaty Organisation intended 177 

for infrasound monitoring in the frequency band of 0.02 – 4 Hz (Marty, 2019).  Each array 178 
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element at WBCI is equipped with an absolute microbarometer of the type Paroscientific 179 

6000-16B-IS with parts-per-billion resolution. Sampling frequency is 50 Hz and a GPS 180 

receiver is used for time stamping. In infrasound studies, data resampled at 10 Hz sampling 181 

rate are used. To detect and analyze GW, 1-min mean values are used. 182 

The small aperture array PVCI provides optimal precision of detections in the frequency 183 

range of 0.14 – 3.4 Hz (Garcès, 2013). Three sensors are arranged in an equilateral triangle; 184 

the array aperture is 200 m. The differential sensors of the type Infrasound Gage ISGM03 185 

manufactured by the Scientific and Technical Centre give a flat response in the frequency 186 

range of 0.02 – 4 Hz. The data are stored with a sampling frequency of 25 Hz; a GPS receiver 187 

is used for time stamping. 188 

Infrasound detections at WBCI  and at PVCI are processed using the Progressive Multi-189 

Channel Correlation (PMCC) detection algorithm (Cansi, 1995; Le Pichon and Cansi, 2003). 190 

The PMCC configuration is set on an individual basis and is optimized for the given array 191 

(Brachet et al., 2010; Garcès, 2013; Szuberla et al., 2004). From the resulting PMCC 192 

detection bulletins  infrasound arrival parameters of interest are extracted and used in the 193 

statistical analysis: time of arrival,  root-mean-square (RMS) amplitude, azimuth of arrival, 194 

and mean frequency.  195 

Propagation of GW in the thermosphere/ionosphere is studied using multi-point and multi-196 

frequency continuous Doppler sounding system located in Czechia. Its advantage is a high 197 

time resolution (around 10 s) compared with ionospheric sounders (ionosondes) that measure 198 

the profile of electron densities in the ionosphere. The continuous Doppler sounding is based 199 

on the measurement of Doppler frequency shift experienced by radio waves that reflect from 200 

the ionosphere. The propagation characteristics of GWs are calculated from the time delays 201 

between signals observed at the respective sounding paths (transmitter-receiver pairs). The 202 

methods are in detail described by Chum and Podolska (2018). The two-dimensional (2-D) 203 

version (propagation analysis in horizontal plane only) is anticipated for most of the studies, 204 

since a 3-D analysis requires simultaneous observation and signal correlation at different 205 

frequencies, which is often not the case, especially during solar minimum. Results of 206 

statistical investigation have been recently published (Chum et al., 2021).  Identical methods 207 

of propagation analysis have been applied to investigate propagation of GWs in the 208 

troposphere based on data from large-aperture array WBCI. 209 
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All analysis will be done with respect to streamer events the occurrence of which is shown in 210 

Table 1. We analyze winter period from 6 February 2020 to 7 April 2021. Calm periods can 211 

be found also in Table 1. 212 

 213 

3) Results 214 

3.1 Infrasound observations at ground stations WBCI and PVCI during streamer 215 

events 2020 – 2021 216 

As in detail explained in the introduction, we investigate whether ground infrasound 217 

measurements can serve as a quick indicator of streamer events. Therefore, we compare 218 

infrasound detections during streamers with observations on calm days. Distinct differences 219 

are searched for, that can be revealed in routine processing of data from a microbarograph 220 

array. At first, we make a visual comparison of 2-D histograms of infrasound arrival 221 

parameters. Then mean values of two data sets – streamer events and calm days –   are 222 

compared; a two-choice hypothesis test using the central limit theorem is applied at the 223 

significance level α = 0.05 .  224 

u =  x� − y�

�sx2

nx
 + 

sy2

ny

   225 

Where u is the test criterion, x� and y� are the means of the first and second data set, sx2 and sy2 226 

are the variances, and nx and ny are the numbers of elements in the first and second data set, 227 

respectively. A normal distribution of u is expected when the mean values are equal. 228 

3.1.1 Observations at WBCI during streamer events 2020 – 2021 229 

Wave activity in the infrasound frequency range of 0.0033 – 0.4 Hz was investigated. The 230 

upper limit of the analysed band was set so that it includes microbaroms, although the 231 

operational range of the array was thus extended towards higher frequencies compared with 232 

the optimum array range (0.0033 – 0.0068 Hz) (Garcès, 2013).  233 

Microbaroms are generated by a non-linear interaction of ocean waves travelling in opposite 234 

directions. Microbarom frequency corresponds to twice the frequency of sea waves. 235 

Microbaroms form a wide spectral peak around 0.2 Hz. A powerful source of microbaroms is 236 

located in the North Atlantic and the signals are regularly detected by European infrasound 237 
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stations (Hupe et al., 2018). The detection capability of microbaroms from the North Atlantic 238 

is high particularly from October to March when the source becomes stronger due to stormy 239 

weather above the ocean and signal propagation to the East from the source is supported by 240 

the stratospheric waveguide (Landès et al., 2012). From the global point of view, 241 

microbaroms are permanently present in recordings of infrasound stations worldwide. 242 

A strong streamer event occurred on 3rd – 7th November 2020. WBCI recorded infrasound in 243 

a few sparse intervals on 3rd November at 00-09 UTC, on 5th – 6th November at 19-05 UTC, 244 

and on 7th November at 16-24 UTC from back-azimuths of 250° – 305° and later from back-245 

azimuths of 305° – 340° (Figure 3). The signal frequencies on 5th – 6th November differed 246 

from those on 3rd November and 7th November: frequencies of ~0.04 Hz were observed on 5th 247 

– 6th November while on 3rd and 7th November they were around 0.2 Hz.  248 

 249 

Figure 3 Infrasound observations at WBCI on 3rd – 7th November 2020. Azimuth of signal 250 

arrival is shown; the colorbar refers to the mean frequency of the detection family A detection 251 

family is a group of primary PMCC detections-so called detection pixels- merged together 252 

based on similarity of arrival parameters carried by the pixels. One circle in the plot 253 

represents one detection family. 254 

 255 
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Infrasound detections were sparse also in the other studied streamer events and calm 256 

periods. The streamer events occurred on 35 days between February 2020 and April 2021, 257 

247 infrasound detections were obtained. Within the same time window, 867 infrasound 258 

detections on 153 calm days were found. To avoid possible distortion of the results due to a 259 

single extreme value in a small dataset, we did not evaluate the infrasound arrival parameters 260 

during the respective streamers, but we grouped the observation in an overall data set and 261 

compared its mean values against the reference group of all calm days within the studied time 262 

period. We cannot reject that signal amplitudes are same during streamer events and on calm 263 

days at the significance level α = 0.05. Mean signal frequency is higher in the group of days 264 

with streamer events at the significance level α = 0.05, or with 95% reliability. Details are 265 

presented in Table 2. and visually can be seen on Figure 4. Notice that contrary to the result 266 

for the overall data sets, the signal frequencies transiently decreased from ~0.2 Hz to ~0.04 267 

Hz during the strong streamer on 3rd – 7th November 2020. Besides possible influences of 268 

changed dynamics in the lower/middle atmosphere on infrasound propagation, modification 269 

of the infrasound source shall be considered on 3rd – 7th November 2020. There was a large 270 

pressure gradient above the North Atlantic (earth.nulschool.net, www2.wetter3.de, 271 

www.ventusky.com). The WAVEWATCHIII® wave-action model (The WAVEWATCHIII® 272 

Development Group, 2016) predicted an increase of significant height of combined wind 273 

waves and swell in the North Atlantic particularly on 5th – 6th November 2020; the peak wave 274 

periods stayed in the interval from 10 to 15 s on 3rd – 7th November 2020 (plots not shown 275 

here). To investigate properly the influence of source-related and signal-propagation factors 276 

on infrasound detections at WBCI during the streamer event, a complex study including 277 

infrasound source and propagation modeling is necessary. However, this is out of the scope of 278 

the present paper and it can be performed in a future dedicated study.  279 

 280 

   mean variance number of detections 

Frequency [Hz], calm 

days 
0.147 0.005 867 

Frequency [Hz], streamer 

events 
0.160 0.005 247 

RMS amplitude [Pa], 

calm days 
0.043 0.019 867 
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RMS amplitude [Pa], 

streamer events 
0.039 0.012 247 

Table 2 Mean and variance of infrasound arrival parameters at WBCI during streamer 281 

events and on calm days and number of detections. 282 

 283 

 284 

Figure 4 2D histogram frequency vs. amplitude of signals measured at WBCI. Left panel: 285 

summary of streamer events 2020 – 2021, right panel: calm period 2020 – 2021 as reference 286 

data. The colorbar shows number of detections in the respective frequency-amplitude bins. 287 

 288 
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 289 

Figure 5 2D histogram frequency vs. amplitude of signals measured at PVCI. Left panel: 290 

summary of streamer events (3rd – 7th November 2020, 21st – 25th November 2020, and 9th – 291 

12th March 2021), right panel: calm periods as reference data (2nd  – 14th March 2020, 9th  – 292 

15th November 2020, 18th  – 22nd December 2020, 1st  – 7th March 2021, and 14th  – 24th 293 

March 2021). The color bar shows number of detections in the respective frequency-294 

amplitude bins 295 

 296 

3.1.2 Observations at PVCI  297 

The performance of the WBCI array at the upper limit of the frequency band of interest, the 298 

microbarom band can be degraded. Therefore, the PVCI array is included in the study the 299 

performance of which is optimal in the 0.12 – 0.35 Hz microbarom band.  300 

Infrasound detections for selected streamer events were analysed: 3rd – 7th November 2020, 301 

21st – 25th November 2020, and 9th – 12th March 2021 (Figures 5 and 6). PVCI data were not 302 

available for most of the streamer event periods on 6th – 10th February 2020 and on 23rd – 27th 303 

February 2021. We focused on streamer events that occurred in the season of winter 304 

stratospheric westerlies, which lasts usually from November to March (Le Pichon et al. 2012). 305 

In winter, infrasound stations largely detect sources located to the west from the station. 306 
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Streamer events typically occur above Western Europe and adjacent regions of the North 307 

Atlantic. Therefore, winter is the season, when Central European infrasound stations are able 308 

to detect signals arriving from or through the regions of streamer events. Observations during 309 

calm periods on 2nd – 14th March 2020, 9th – 15th November 2020, 18th –  22nd December 310 

2020, 1st – 7th March 2021, and 14th – 24th March 2021 were used as a reference data set.  311 

 312 

Figure 6 Infrasound detections at PVCI during streamer events (yellow fields) and calm 313 

periods (grey fields) in 2020 and 2021. Azimuth of signal arrival is shown; the color bar refers 314 

to the signal amplitude. Panel (a): overview plot of all analyzed periods; panels (b) – (d): 315 

zoom at March 2020, November – December 2020, and March 2021 316 
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Taking into account the mutual positions of PVCI and the region of typical occurrence of 317 

streamers, we analysed signals arriving from the back-azimuths of 180 – 360°. We focused on 318 

detections in the frequency range of 0.05 – 0.4 Hz. The band partly overlaps with the 319 

detection range of the WBCI array (0.0033 – 0.4 Hz) and at frequencies of 0.12 – 0.35 Hz it is 320 

dominated by microbaroms (e.g., Campus and Christie, 2010).   321 

High sensitivity of the PVCI array in the microbarom frequency range enabled to compare the 322 

respective streamer events with the reference data separately. As we focus on signal analysis 323 

in a narrow frequency range (0.05 –  0.4 Hz), signal frequency during streamer events and its 324 

departures from calm-day values were not analyzed. Higher mean signal amplitude was 325 

proved on the significance level α = 0.05, or with 95% reliability during the streamer events 326 

on 3rd – 7th November 2020 and 21st – 25th November 2020. It was not rejected that the signal 327 

amplitudes during streamer event on 9th – 12th March 2021 are same as on the calm days. 328 

Details can be found in Table 3. The highest difference of signal amplitudes compared to the 329 

set of calm days was found during the streamer on 3rd – 7th November 2020; mean signal 330 

amplitude of 0.013 Pa was obtained on the calm days, whereas on 3rd – 7th November the 331 

mean amplitude increased to 0.077 Pa. As discussed in section 3.2.1, the microbarom source 332 

in the North Atlantic was possibly intensified by a maritime storm that was in progress during 333 

the considered time interval. 334 

 335 

 mean variance number of detections 

RMS amplitude [Pa], calm 

days 

0.013 < 0.001 11343 

RMS amplitude [Pa], 

streamer event 3-7 

November 2020 

0.077 0.001 482 

RMS amplitude [Pa], 

streamer event 21-25 

November 2020 

0.024 < 0.001 360 

RMS amplitude [Pa], 

streamer event  9-12 March 

2021 

0.013 < 0.001 1543 

Table 3 Mean and variance of the RMS amplitude and number of detections at PVCI in the 336 

set of calm days and during the respective streamer events. 337 
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 338 

3.2 Results and discussion of gravity waves in the troposphere and ionosphere 339 

 340 

3.2.1 Investigation of GWs measured on the ground by WBCI array of micro-341 

barometers.  342 

. Figure 7 shows the RMS amplitudes of pressure fluctuations in the period range 5-60 min 343 

recorded from November 1 to November 9, 2020. This interval covers a distinct streamer 344 

event that occurred from November 3 to November 7. The results of propagation analysis are 345 

shown in Figure 8, which displays the phase velocities and azimuths of GWs. Only results 346 

that satisfied the criterion (dv/v <0.0.5) and (dAZ<10°) and (pRMS>0.02 Pa) are presented, 347 

where dv/v, dAZ, pRMS are the relative uncertainty of GW phase velocity, uncertainty of 348 

azimuth and root mean square value of pressure fluctuations in the analysed time interval. 349 

Figure 8 demonstrates that there is a tendency for higher phase velocities and occurrence of 350 

different azimuths during the streamer event. Therefore, it is useful to compare the GW 351 

characteristics during streamer events and calm conditions.    352 

Figure 9 shows histograms obtained by a statistical analysis. The RMS amplitudes of 353 

pressure fluctuations in the period range 5 – 60 min, phase velocities and azimuths were 354 

investigated separately for calm conditions (upper plots) and for streamer and streamer-like 355 

events listed in Table 1 (bottom plots). The solid vertical lines mark lower (Q1) and upper 356 

(Q3) quartiles. The dashed vertical lines depict boundaries for large (Q3+1.5⋅(Q3-Q1)) and 357 

extreme (Q3+3⋅(Q3-Q1)) values. A difference between histograms for RMS pressure 358 

fluctuations and azimuths obtained for calm and disturbed conditions is obvious. A minor 359 

difference is also observed for phase velocities.  360 
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 361 

Figure 7 Amplitude of GWs recorded by WBCI from 2020-11-01 to 2020-11-09    362 

 363 

Figure 8 Propagation velocity and azimuth of GWs recorded by WBCI from 2020-11-01 to 364 

2020-11-09 365 
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 366 

Figure 9 GW characteristics (RMS of pressure fluctuations, phase velocity and azimuth) for 367 

calm periods (upper plots) and streamer and streamer like events (bottom plots) for 2020 and 368 

winter 2021. The red vertical lines mark lower (Q1) and upper (Q3) quartiles. The dashed 369 

magenta vertical lines depict boundaries for large (Q3+1.5⋅(Q3-Q1)) and extreme (Q3+3⋅(Q3-370 

Q1)) values. 371 

 372 

3.2.2 Investigation of GWs measured in the ionosphere by continuous Doppler 373 

sounding system (CDS) 374 

The 2D propagation analysis of GWs was performed using the 2D versions of methods 375 

mentioned in Section 2 and in detail described by Chum and Podolská (2018). The 2D 376 

propagation analysis makes it possible to analyze much larger number of time intervals than 377 

the 3D analysis (Chum et al., 2021). The propagation analysis obtained for the interval from 378 

1st November to 9th November 2020, which covers the significant streamer event that occurred 379 

from 3rd November 2020 to 7th November 2020, is presented in Figure 10. Only results that 380 

satisfied the criterion  (dv/v <0.2) and (dAZ<20°) and (fDRMS>0.05 Hz) and (Cmax<0.5) are 381 
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presented, where dv/v is the relative uncertainty of GW phase velocity, dAZ is the azimuth 382 

uncertainty, fDRMS is the root mean square of the Doppler shift in the analysed time interval 383 

and Cmax is the maximum in the normalized energy map for the best beam (slowness) search; 384 

Cmax is 1 for identical signals (Chum and Podolská, 2018). It is considered that signals are not 385 

sufficiently correlated (coherent) for reliable propagation analysis if Cmax < 0.5 (Chum et al., 386 

2021). The velocities and azimuth obtained by observation at 3.59 MHz are in red, whereas 387 

the values based on measurements at 4.65 MHz are in blue. Obviously, the observations at 388 

3.59 MHz mostly corresponds to the nighttime, whereas observations at 4.65 MHz were 389 

mostly made during the daytime. The GWs usually propagated roughly poleward at night and 390 

roughly equatorward during the daytime. This is fully consistent with the statistical 391 

investigation (Chum et al., 2021) who showed that propagation directions of GWs in the 392 

ionosphere exhibit diurnal and seasonal behaviour and are mainly controlled by the neutral 393 

winds in the thermosphere. 394 

 395 

Figure 10 Propagation velocity and azimuth of GWs in the ionosphere obtained using CDS 396 

measurements from 2020-11-01 to 2020-11-09. The velocities and azimuth obtained by 397 
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observation at 3.59 MHz are by red, whereas the values based on measurements at 4.65 MHz 398 

are by blue. 399 

Based on the analysis of the GW observed in the ionosphere during the streamer event and 400 

on the previous statistical analysis, we conclude that no obvious signature related to streamer 401 

event was observed for the propagation of GW the ionosphere. 402 

It should be also mentioned that the phase velocities of GW measured on the ground (Figure 403 

8) and at heights around 200 km in the ionosphere differ. There are several reasons for that. 404 

First, the observed horizontal phase velocities depend on the elevation angle of GW 405 

propagation and on the ambient temperature as follows from the dispersion relation (the 406 

temperature enters the dispersion relation via the buoyancy frequency and the scale height). 407 

The temperature in the ionosphere/thermosphere is several times higher than in the 408 

troposphere. The elevation angles might change during the upward propagation of GWs, 409 

depending on the wind and temperature profile. Second, GWs propagate with a tilt, not 410 

vertically upward. It is therefore highly probable that the sources of the GWs observed in the 411 

troposphere and ionosphere are different. Moreover, GW can break during their propagation 412 

upward and secondary gravity waves might be observed in the ionosphere.  413 

4) Conclusion and discussion 414 

The focus of this study was to test independent types of observations like Doppler sounding 415 

and microbarograph measurements for an analysis of GW behavior during streamer events, 416 

which are strongly connected with PW or GW and the large scale mass transport of ozone and 417 

that is why it can be very interesting for studies of atmospheric dynamics. 418 

The other aim of the study was to find phenomena in infrasound arrival parameters that 419 

could serve as a quick indicator of streamers and that could be identified in routine processing 420 

of infrasound detections. Simple visual comparison of infrasound arrivals during streamer 421 

events and on calm days (Figures 4 – 6) did not reveal significant and easy-to-identify 422 

deviations of the arrival parameters – the azimuth of arrival, RMS signal amplitude and signal 423 

frequency. The statistical analysis showed larger signal amplitudes at PVCI during two of 424 

three analysed streamers (Table 3). At WBCI, it was not rejected that signal amplitudes are 425 

same during streamer events and on calm days (Table 2). Higher signal frequencies were 426 

proved at WBCI in the streamer events data set than in the calm days data set. Yet, during the 427 

strong streamer event on 3rd – 7th November 2020, a transient decrease of the frequency of 428 
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detected signal was recorded at WBCI. Based on these results, infrasound measurement at a 429 

single infrasound station cannot be recommended as a reliable sole indicator of streamers.      430 

Streamer events are limited in time and space. The observations of signatures of a streamer 431 

at an infrasound array can depend on the mutual positions of the source, the streamer region, 432 

and the observer. It is therefore suggested to analyse infrasound arrival parameters at a dense 433 

network of infrasound arrays that covers various directions and distances from the streamer 434 

region in order to reveal possible streamer event indicators. To explain properly the influence 435 

of streamers on infrasound propagation a dedicated 3D model study of infrasound propagation 436 

can be recommended. Infrasound sources in the present study were not well defined in terms 437 

of location, time, and intensity. Taking into account the aim of the present study – 438 

identification of an easy accessible and quick indicator of streamers in infrasound 439 

measurements, our results show some limitation but on the other hand it will be to benefit of 440 

future studies, if sources of the analyzed signals are better known and more events will be 441 

used for statistics. 442 

Supplementary ground-based measurements of GW using the WBCI array in the 443 

troposphere showed that GW propagation azimuths were more random during streamer and 444 

streamer-like events compared to those observed during calm conditions. At the same time, 445 

larger GW amplitudes were observed in the troposphere during streamer and streamer-like 446 

events than under quiescent conditions. On the other hand, the GW propagation 447 

characteristics observed in the ionosphere by CDS during streamer events did not differ from 448 

those expected for the given time period, based on previous statistical studies (Chum et al., 449 

2021).  450 

More streamer events would need to be analysed to verify these preliminary results based on 451 

the limited number of events. 452 
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