MEDZINARODNA KALIBRACIA
BREWEROVYCH OZONOVYCH
SPEKTROFOTOMETROV V GANOVCIACH

Na pracovisku Slovenského hydrometeorologického ustavu,
v Aerologickom a radiaénom centre (ARC) Génovce, sa
denne pripravujii informacie o stave ozénovej vrstvy
a v letnom obdobi aj o slne¢nom ultrafialovom (UV) ziareni
pre uzemie Slovenska. Stanica v Ganovciach je jedina svoj-
ho druhu na nasom uzemi a tieto informacie sa pripravujii
na zéklade merani celkového atmosférického ozénu
a slne¢ného UV Ziarenia, ktoré sa uskutocnuju pomocou
Brewerovho ozénového spektrofotometra uz 30 rokov.
Brewerov ozoénovy spektrofotometer (Brewer) bol
povodne navrhnuty v Environment and Climate Change
Canada (ECCC) v sedemdesiatych rokoch minulého sto-
rocia za ucelom monitorovania celkového atmosférického
ozonu. Do globalnej ozénovej siete bol tento moderny
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pristroj zavedeny v roku 1982 a stal sa Standardnym nastro-
jom na monitorovanie celkového ozénu v programe Glo-
balneho sledovania atmosféry (GlobalAtmosphereWatch,
GAW) pri Svetovej meteorologickej organizacii (WMO).
Do roku 2021 bolo vyrobenych viac nez 230 Brewerovych
pristrojov. Na zabezpecenie kvality ozonovych merani sa
udrziava tzv. kalibracny retazec, t.j. najprv sa referencné
pristroje nezavisle absolutne kalibruji a potom sa kalibracia
prenesie z referenéného pristroja na pohyblivy - cestovny
etalon a nésledne z tohto etalénu do stanic s Brewerovymi
pristrojmi. ECCC udrziava svetové referenéné Brewerove
spektrofotometre od osemdesiatych rokov 20. storo¢ia na
poskytovanie prenosnej kalibracie. Svetovym ozonomet-
rickym Standardom pre spektrofotometre s jednoduchym
monochromatorom su pristroje typu Mark II so sériovymi
vyrobnymi ¢islami 008, 014 a 015, ktoré tvoria svetova
Brewerovu referencntl triddu (BrT) a zacali svoju ¢innost’
v kanadskom Toronte v roku 1984. V devitdesiatych ro-
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koch bol Brewerov pristroj zmodernizovany na typ Mark III,
ktory ma uz dva monochromatory pre znizenie vnutorného
pristrojového rozptyleného svetla. V roku 2013 bola vytvo-
rend svetova referen¢na tridda double-Brewer (BrT-D)
a tvoria ju pristroje so sériovymi Cislami 145, 187 a 191.
Absolutna kalibracia pristrojov triady Langley metodou sa
uskutocfiuje na observatoriu v Mauna Loa na Havajskych
ostrovoch. Tento rok sa v§ak konala pre zvySeni sopecnit
aktivitu na Kanarskych ostrovoch. Podla doporucenia
WMO maju byt 0zénové spektrofotometre v medzinarodne;j
sieti podrobené porovnéavacej a kalibra¢nej procedire naj-
menej raz za dva roky.

Existuju aj d’alsSie Brewerovské triady. Triada Arosa
bola vytvorena a je prevadzkovana Svajéiarskym federdlnym
uradom pre meteoroldgiu a klimatologiu (Meteo Swiss).
Zalozili ju v roku 1998 a bola druhou triadou Brewerov
na svete (zloZena z dvoch pristrojov Mark II a jedného Mark
III). Umiestnenad je v Davose, vo Physikalisch-Meteorologi-
sches Observatorium (Svetové radiaéné centrum v Davose,
PMOD). Dalgia eurdpska triada RBCC-E bola vytvorena
Statnou meteorologickou agentirou Spanielska (AEMET)
v roku 2003. Tvoria ju tri pristroje Mark III. V Spanielsku
sa nachadza Regionalne eurdopske centrum pre kalibraciu
Brewerovych spektrofotometrov (RBCC-E).

Z praktického i ekonomického hladiska sa kalibracie
s cestovnym Standardom naraz z(castiiuje viacero pristrojov.
Pre nas ich doteraz vykonava kanadska firma International
OzoneServices (IOS), referencnym pristrojom ¢. 017. Na
konci juna tohto roku sa na naSom pracovisku uskutocnila
v poradi uz 14. takato spolo¢na kalibracia Brewerovych
pristrojov za tcasti odbornikov a vedcov zo Spanielskeho
Tenerife, kanadského Toronta a prevadzkovatel'ov pristrojov

z Mad’arska, Pol'ska a z nasho pracoviska v Ganovciach. Na
nasej stanici prevadzkujeme dva pristroje — Brewer ¢. 097
s jednoduchym monochromatorom (Mark IV) a Brewer
¢. 225 sdvojnasobnym monochromatorom (Mark III).
Pocas kalibracie sa uskutoc¢nil seminar zastupcov narodnych
radia¢nych centier zo strednej Eurdpy. Alberto Redondas zo
$panielskej meteorologickej sluzby (RBCC), ktory je zaro-
ven ¢lenom Medzinarodnej ozénovej komisie (International
OzoneCommission, IOC), informoval o moznostiach kalib-
racného centra S$panielskej meteorologickej sluzby pre
Eurdpu, ktoré sidli v observatoriu Izafia na ostrove Tenerife.
Zaroven Spanielski kolegovia vo svojej prednaske oboz-
namili ucastnikov kalibracie s ¢innostou a moznostami
eur6pskej databazy EuBrewnet, ktoru prevadzkuju.

Aj vysledky poslednej spolo¢nej kalibracie ukazali, ze
udrziavanie kvality merani celkového atmosférického ozonu
a UV slne¢ného ziarenia je vel'mi naro¢né. Ale vd’aka pravi-
delnej kalibracii pristrojov poskytuje nasa stanica v Ganov-
ciach spolahlivé idaje pre svetové databazy, mapové centra
i aktualne kazdodenné informacie o stave ozonovej vrstvy
a intenzite UV slne¢ného Ziarenia pre verejnost’.

Mgr. Oliver Misaga, ARC Gdanovce

FAIRNESS LETNA SKOLA V BELGICKU -
ANALYZA UDAJOV MESTSKE] MIKROKLIMY

Pocas prvého julového tyzdna (2.—8.7.2023) sa na katedre
fyziky a astronomie prirodovedeckej fakulty v Gente (Bel-
gicko) konala letna Skola vyskumnej siete COST Action.
COST Action je interdisciplinarna vyskumna siet, ktora
spaja vyskumnikov a inovatorov, aby sa venovali téme

Obrdazok 1. Spolocna fotografia organizdtorov a uiCastnikov na streche budovy fakulty, kde sa nachddza aj meteorologicka zahrada.
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podla vlastného vyberu. Akcie COST zvycajne tvoria vy-
skumnici z akademickej obce, verejnych inStiticii a inych
relevantnych organizécii alebo zainteresovanych stran.
Eurépska spolupraca v oblasti vedy a techniky (COST)
je financujlica organizacia na vytvaranie vyskumnych sieti
snazvom COST Actions. Tieto siete ponukaju otvoreny
priestor pre spolupracu medzi vedcami z celej Eurdpy
(1 mimo nej), a tym davaji impulz pre pokrok vo vyskume
a inovacii. Je otvoreny pre vSetky oblasti vedy a techniky,
vratane novych i vznikajucich oblasti. Akcie COST ponti-
kaju inkluzivne, celoeurdpske prostredie pre jednotlivcov
vSetkych wrovni seniority, aby mohli rozvijat svoje pro-
fesionalne vyskumné siete a zvySovat’ svoju kariéru.

Hlavnou témou letnej Skoly bola ,,Analyza udajov
mestskej mikroklimy*. Ciel'om bolo podporit’ i€astnikov pri
spracovani a analyze vlastnych stiborov tdajov o mestskej
mikroklime. Uprednostnili teda Gcastnikov, ktori priniesli
vlastny mestsky datovy stubor. Vsetky dobre prestudované
mestské subory udajov, ktoré este neboli skontrolované kva-
litou, vratane medzier, boli vitané. Stibor udajov, s ktorym
som pracovala, pochddzal z automatickych stanic. Spraco-
vala som hodinové udaje teploty vzduchu. Mala som
k dispozicii 2 mestské a 2 mimomestské stanice pre izemie
Bratislavy a jej okolie. Praca zacala pripojenim sa k vlast-
nému Disku (Google Drive) s notebookom Colab. Najprv
sme museli dat’ udaje do spravneho tvaru, aby nacitanie
udajov prebiehalo bezproblémovo.

Po mensich tpravach sme nacitali svoj stibor udajov
na predpripraveny skript v Google Colab. Google Colab je
nastroj na pisanie a zdiel'anie kodu Python s moZnost'ou
zaramovat’ kod do textu (znamy ako Jupyter Notebook).
Nasledovala cast’ kontroly kvality naSich udajov. Zvolili
sme jednotlivé kritéri, podl'a ktorych by sme mohli zaradit’
chybajtce tdaje do jednotlivych skupin. Maly pocet (< 40)
chybajtcich hodndt — chybajlice pozorovania; Velky pocet
(>=40) chybajicich hodnét — medzera.

Obrazok 2. UkdZka skriptu (nahravanie viastnych udajov).

[]

your dataset.fairness coordinates for alaro 25 csv creator(outputfolder = *
filename = '

Vykonali sme linearnu interpolaciu, techniku ERAS
a hybridni metdodu. ERAS je piata genericia reanalyzy
ECMWF pre globdlnu klimu a pocasie za poslednych
8 desatro¢i. Udaje st dostupné od roku 1940. Ziskali sme
modelové data pre jednotlivé stradnice. Potom sme
pokracovali v modelovani dat pomocou modelu ERAS.
Chybajuce udaje sme vyskusali vypiitanim pomocou mo-
delu. Uplne na konci sme vyskugali vypocet Statistiky, napr.
priemery, zlomky krajinnej pokryvky okolo stanic. Vytvorili
sme Standardné vlastnosti, napr. ro¢ny cyklus, denny cyklus,
mestsky ostrov tepla.

Letna Skola zahfnala prakticka pracu v nasledujucich
témach: kontrola kvality a vyplnenie medzier z mestskych
meteorologickych tdajov; mapovanie prostredia v okoli
nasich stanic; od pozorovania po analyzu mestskych
tepelnych ostrovov; porovnavanie mestskych pozorovani
s udajmi z mestskych klimatickych modelov. Letna Skola
sa zameriava na praktické cvic¢enia s vlastnym suborom
udajov. Sucastou programu boli aj prednasky, mestska
klimaticka prechadzka v meste Gent a exkurzia do Kralov-
ského meteorologického instititu Belgicka v Bruseli. Tam
nam ukazali, ako funguje predpoved pocasia na uzemi
Belgicka.

Uskutoc¢nili sa vel'mi zaujimavé prednasky a uzitoné
praktické lekcie o spracovani a analyze udajov mikroklima-
tickych stiborov. Bolo vel'mi inspirativne vidiet’ a dozvediet’
sa, ako sa k mestskej klime pristupuje z r6znych perspektiv,
ktoré zdielali vSetci tcastnici. V neposlednom rade patri
vel'kd vd’aka organizatorom za uZasnui pracu, laskavost
a trpezlivost’ a ucastnikom za izasnu atmosféru. Toto podu-
jatie bolo velkym prinosom pri préci s meteorologickymi
a klimatologickymi udajmi, lebo my ako Klimatologicka
sluzba tiez pracujeme s obrovskym mnozstvom udajov a Cas-
to sa stretavame s chybajucimi udajmi kvoli vypadkom.

Kristina Szabéova
SHMU, Bratislava

, #folder to save your metadata
.csv', #filename ('YOUR NAME metadata.csv'

for example )

#Define the extend of the spatial model plot that will be prepared for you.
#1f None, a tight-fit will be use.
lat_min= None, # minimum latitude of the extend

lon_min
lat_max
lon_max

None, # minimum longitude of the extend
None, # maximum latitude of the extend
None) # maximum longitude of the extend

Obrazok 3. Doplnenie chybajiicich medzier v udajoch (Cierna Ciara) pomocou modelu ERAS.

temp

temperature (°C) for stations: ['Koliskova']
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CURRENT PROBLEMS IN HYDROLOGY -
KONFERENCIA S MEDZINARODNOU
UCASTOU
Pri prilezitosti 70. vyro&ia zalozenia Ustavu hydrologie
SAV, v. v.1i. a 70. vyroéia zaloZenia SAV zorganizoval Ustav
hydrologie SAV, v. v. i. v spolupraci so Slovenskym vyborom
pre hydrolégiu, pod zastitou ministra ZP SR a predsedu SAV
prof. RNDr. Pavla Sajgalika, DrSc. medzinarodnt konfe-
renciu Current problems in hydrology — Aktudlne problémy
hydrolégie. Konferencia sa konala v priestoroch kongreso-
vého centra SAV v Smoleniciach v ditoch 27. az 29.9.2023.
Konferencie sa zucastnilo viac ako sedemdesiat registrova-
nych ucastnikov z 6smich inStitacii z akademického a vy-
skumného prostredia, ale aj z oblasti operativnej hydrologie.
Odborny program konferencie pozostaval z viac ako dvad-
sat’ prednasok od vyznamnych hydrolégov, aj PhD Studen-
tov. Slovensky hydrometeorologicky ustav na podujati za-
stupoval jeho generalny riaditel RNDr. Martin Benko, PhD,
riaditel’ka Useku hydrologie Ing. Jana Porova, PhD., vedica
Odboru hydrologické predpovede a vystrahy Ing. Danica
Leskova, PhD. a viaceri pracovnici Useku hydrologickej
sluzby a Odboru hydrologické predpovede a vystrahy.
Pocas druhého dita konferencie boli v dopoludiiajSom
bloku prezentacii prednesené témy z prostredia operativnej
a aplikovanej hydrologie. Prva z nich sa zaoberala proble-
matikou privalovych povodni, pod nazvom ,, Metoda opera-
tivnej detekcie privalovych povodni vyuzitim meteorologic-
kych radarov ako podkladu pre vydavanie hydrologickych
vystrah“ (M. Birova, P. Smrtnik, L. Méri a V. Wendova).
V¢asna predpoved’ a varovanie pred rychlou povodiiou sa
v nasich podmienkach stava Coraz prioritnejSou témou
apodlicha neustdlemu vyvoju. Druhym prezentovanym
prispevkom bol ,,Hydrologicky predpovedny systém SHMU“
(D. Leskova a H. Hlavacikovda). Jeho obsahom bola rekapi-
tulacia tvorby nového zazemia pre ¢innost’ hydrologickych
modelov na Odbore hydrologické predpovede a vystrahy.
Dal3ia prednesena prezenticia sa venovala Eurépskemu
predpovednému varovnému systému EFAS, ktorého je
SHMU sugast’ou, a to prostrednictvom aktivnej participacie
v jednom z operacnych centier, s nazvom ,, Novinky v Eu-
ropskom povodiniovom varovnom systéme EFAS* (M. Halaj,
H. Hlavacikova a M. Mikulickova). V poradi Stvrta pre-
zentacia v ramci dopoludnajSiecho bloku mala nazov
,, Problémy pri vybere nového referencného obdobia*
(L. Blaskovicova, K. Jeneiova, K. Kotrikova, L. Lovasovd,
K. Melova a S. Liova). Poukazala na zlozitost' vyberu
vhodného referencného obdobia v podmienkach meniacej
sa klimy. Posledna prezentacia v ramci dopoludnia bola na
tému eliminacie neistdt v hydrologickych modeloch v pod-
mienkach SHMU —,, Analyses of precipitation input data for
the hydrological forecasting system of SHMU* (H. Hlava-
Cikova). Téma bola spracovana aj formou posteru a umies-
tnena v posterovej sekcii pocas trvania konferencie. V tejto
sekcii bol vystaveny aj poster venujuci sa analyze povod-
novej situacie v maji 2021 v povodi Hrona — ,, Case study:
Assessment of radar-based and ground precipitation data
during the flood situation in may 2021 in the upper Hron
river basin in Slovakia“ (H. Hlavacikova, K. Hruskova).

Martin Halaj, SHMU, Banskdé Bystrica
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A BRIEF COMMENTARY OF HOW THE RECENT
2022 TONGA-HUNGA HA’APAI VOLCANO
ERUPTION, THE 1908 TUNGUSKA METEORITE
EVENT, AND 1961 TSAR BOMB TEST AFFECTED
AIR PRESSURE IN SLOVAKIA

This brief commentary aims to describe the observed subtle
air pressure anomalies triggered by three events: the 2022
eruption of the Tonga-Hunga volcano, the Tungaska (Siberia)
meteorite explosion of 1908, and the Tsar Bomb nuclear test
of 1961. Microbarometric traces of anomalous air pressure
signals observed at the geophysical observatory in Hur-
banovo, providing evidence for the Tunguska event and the
Tsar Bomb test, are presented for the first time. In addition,
a detailed analysis of the recent Toga-Hunga eruption is
presented as well. The Tonga—Hunga Ha’apai volcano is
situated in the South Pacific Tonga archipelago. Its eruption
on January 15—16, 2022, was an extraordinary event that
released an energy equivalent to the explosion of 59—63
megatons of TNT (Villalonga et al., 2023). The volcano
eruption had a global impact on atmospheric pressure,
leading to subtle pressure anomalies circulating the globe
multiple times (Liu et al., 2023; Villalonga et al., 2023;
Buric et al., 2022; Amores et al., 2022). The explosive erup-
tion released significant energy, generating Lamb waves
that efficiently transmit energy over long distances with mi-
nimal losses, exhibiting purely horizontal motion through-
out the troposphere, with minimal sensitivity to Earth's
rotation, and traveling close to the speed of sound. For an
isothermal troposphere, the phase velocity of the Lamb wa-
ves is affected by the air temperature (Amore et al., 2022).

The data we used to analyze pressure anomalies trig-
gered by the Tunga-Honga eruption were extracted from the
databases of the Slovak Hydrometeorological Institute.
A total of 44 automatic meteorological stations across
Slovakia were used, covering the period from January 15 to
16,2022, with a sampling interval of 1 minute. Additionally,
historical microbarographic records displaying pressure
waves from the Tunguska and Tsar Bomb events were
obtained from the archives of the Earth Science Institute,
Slovak Academy of Sciences.

Nevertheless, the Tonga-Hunga eruption of Janua-
ry 15, 2022, is not the first occurrence of detecting atmo-
spheric pressure anomalies following a significant distant
explosion, as our archival research shows. Several other
series of pressure anomalies have been observed in the
central European region in the past (e.g. the Krakatoa
volcano eruption of 1883, the Tunguska meteorite impact on
June 30, 1908, and the detonation of the ~50 — 58-megatons
thermonuclear "Tsar' Bomb over the Novaya Zemlya region
of the former Soviet Union on October 30, 1961). The Tun-
guska event, an approximately 12-megaton explosion near
the Podkamennaya Tunguska River in Yeniseysk Governo-
rate (now Krasnoyarsk Krai), Russia, occurred on the
morning of June 30, 1908 (Farkas, 1962; Wexler & Hass,
1962). Our archival research shows that on the morning of
June 30, 1908, the unique Sprung-Fuess' balance rolling-
weight mercury (micro)barograph, which was installed at
the geophysical and meteorological observatory in Hur-
banovo (formerly Ogyalla/Stara Dala; Babin et al., 2022),



reliably registered the primary pressure wave induced by the
Tunguska Event (Whipple, 1934). The air pressure ano-
malies observed at the Hurbanovo station are depicted in
Fig. 1. As indicated on the barograph chart, the wave
amplitude reached almost 0.4 Torr (~0.5 hPa). In general,
the wave parameters align with reports from other obser-
vatories using barographic measurements in the Central
European region at that time (Siiring, 1930; Skreb, 1931;
Whipple, 1934). The antipodal wave was observed at the
Potsdam observatory in Germany on the morning of July 1,
1908 (Siiring, 1930). However, this second wave is not
evident on the barograms from Hurbanovo and Zagreb
(Skreb, 1931). After the massive Tsar Bomb explosion in
the end of October 1961, three marked transitions of the
pressure waves through Hurbanovo were detected thanks to
the above-mentioned Sprung-Fuess' instrument (Fig. 2),
with the primary wave-induced pressure anomaly reaching
almost 1.2 Torr (1.6 hPa). In contrast to the nearest obser-
vation in Budapest, Hungary (Schenzl, 1884), there was no
recorded signal from the colossal Krakatoa volcano eruption
in 1883 due to the absence of barographic measurements at
that time. The first barograph on the territory of present-day
Slovakia was employed in March 1891 (Babin et al., 2022).

Identification of pressure anomalies
in Hunga-Tonga eruption

We have analyzed subtle disturbances in air pressure indu-
ced by the Tonga—Hunga eruption through a comprehensive
examination of air pressure series observed at 44 automatic
weather stations in Slovakia. Spectral filtering was applied
to remove the synoptic signal obtained from
pressure time series, facilitating the isolation of

Figure 1. A section of the microbarographic record measured
with the Sprung-Fuess barograph in Hurbanovo on June 30,
1908. The pressure anomaly from the Tunguska meteorite
explosion is clearly noticeable at ~ 6:00 Local Mean Time
(marked with a circle), i.e. at 5:47 Central European Time.
One horizontal division corresponds to 10 minutes, one ver-
tical division corresponds to air pressure of 0.1 Torr. The
highlighted point value of 52.8 corresponds to the absolute
pressure of 752.8 Torr.

local maxima (peaks) in the traces of pressure
anomalies. Subsequently, the propagation of
two pressure pulses was tracked and analyzed.
The first impulse was associated with a positive
pressure deviation, while the pressure deviation
of the second pulse was negative. The average
wave speed of the first pulse was approximately
304.52 m/s, below the speed of sound (331 m/s
at 273 K). The wave speed varied from 302.6 m/s
to 306.76 m/s, a variation that can be explained
by gradients in the physical properties of the
lower troposphere and orographic effects. The
continuous wavelet transform was utilized to
extract the traces of the pressure signal. Power
spectra and their 95% confidence levels were
computed from the original time series of atmo-
spheric pressure with the Morlet waveform
serving as the mother wavelet. The time series
of air pressure anomalies presented in Fig. 3 are
aresult of high-pass filtering of the original time
series with a cut-off frequency of 0.3 Hz. This
involved zeroing the wavelet coefficients for
frequencies above 0.3 Hz and subsequently
reconstructing the signal from wavelet coef-
ficients using the inverse wavelet transform.
The timing of each atmospheric wavefront is
illustrated in Fig. 3.

Figure 2. The Tsar Bomb pressure anomalies (marked with arrows)
detected at the Hurbanovo station, with the upper left panel showing data
for 29—30 October 1961, the lower panel for 31 October 1961 and
I November 1961. The passages of pressure waves are highlighted by
arrows. One horizontal division corresponds to 10 minutes, one vertical
division corresponds to air pressure of 0.1 Torr.
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Figure 3. The raw signal of atmospheric pressure measured at the automatic meteorological station in Hurbanovo is shown in the
upper panel. The middle panel displays wavelet power spectra. The lower panel presents the reconstructed pressure signal after
applying a band-pass filter. Statistically significant regions of wavelet power are outlined by white contours. Notably, the 95%
confidence level, depicted as white contours in the wavelet scalogram in Fig. 3, aligns with the passage of pressure anomalies.
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The shortest orthodromic distance between each
individual meteorological station and the Hunga-
Tonga volcano was determined following the
procedure outlined in Buri¢ et al. (2022). The
antipodal point was observed by satellite
observations in Northern Africa (Amores et al.,
2022). The average wave speed of the first pulse
was calculated using the shortest distance and
the time elapsed from the eruption to the
registration at the meteorological stations in
Slovakia (v =s/t). The average orthodromic
distance calculated between the Hunga-Tonga
volcano and the 44 meteorological stations is
16.617 km.

The initial indication of a pressure pulse
was identified around 19:20 UTC, approxima-
tely 15 hours after the eruption. The average
wave speeds were computed for each of the
44 weather stations in Slovakia, resulting in
an overall average of 304.95 m/s across the
stations. The initial peak in air pressure, ref-
lecting an increase of approximately 1 hPa/min,
was recorded on January 15 at around 19:19 UTC.

118 | Meteorologicky casopis, 26, 2023

enhance visual clarity, the traces are stacked into a single plot with
a 1 hPa offset. The green arrow indicates a station with a pressure sensor
malfunctioning during the second pulse, so the station was not able to
detect the passage of the second wave.
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This initial peak originated from the southward-propagating
segment of the wave following the stronger eruption on
January 15 at 04:15 UTC.

The first phase of the Hunga Tonga eruption was mar-
ked by a positive pressure deviation, while the second pulse
exhibited a negative pressure deviation. The average wave
speed of the first pulse was approximately 304.52 m/s,
just below the speed of sound (331 m/s at 273 K). The
wave speed fluctuated within the range of 302.6 m/s to
306.76 m/s, a variation attributable to gradients in the
physical properties of the lower troposphere (mainly air
temperature) (Amores et al., 2022). Further analysis of the
synoptic meteorological situation during and preceding the
arrival of the first pulse is needed.
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