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Abstract: Microclimatic monitoring (air T, air pressure, CO2, ventilation, humidity, methane, and
radon) in selected show caves in Slovenia has been a continuous process for more than 10 years, a
process that aims to supervise the use of the caves for tourism in the sense of sustainable environ-
mental management. After the cataclysmic eruption of the Hunga Tonga–Hunga Ha’apai (HTHH)
volcano on 15 January 2022, global propagation of ionospheric disturbances was reported worldwide
as barometric pressure changes and seismic noise events. Weather stations in Slovenia reported
2–4 hPa changes in atmospheric pressure 16 h after the eruption at 20:30 CET (19:30 UTC). Changes
in atmospheric pressure were also detected at 15 air monitoring sites in 3 different caves (20–120 m
below the surface), at 8 water monitoring sites in 4 different caves (1–10 m below the water surface),
and on the surface (4 air and 2 water monitoring sites), where we identified a small but significant
increase in atmospheric pressure of <1 hPa, with the highest signal at 21:00 CET (20:00 UTC). At
some cave monitoring locations, air T fell during this global event induced by a far-field volcanic
eruption. Cave CO2, methane, and radon measurements did not show significant changes related to
the eruption. This is the first evidence of atmospheric pressure changes due to the HTHH volcano
eruption in karst caves and waters.

Keywords: volcano eruption; far-field event; Dinaric karst; atmospheric pressure; Slovenia

1. Introduction

Microclimatic monitoring has been conducted in some of the most visited show caves
in Slovenia for more than 10 years [1–5] with the aim of monitoring tourist use of the caves
and implementing sustainable environmental management [5–8].

On 15 January 2022, a large submarine phreatoplinian eruption at HTHH began at
~04:02 ± 1 UTC. By 04:30 UTC, the eruption plume had risen to a peak height of ~58 km [9].
The eruption duration was estimated to be ~12 h.

The cataclysmic eruption of HTHH produced excitations of the Earth’s interior and
entire atmosphere, as well as generating unusually fast tsunami waves and unusually
long-lived meteotsunami [10].

The Tonga island chain (Kingdom of Tonga) lies at the top of the Tonga–Kermadec
subduction system (subduction of the Pacific Plate beneath the Indo-Australian Plate),
which has mature intraoceanic island arc volcanism [10]. The Tonga Ridge, with ~20 km
crustal thickness, is one or more volumetrically significant shallow magma reservoirs [11].
The magma source for HTHH’s magmatic system is an open-system shallow magma reser-
voir that is compositionally and thermally buffered by the continuous or near-continuous
recharge of homogeneous magmas [11].

The HTHH eruption produced volcanic lightning (100–200 km from the volcano),
large infrasound signals that were observed globally, coherent seismic signals, tsunami
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waves [10], and gravity waves [12]. The volcano created a sustained source of convectively
generated waves for nearly 15 h after the initial eruption [12]. HTHH produced globally
detected infrasound (0.01–20 Hz) that had a long-range (~10,000 km) audible sound and
ionospheric perturbations. Seismometers worldwide recorded pure seismic and air-to-
ground coupled waves [13]. A global-scale wave response of this magnitude from a single
source is exceptional [12].

Atmospheric disturbances of large amplitude and long wavelength triggered by the
eruption of the HTHH volcano lasted much longer than the eruptions of large earthquakes
and produced a kind of shock wave resulting from the interaction between compressed air
and the surrounding (rippled) sea surface [10].

When it was announced in the public media that the atmospheric disturbance of
the Hunga Tonga–Hunga Ha’apai (HTHH) volcanic eruption had advanced around the
world and had reached Europe at around 21:00 CET (20:00 UTC), about 16 h after the
explosion [14], we checked our pressure data loggers positioned in karst caves and karst
waters. It showed that this global event was also detected in underground karst caves and
karst waters.

The HTHH volcano erupted about 17,000 km from Slovenia, which means that the
ionospheric disturbance travelled at a speed of almost 1100 km/h. Some weather stations
in Slovenia [15] detected the event as a rapid change in atmospheric pressure by 2 to 4 hPa
between 21:00 CET (20:00 UTC) and 23:00 CET (22:00 UTC), with the highest change at
21:00 CET [14]. The second signal reached Slovenian weather stations (ARSO) at 02:00 CET
on 16 January 2022 [16]. The Italian weather station at Bagnoli della Rosandra (60 m a.s.l.)
on the Gulf of Trieste recorded 1024.2 hPa at 20:30 CET (15 January 2022), 1025.8 hPa at
20:50 CET, and 1023.1 hPa at 21:20 CET [16].

ALICE DCS sensors at CERN in Switzerland detected anomalous oscillations of
atmospheric pressure at 20:30 CET (19:30 UTC) with an amplitude of 1.3 hPa, followed by
several secondary waves. A second oscillation was observed at 01:00 UTC on 16 January
2022 and a third at 07:45 UTC on 17 January 2022. The second oscillation is consistent with
the hypothesis of the same wave coming from the volcano in the opposite direction [17].

Of the six pulses (P1–P6) detected at the reading (UK) pressure station from
15 to 19 January 2022, the first occurrence of the HTHH pressure wave was at 19:20 UTC
on 15 January 2022 (P1), after crossing the North Pole and propagating southward, with
a second occurrence at 02:37 UTC on 16 January 2022 (P2) via a South Pole route and
propagating northward [18]. Both caused transient pressure anomalies of 0.5–1 hPa that
were initially positive and then negative [18]. The third pulse (P3) was detected at the
reading pressure station at 07:05 UTC on 17 January 2022, the fourth (P4) at 13:55 UTC on
the same day, the fifth (P5) at 19:23 UTC on 18 January 2022, and the sixth (P6) at 01:18 UTC
on 19 January 2022 [18].

The eruption of the HTHH volcano produced a wide range of atmospheric waves
that were observed worldwide. It produced an atmospheric pressure anomaly called a
Lamb wave. Lamb waves are acoustic gravity waves that compress the atmosphere but
also displace it vertically [19]. Lamb waves (≤0.01 Hz) were observed propagating for four
minor-arc and three major-arc (antipodal) passages around the Earth over six days [13].
Measurements of Lamb wave peak-to-peak pressure amplitudes as a function of distance
indicate that the atmospheric pressure pulse generated by HTHH is comparable to the
1883 Krakatoa eruption [13]. The Lamb waves circled the globe in ~35.5 h and induced
prominent seismic waves via air–ground coupling and meteotsunami [10].

HTHH generated strong gravity wave activity in the stratosphere with temperature
perturbations of ±4 K, four times the typical background activity [13]. Deep-sea tsunamime-
ters recorded a clear leading 5 hPa pressure pulse, more than double that of the air pressure
pulse [13].

Upper atmospheric perturbances beyond 10,000 km have never been able to be
examined before this eruption [20]. Travelling ionospheric disturbances (TIDs) were
reported [20].
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The HTHH eruption generated an intense and unusual stratospheric plume with a
huge amount of injected water vapour that remained well above normal 6 months after the
eruption. The initial SO2 was fully converted into sulphates in less than 2 weeks under the
influence of water vapour [21].

The aim of our study is to present and analyse perturbations of the microclimatic
parameters (especially air pressure) of cave air and karst waters during the HTHH erup-
tion and to show that cave environments are very suitable for geophysical observations,
particularly for those like the eruption of HTHH which have multiple global geophysical
impacts and until now have not been reported from cave environments yet.

2. Study Locations and Methods

Slovenia is the country of the Classical Karst, with more than 14,800 registered
caves [22] and extensive karst area [23]. In some show caves, microclimatic monitor-
ing has been taking place for more than 10 years [5]. Seven caves (Postojna Cave, Škocjan
Caves, Kostanjevica Cave, Dimnice, Mali Obrh, Planina Cave, and Tkalca) were selected
for this study. Together, they comprise 21 cave monitoring sites (air and water) and six
surface monitoring sites (air and water) (Figure 1, Table 1). Atmospheric pressure and
air temperature in the caves were measured at hourly intervals using Baro-Diver® data
loggers (Van Essen Instruments, Delft, The Netherlands). The pressure sensor measures
the equivalent hydrostatic pressure of the water above the sensor membrane to calculate
the total water depth. The pressure range is 1.5 m and the accuracy is ±0.5 cm H2O. The
accuracy of T measurements is ±0.1◦ with a resolution of ±0.01◦.
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Table 1. Atmospheric pressure monitoring sites.

Name Altitude Medium Coordinates (WGS84) Air Pressure (hPa)

(m a.s.l.) Air–Water Lat Lon at 20:00
CET

at 21:00
CET

Postojna Cave
Postojna (ARSO) 538 surface air 45.7722 14.1973 956.150 956.750

Postojna Cave (surface) 559 surface air 45.8051 14.204 960.449 961.037
Črna Jama 2 517 cave air 45.7996 14.2068 968.779 969.441
Črna Jama 3 513 cave air 45.8 14.2071 966.207 966.795

Otoška Jama 1 529.8 cave air 45.7915 14.198 959.450 960.225
Velika Gora 559 cave air 45.7943 14.2057 961.175 961.650
Lepe Jame 2 525 cave air 45.7955 14.2032 960.225 961.175
Lepe Jame 3 523 cave air 45.7954 14.2035 962.200 962.950

Koncertna Dvorana 526.8 cave air 45.7923 14.2049 962.385 962.899
Sepolcro 525.5 cave air 45.7891 14.2077 961.993 962.826

Biospeleološka Postaja 1 529 cave air 45.7826 14.2049 958.700 959.150
Biospeleološka Postaja 2 530 cave air 45.7825 14.2047 958.475 959.100

Škocjan Caves
Škocjan (ARSO) 422 surface air 45.6638 13.9931 975.000 976.000

Tunel 349.8 cave air 45.6619 13.986 980.050 980.500
Šumeča Jama 270 cave air 45.6649 13.9868 996.125 996.300

Tominčeva Jama 320.9 cave air 45.667 13.9899 983.825 984.425

Kostanjevica Cave
Cerklje na Dolenjskem

(ARSO) 154 surface air 45.8919 15.5319 1009.000 1009.000

Kostanjeviška Jama 1 188 cave air 45.8377 15.4347 1003.850 1004.025
Kostanjeviška Jama 2 172 cave air 45.8361 15.4372 1003.825 1003.975

Hydrological Sites *
Planina Cave: Rak 473 cave water 45.8158 14.2468 1310.490 1310.490

Planina Cave: Pivka 458 cave water 45.819 14.2427 1097.870 1098.220
Planina Cave: Unica 453 cave water 45.8203 14.2458 1099.220 1099.600

Tkalca: Rak 479 cave water 45.794 14.2836 1251.900 1252.250
Rešeto 537 surface water 45.7708 14.3564 2055.490 2055.810

Mali Obrh 510 cave water 45.7099 14.4432 4081.770 4082.410
Dimnice Cave 433 cave water 45.5631 14.0384 1006.000 1006.320

Brezovica: Ločica 518 surface water 45.6013 14.0035 973.230 973.640
* The data is presented for total pressure (hydrostatic pressure + air pressure).

In addition to the data logger at the national weather station in Postojna [15], a Baro-
Diver® data logger was placed on the surface above Postojna Cave in 2009 by one of the
co-authors to measure hourly air pressure and air T data. Outside Škocjan Caves and
Kostanjevica Cave, Slovenian national meteorological data sets for air pressure (Škocjan
station and Cerklje na Dolenjskem station) were used for our study [15].

Onset HOBO U20 instruments are used to measure total pressure in water (hydrostatic
pressure and air pressure together), at 30 min intervals. They are installed in 4 water-
active caves and 2 surface streams (Figure 1, Table 1). Their pressure range varies (four
different types of pressure loggers with different maximum operating pressure: 0–145,
0–207, 0–400 or 0–850 kPa). Pressure accuracy is ±0.3% of the instrument’s range and
resolution is 0.014–0.085 kPa.

3. Results and Discussion
3.1. Air Pressure in Caves and on the Surface over a One-Year Period

Before we discuss air pressure perturbations due to HTHH eruption, we need to
describe the year-round characteristics of air pressure relation between surface and caves.
This is important for distinguishing between natural air pressure changes and exceptional,
sudden variations in the relationship between surface and underground.

In Postojna Cave, the year-round comparison between the air pressure dataset and
measurements outside the cave (Figure 2) shows synchronised behaviour between the
cave and the surface at 12 h intervals. The difference in air pressure is due to the different
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altitudes of the measuring instruments. Even 2 min measurement intervals did not result
in delays between air pressure measurements at the surface and in the cave [1].
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Atmospheric pressure monitoring sites in Postojna Cave, as well as in Škocjan Caves
and Kostanjevica Cave, do not show that they are barometric caves like Wind Cave and
Jewel Cave in South Dakota (USA), where air pressure gradients between the outside
atmosphere and the cave induce strong bidirectional compensating currents, which control
almost all elements of speleoclimatology, including air temperature, humidity, and CO2
dynamics [24].

In the case of the Grotte de Comblain at Comblain-au-Pont in Belgium, it was found
that when air pressure is low (outside the cave), air trapped in the interconnected parts of
the limestone is carried from the most remote voids to the cave by advection, meaning that
when atmospheric pressure drops outside, cave air leaks out, sucking air from the remote
parts of the cave system [25].

A phase lag between temperature and air pressure was observed at the Abisso di
Trebiciano in Italy, with T peaking about 1 h 45 min earlier than pressure [26] with a
sampling period of 5 min. The influence of thermal atmospheric tides on the temperature
signal and the presence of a phase lag between temperature and air pressure confirmed at
this site contrasts with the situation at Postojna Cave.

A barometer in the cave of the SBCB station in north-eastern Taiwan recorded unusual
phenomena of larger amplitudes in air pressure changes inside the cave, as did those at the
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Xinwu station outside the cave. The phase angle differences reveal that the air pressure
outside the cave at the Xinwu station often leads to air pressure changes inside the cave
at relatively low-frequency bands [27]. This suggests that pressure–shear (P-SV) vertical
ground vibrations can drive air pressure changes [27]. When the ground motion of the P-SV
type is related to microseisms, the air pressure can change accordingly. The air pressure in
caves can be amplified by the existence of P-SV-type vibrations due to the interior space
being partially confined (like squeezing an air-filled rubber ball). Thus, the air pressure
retrieved from a barometer inside the cave is sensitive to P-SV-type vibrations [27].

Cave air flows in Postojna Cave, Škocjan Caves, and Kostanjevica Cave are mainly
related to the temperature difference between outside and cave atmospheres, with two
ventilation regimes [28,29]. When Tout − Tcave < 0, upward flow occurs (UAF mode), and
when Tout − Tcave > 0, downward flow occurs (DAF mode) [30], supporting the idea that
these are not barometric caves as described in other examples worldwide. In this sense, it
is not surprising that pressure changes due to HTHH eruptions that were detected on the
surface were marked at cave monitoring sites as well.

3.2. Air Pressure in Cave Air and on the Surface after the HTHH Eruption on 15 January 2022

Irregular air pressure changes were detected in Postojna Cave, Škocjan Caves, and
Kostanjevica Cave on 15 and 16 January 2022. Surface air pressure monitoring locations
likewise recorded more signal events.

3.2.1. Postojna Cave

In Postojna Cave we detected an increase of up to 0.84 hPa on 15 January 2022 at
10 cave locations (Figure 3), starting at 20:00 CET (19:00 UTC), with the highest peak at
21:00 CET (20:00 UTC), representing a pressure wave coming from the North Pole, as
described by Harrison [18]. According to Madonia et al. [31], the first signal is a short-range
signal (first arrival signal). At 00:00 CET (23:00 UTC the previous day), there is another
air pressure surge, described by Madonia et al. [31] as a long-range first arrival of an
atmospheric pressure pulse.

The second pressure wave (over the South Pole) at 02:00 CET (01:00 UTC) on
16 January 2022 is about 0.2 hPa and is not visible at all sites, but only at Postojna 2, Otoška
Jama 1, Biospeleološka 1, and Koncertna Dvorana (Figure 3). All three air pressure peaks
are clearly visible at our Baro-Diver® site outside the cave (Postojna surface in Figure 3),
but less clearly at the national weather station in Postojna [15].

Atmospheric waves propagate mechanical disturbances in the atmospheric fluid [13].
The atmospheric pressure anomaly detected in cave air after the eruption of the HTHH
volcano is consistent with Lamb waves reported by other authors [10,13,19].

In addition to air temperature and pressure, we also measure carbon dioxide, methane,
and radon in Postojna Cave, but during the HTHH event, it was not possible to detect
significant changes in their concentrations, as was the case in southern Italy (island of
Vulcano), where the short and long ranges of the first arrival signal in the soil CO2 flux are
reported [31].

On the other hand, a slight decrease in air temperature of 0.02 ◦C was observed in
Postojna Cave during the first pressure wave on 15 January 2022, from 21:00 to 23:00 CET
(20:00 to 22:00 UTC) (Figure 4), but this may also be related to the intrusion of colder outside
air into the cave system during the night.

In some subsurface cavities, temperature variations of the order of 10−3 ◦C are per-
manently induced by variations in atmospheric pressure [32]. Temperature signals are
indicative of transient conditions characterised by several processes that are not necessarily
easy to separate, such as transient airflow due to barometric winds or localised convection
cells, transient infiltration or energy dissipation due to evaporation–condensation on the
rock surface, are observed [32].
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Figure 3. Postojna Cave atmospheric pressure (hPa) compared to surface measurements,
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3.2.2. Škocjan Caves

Air pressure in Škocjan Caves increased by 0.62 hPa between 20:00 CET (19:00 UTC)
and 21:00 CET (20:00 UTC) on 15 January 2022 (Figure 5A). The oscillation is not well
pronounced in Šumeča Jama, an underground water canyon up to 120 m high, possibly
reducing the force of the pressure wave in the large underground chamber. The second
signal appears to occur (via the South Pole) at 02:00 CET (01:00 UTC) on 16 January 2023.

The surface weather station at Škocjan [15] shows that atmospheric pressure began
to increase at 20:30 CET (19:30 UTC) in a 30 min measurement interval. Again, the long-
range disturbance (first arrival according to Madonia et al. [31]) arrived at 00:00 CET on
16 January 2022 (23:00 UTC the previous day).

3.2.3. Kostanjevica Cave

In the case of Kostanjevica Cave, both air pressure curves are consistent (Figure 5B).
On 15 January 2022, we have a slight increase of 0.2 hPa between 20:00 and 21:00 CET
(19:00–20:00 UTC) and a decrease of 0.8 hPa between 21:00 and 22:00 CET (20:00–21:00
UTC), corresponding to the first HTHH pressure wave over the North Pole [18]. The second
pulse (over the South Pole) arrived at 02:00 CET (01:00 UTC) on 16 January 2022. Between
these two pulses, the long-range pulse [31] arrived at 00:00 CET (23:00 UTC) (Figure 5B).
Atmospheric pressure data from the national meteorological archive [15] did not show
significant changes even at 30 min measurement intervals for the Cerklje na Dolenjskem
station (Figure 1, Table 1).
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Surface and cave air pressures in Kostanjevica Cave and at the associated weather
station are higher than at the other sites because they are located at a lower altitude.
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3.3. Pressure in Karst Waters after the HTHH Eruption

The change in the signal is almost identical at all the karst water monitoring sites
with the exception of Planina Cave: Rak. Between 20:00 and 21:00 CET (19:00–20:00 UTC)
on 15 January 2022, there was a slight increase of, on average, 0.35 hPa (maximum Mali
Obrh—0.65 hPa; minimum Planina Cave: Rak—no change recorded) and a decrease of,
on average, 1.47 hPa between 21:00 and 22:00 CET (20:00–21:00 UTC) (maximum Mali
Obrh—3.23 hPa; minimum Planina Cave: Rak—0.82 hPa), again corresponding to the
first HTHH pressure wave over the North Pole [18]. The long-range pulse at 00:00 CET
(23:00 UTC) [31] and the second pulse on 16 January 2022 at 02:00 CET (01:00 UTC) were
also observed at karst water monitoring sites.

All three pressure waves (the first over the North Pole, the second over the South
Pole [18], and the intervening long-range pulse [31]) were also recorded at eight karst water
monitoring sites (Figure 6) in four different caves (1–10 m below the water surface) and at
two surface karst water sites.
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Pressure waves were also detected at other karst monitoring sites, but we selected
the most representative ones. It is interesting to note that there are also some points deep
inside the caves where the signal of the pressure waves is attenuated or not visible at all,
as is the case for Planina Cave (Rak passage) (Figure 6, Table 1). A possible explanation is
that the fluctuation of the air pressure is attenuated due to the connection and morphology
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of the underground cave system with the surface, or perhaps the distance from the cave
entrance meant that it could not be recorded by the logger.

It is also obvious that the HTHH pressure wave occurred at all presented monitoring
sites (Table 1) at the same time (21:00 CET (20:00 UTC)) meaning that the air difference of
120 km between the most eastern site, Cerklje (Figure 1B), and most western site, Škocjan
Caves, is too short for significant delay, especially due to 1 h measuring intervals. More
frequent measurements as shown by Slovene national weather stations [15] suggest that
pressure wave arrived in Slovenia half an hour sooner at about 20:30 CET (19:30 UTC).

4. Conclusions

Regular microclimatic monitoring in karst caves and hydrogeological monitoring
of karst waters in Slovenia provided important atmospheric pressure data related to the
eruption of the Hunga Tonga–Hunga Ha’apai (HTHH) volcano in the Pacific Ocean on
15 January 2022. The ionospheric disturbance, which travelled around the world and
reached Slovenia at about 20:30 CET (19:30 UTC), affected atmospheric pressure data from
national weather stations [15].

At 15 air monitoring sites in 3 different caves (20–120 m below the surface) and
at 4 surface air monitoring sites (Figures 3 and 5), we detected a small increase in the
atmospheric pressure of <1 hPa at 21:00 CET (20:00 UTC) on 15 January 2022, corresponding
to the first HTHH pressure wave over the North Pole [18]. The second pulse (over the
South Pole) arrived at 02:00 CET (01:00 UTC) on 16 January 2022. Between the two pulses,
a long-range pulse [31] was detected at 00:00 CET (23:00 UTC).

At some cave monitoring locations (such as Lepe Jame 3 in Postojna Cave, Figure 4),
the air temperature dropped slightly during this global event, which was triggered by a
far-field volcanic eruption. Carbon dioxide, methane, and radon measurements did not
reveal any significant changes that could be attributed to the HTHH eruption.

All three pressure waves (the first over the North Pole, the second over the South
Pole [18], and the long-range pulse [31] between the two) were also recorded at eight karst
water monitoring sites (Figure 6) in four different caves (1–10 m below the water surface)
and at two surface karst water sites (maximum Mali Obrh—0.65 hPa; minimum Planina
Cave: Rak—no change recorded).

This is the first evidence of atmospheric pressure changes resulting from the HTHH
volcanic eruption in karst caves and waters. It turns out that monitoring karst caves and
waters, microclimatically and hydrologically, not only provides data on local microphysical
parameters, it also provides insight into events with global effects. This makes karst caves
and waters not only attractive tourist destinations, but also very suitable environments for
studies of volcanic eruptions and near- and far-field geophysical studies.
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