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Abstract— It is a well-known phenomenon that sinkholes, compared to their environment, 
have a relatively colder microclimate, due to the topographic conditions (closed 
depressions). Its geomorphological characteristics favors the development of cold-air pools 
and can cause significant temperature anomalies. This process has been documented in 
several papers before, but the detailed buildup and breakup, and especially the 
environmental covariates that drive these processes, are not well documented yet. This 
paper aims to summarize a three months period measurement (spring of 2023) in Northern 
Hungary, on the karst plateau of the Bükk Mountains. This plateau is characterized with a 
complex karst surface development, having interconnected sinkhole systems. The Mohos 
sinkhole – the largest sinkhole of the area with several contributing smaller sinkholes – was 
selected for the measurement campaign. A detailed terrain and remotely sensed database 
were built to characterize the geomorphology and its contribution to the development of 
the sinkhole’s microclimatic system. A sensor system was developed and adopted to the 
local conditions using 10 directly measured or derived meteorological parameters (air 
temperature (200 cm, 40 cm), dew point, solar radiation, relative humidity, wind speed, 
daily evapotranspiration, vapor pressure deficit., and soil temperature), along with two 
comparison sites from the edge of the sinkhole and from a representative site of the Bükk 
Plateau, where no major microclimatic derivation factor was assumed. During this period, 
the Carpathian Basin was characterized by a significant variability of weather patterns, and 
was optimal to analyze the behavior of the sinkhole's microclimate system based on the 
regional weather trends and their atmospheric dynamics. Several temperature inversion 
events were developed and analyzed to describe the relationships between the cold-air pool 
development and the external meteorological affects. The events were classified into the 
commonly accepted categories. The results demonstrated that the time of the lowest 
recorded temperatures was partly independent from the general temperature regimes. The 
most important factors are the general geomorphological factors, favorable radiation 
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conditions, and lack of any external physical disturbance. It was also proved that the soil 
temperature had the largest correlation with the temperature change (r = 0.95), followed by 
the dew point (r = 0.92), vapor pressure deficit (r = 0.85), wind speed (r = 0.83) and the 
relative humidity (r = -0.8). That was also documented, that the near-surface dynamics play 
an important law in the behaviors of the sinkhole microclimate system, thus the buildup 
and breakup of the cold-air pool. 
 
Key-words: closed basins, cold air, cold-air pool, microclimate, mountain plateau, 
radiation, sinkhole, temperature inversion, weather dynamics 
 
 

1. Introduction 

In limestone plateau environments, the process of dissolution creates various karst 
formations, such as sinkholes without outflow (Hevesi, 2002). As a result of their 
concave geometry, the colder, denser air masses converge towards the deepest 
points (the bottom of the sinkholes), where they are layered inversely. Sinkholes 
are characterized by a specific microclimate that is colder than their environment, 
if the conditions for the development of a cold-air pool are given. The operation 
of microclimate systems in sinkholes are influenced by the topographic factors, 
surface/land coverage, and atmospheric conditions. The karst plateau of the Bükk 
Mountains is rich in well-developed sinkholes, which are located between 650–
850 m above sea level (located at lower elevation than most of the sinkholes 
examined in the international literature). With a normal temperature gradient, this 
altitude generates a cool mountain climate in the Carpathians that is considered 
cool in the low-average-altitude Carpathian Basin, although it is warmer than the 
climate of the broader Carpathian region.  

However, due to their special microclimate, the sinkholes of the plateau can 
be characterized by a significant negative temperature anomaly at a regional level. 
The largest sinkhole on the Bükk Plateau (Hungary) is the Mohos sinkhole 
(furthermore: MS), where the Institute of Geography and Geoinformatics of the 
University of Miskolc began measurements in July 2022. The aim of the research 
is to quantify the climate trends of the sinkhole’s microclimate system during 
long-term data collection and to provide information through case examples on 
the effects of various atmospheric events, surface coverage, and microtopographic 
factors on the temperature inversion inside the Mohos sinkhole. The article 
summarizes the results of the measurement of the spring, 2023. The analysis of 
the case examples takes into account the current weather conditions, whereas the 
measured data provide a complex representation of the processes occurring in the 
bottom of the sinkhole that affect the different air layers and their temperature.  

The topographic conditions and different weather events play a decisive role 
in the formation, development, and breakup of the near-surface inversion that 
occurs in sinkholes. The meteorological and topographic conditions affect 
temperature inversion, and the microclimate generated by sinkholes shapes the 
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spatial and temporal development of the temperature inversion and influences the 
quality of the inversion buildup (Whiteman and McKee, 1982; Dorninger et al., 
2011; Dobos and Dobos, 2023). 

In the past, for more than 30 years, many measurements have been made 
worldwide, with the aim of gathering information about the daily evolution of the 
cold-air pool (Aigner, 1952; Sauberer and Dirmhirn, 1954; Geiger, 1965; 
Whiteman, 1990 and Eisenbach et al., 2003). 

Findings concerning the strengthening and inhibiting factors, buildup and 
breakup periods, and the main characteristics of temperature inversion were 
elaborated as well. Usually, valleys or basins are the areas where temperature 
inversions are common. However, there was a methodological problem in the case 
of the examination of the microclimate in terms of the development of the daily 
wind pattern in primary form assets, such as larger basins and valleys. The 
downslope wind can affect the inverse air stratification before the local changes 
in the inflow and outflow conditions, thus influencing its natural evolution 
(Pospichal et al., 2003; Steinacker et al., 2007; Salavec, 2012). To have a better 
understanding, attention was directed towards the local, concave karst formations 
without outflow, that slope towards one point from all directions, namely the 
sinkholes (Steinacker et al., 2007). 

The sinkholes also known as dolines, are well separated from the flow 
systems of their environments, so a specific microclimate can develop in them. 
The most characteristic feature of the typical microclimate of the sinkholes is the 
tendency for temperature inversion, which results in unambiguously low daily 
minimum temperature (hereafter Tmin) values compared to their surroundings 
(Clements et al., 2003; Steinacker et al., 2007). 

The microclimate of the sinkholes, the interpretation of the measured 
temperature curves at different heights above the surface, and the direct and 
indirect factors affecting them have been partially understood through several 
periodic and permanent experiments and long-term studies. In fact, the absolute 
Tmin value in Central Europe was recorded at the limestone plateaus of the 
Eastern Alps, specifically in the Grünloch sinkhole, where a temperature of  
-52.6 ℃ was measured in 1932 (Aigner, 1952; Sauberer and Dirmhirn, 1954; 
Eisenbach et al., 2003, Pospichal et al., 2003). Another prominent example is the 
‘Peter Sinks’ sinkhole in Utah in North America, which, due to its special location 
and dimensions, is studied extensively by meteorologists’ community (Clements 
et al., 2003; Steinacker et al., 2007; Utah Climate Center).  

Within the climate system of karst mountains, there are microclimate 
systems, which formed due to the orographic condition and are capable of 
modifying the effects of solar radiation (shortwave), emission (longwave), and 
flow conditions (Whiteman et al. 2004). The Bükk Plateau sinkholes are typically 
sinkholes created by dissolution that, thanks to their specific topography, are able 
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to create unique, separate, tertiary (Wagner, 1964) microclimate locations by 
sinking into the surface of the karst plateau or into the dry valleys (Keveiné 
Bárány, 2011).  

In Hungary, research on the microclimate of the Bükk Plateau’s sinkholes 
began during the Austro-Hungarian Monarchy, with the aim of instrument 
calibration (Dobos, 2023). Until 2009, only periodic measurements were carried 
out on the plateau (Bacsó and Zólyomi, 1934; Wagner, 1954; Keveiné Bárány, 
2011). Since 2009, a group of amateur meteorologists (by the lead of Róbert 
Kerékgyártó) have been operating a permanent monitoring network in some 
sinkholes (e.g., Vörösmeteor sinkhole) and in control points. The meteorological 
station of the University of Miskolc located in the Mohos sinkhole is the newest 
member of the Bükk Plateau monitoring system; it gathers data at a gap-filling 
location (Dobos et al., 2024). 

The factor which influences most the developing of cold-air pools are the 
external meteorological affects (wind and cloud), which can erode the partly built-
up temperature inversion (Dorninger et al., 2011). Furthermore, the microclimate 
system of the sinkholes are also influenced by surface coverage, which determines 
the sky-view factor as well (Whiteman et al., 2004; Zhang, 2005; Mackiewicz, 
2012). The less forested, open landscape has higher cumulated sky-view factor, 
with generally higher surface albedo, compared to the forested ones (Bacsó and 
Zólyomi, 1934; Lehmann, 1970). Therefore, the vegetation coverage within the 
system and its direct surroundings is considered the principal factor of the 
microclimate system. Inside the sinkhole, vegetation adjusts to the decrease in 
average temperature and to the aspect. The inversed layering of the vegetation is 
typical. Starting from the bottom of the sinkhole, where cold-tolerant 
communities are present, within small area a sharp change can be observed, and 
the vegetation gradually transforms into the regular communities which can be 
found at the given area, thus moving upwards the inversed vegetation moves 
towards normalization (Horvat, 1952; Egli, 1991; Özkan et al., 2010; Bátori et 
al., 2014a,b).  

Snow covering changes the albedo, meaning that its effect on the sinkholes 
microclimate system is significant. Seasonal snow coverage results in noteworthy 
difference in the inversions temperature curve and dynamics that develops under 
similar atmospheric conditions. In addition, snow coverage highly affects the 
temperature of near-surface soil that is most exposed to atmospheric conditions. 
The extent of correlation between air and soil temperature decreases with the 
increase in snow thickness (Goodrich, 1982; Thorn et al., 1999; Beltrami, 2001; 
Sokratov and Barry, 2001; Decker et al., 2003; Dobos, 2024). 
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2. Materials and methods 

2.1. Pilot area description 

The investigated area includes the southern third part of Zsidó meadow (Bükk 
Plateau), the Mohos sinkhole and the contributing area to its microclimatic scope. 
The MS is the largest sinkhole, of the plateau having an area of 51.097 m². It is 
located in the Bükk Mountains, which are part of the of North Hungarian 
Mountains range and can be characterized as the southernmost member of the 
Northwestern Carpathians (Kocsis, 2018). The study area is located in the 
southwestern part of the platean – located at the southern edge of the northern part 
of the Bükk. Its elevation exceeds 900 m elevation (Fig. 1).   

2.2. Data collection methodology 

The data measured according to the meteorological standards are intended to 
ensure the global comparability and interpretability. An automatic meteorological 
station (iMETOS 3.3 with its default sensor set) was installed at the deepest point 
of the Mohos sinkhole. The station records the measured meteorological 
parameters at 2 m above the surface and the soil temperature (hereafter T(s)) at  
-5 cm. The logging interval is 10 minutes, during which time the instrument 
continuously collects measurements, so the average, minimum, and maximum 
values of the 10-minute interval are transmitted to the receiving side. The 
parameters measured and calculated by the station are the following (based on 
product portfolio of iMETOS): air temperature (℃, precision: ±0.8 °C), dew point 
(℃, ±0.3 °C), solar radiation (J/m², calibration against Kipp & Zonen CMP3 
under daylight, abs. error max. 5%, typically 3%), vapor pressure deficit ((VPD) 
kPa, calculated), relative humidity (%; precision 0–80%: +/-2%; precision 80–
100%: ±3%), precipitation (mm, resolution: 0.2 mm), wind speed (km/h, 
threshold: 1.1 m/s), daily evapotranspiration ((ETO) mm, calculated), and soil 
temperature (℃, ±0.1 °C), complemented with data related to the status of the 
station. The station transmits the measured data via a mobile network to the 
FieldClimate website. 

The meteorological station iMETOS 3.3 has been placed in the following 
position in the bottom of the Mohos sinkhole: longitude (WGS1984): 20.463171, 
latitude (WGS1984): 48.065424, altitude (height of data recording): 825,5 m a.s.l. 

The control measuring points (temperature data loggers, installed with a 
radiation shield in 2 m above the surface) are placed in the following altitude: K1 
control point: 888 m, K2 control point: 855 m (see in Section 3.3). Control 
measurements are taking place in the Mohos sinkhole with the reason to determine 
the proportion of the air temperature (T) anomaly caused by thermal inversion.  

Aside from the permanent monitoring location at the bottom of the MS (at 
the altitude of 825.5 m, centrum point of cold-air pool developing), there are two 
control points to provide reference data. Point K2 (855 m) is temporary, it is 
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located in the eastern outline of the MS (characterized by significant potential of 
temperature inversion by the model Cold Air Flow (Schwab, 2000)). Point K1 
(888 m, without potential of temperature inversion by the model Cold Air Flow) 
is located on the northern side of the Bükk Plateau, at a mountain saddle 
formation, at Bánkút (Fig.1). The elevation difference between points MS and K2 
is approximately equal to the difference between points K1 and K2. 

In the case of the sinkhole’s microclimate, it is also important to know the 
temperature of the air layers near the surface, so a temperature data logger was 
installed at 40 cm above the surface onto the meteorological station at the bottom 
of the sinkhole. The Voltcraft DL-240k data logger is calibrated at the factory; its 
measurement resolution is ±0.1 ℃ with ±1 ℃ accuracy. In order to record 
possible short-term events, the sensor operated with a 5-minute data recording 
interval. Such events can take place in the near-surface air flow system of the 
sinkhole, which are not always detectable at 2 m. The temperature data were 
recorded and processed on a ℃-based scale. 

The necessary data for building the digital surface model were collected on 
site with UAV survey. Georeferenced aerial images in the RGB+Infra range 
spectrum were taken with DJI Mavic 2 and 3 drones, which flew into the area 
specified in advance for the authorities. The records were processed with online 
software called PIX4D Cloud, from which a digital surface model (DSM), 
orthomosaics, 3D mesh, and point cloud were derived and downloaded. 

3. Results 

3.1. Delineation of the research area 

Fig. 1, shows the digital elevation model (I., DEM) of the Bükk Plateau with the 
potential areas of cold-air pool within the control points, the digital surface model 
(II., DSM) and the orthomosaic (III.) image of the sinkhole and its contributing 
area.  
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Fig. 1. I.: The location of the control points in the DEM (25 m resolution) of Bükk Plateau and 
its environment. The blue polygons with a black outline mark the potential areas of the cold air 
accumulation, calculated by SAGA GIS, tool Cold Air Flow. The Mohos sinkhole 
meteorological station is marked by MS (centrum area of cold air depositing, place of the 
meteorological station), the two control points are marked by K1 (area without significant 
inversion potential) and K2 (outline of the Mohos sinkhole). II.: The high resolution (2.7 cm) 
digital surface model (DSM) and III.: the orthomosaic of the research area. The broken red line 
marks the outline of the research area and the dashed pink line marks the outline of the Mohos 
sinkhole (ridge between the sinkholes). Text K2 in a DSM (left) marks the point of the control 
measurement (Dobos, 2023). 

3.2.  GIS analysis of the topographic environment of the Mohos sinkhole 

The double base and protruding depth of the MS are visible in the southern quarter 
of Fig. 1. Next to it, a number of smaller sinkholes can be seen in the NW and NE 
directions from the sinkhole. The darker colours of the DSM image represent the 
double base of the Mohos sinkhole. The protection of the cold-air pools is 
capacitated by the double bottom of the sinkhole. The most significant elevation 
decrease begins in the vicinity of the bottom of the sinkhole with the lowest 
radiation potential within the sinkhole. With the exception of the surrounding 
steeper slopes around the bottom of the sinkhole, we encounter surfaces with a 
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much lower slope angle whose confluence point is the bottom itself (moderate 
blue in Fig. 1). 

Thus, within the contributing area of the MS, which is most affected by the 
tertiary microclimate (Wagner, 1964; Keveiné Bárány, 2011), the less steep, more 
open-to-the-sky surfaces represent an area with good potential radiation 
(longwave emission) and high energy loss. The cold air, generated near the 
surface moves to the direction of the more protected sink bottom and accumulates 
in an inversely layered manner in the relatively steep twin base, which flattens out 
again at the bottom (Fig. 2). 

Accordingly, the sinkhole has a sufficiently high, summarized ‘sky-view 
factor’ (index-number referring to the surface exposure to the sky), yet it is able 
to provide a more protected space for the buildup of the cold-air pool (Whiteman 
et al., 2004). Due to the geometry of the MS and its surroundings, the 
microclimate resulting from emitted heat loss provides a favorable environment 
for the development of relatively low temperature values compared to the 
surrounding area. The orthomosaic shows that the vegetation also outlines the 
contours of the dolinas. The vegetation zone inversion, which is typical of larger 
sinkholes (Pospichal et al., 2003), can also be observed in the Mohos sinkhole 
(Figs. 1 and 2). 

 
 
 
 
 

 

Fig. 2. The elevation (surface) profile (in meter) of the bottom line (from N to SE) of Mohos 
sinkhole and the environments flow system (marked by a red line across the DSM). The 
elevation profile was calculated from the DSM’s surface, thus it also shows the vegetation on 
the upper part of the sinkhole’s slope (Dobos, 2023). 



287 

3.3. Control measurements 

For comparison, 7 cases were chosen randomly from the periods when thermal 
inversion was present at the MS. During these 7 cases the average difference of 
MS and K2 point was 7.4 °C, while the average difference (calculated from the 
7 days) of MS compared to the control point K1 was 13.8 °C (Table 1). The 
differences between the MS and K1 (p=0.0016) and the MS and K2 (p=0.04) were 
statistically significant. The recorded control values unambiguously confirm the 
negative temperature anomaly of the Mohos sinkhole in the Zsidó meadow. 
Moreover, they clearly represent the milder temperature nature compared to the 
MS, and the definitely present cold temperature anomaly of the Zsidó meadow, 
compared to the areas not characterized by significant temperature inversion 
tendencies, but located at a similar elevation (K1). 
 
 
 

Table 1. Minimum temperatures (daily Tmin) of the Mohos sinkhole (MS) and control 
stations and their differences on randomly chosen representative days. The data collection 
happened in 2 meter above the surface by the same methodology  

  
Altitude  825.5 m 855 m  888 m  

   

Date of measurements MS 
daily 
Tmin 
(°C) 

K2 
daily 
Tmin 
(°C) 

K1  
daily 
Tmin 
(°C) 

MS dif. 
compared 

to K2 
(°C) 

MS dif. 
compared 

to K1 
(°C) 

Snow cover 
(cm) 

January 9, 2024 -22.31 -15.7 -9.4 -6.61 -12.91 2–4  

January 10, 2024 -22.95 -16.3 -8.6 -6.65 -14.35 2–4  

January 11, 2024 -21.14 -13.8 -6.1 -7.34 -15.04 2–4  

April 13, 2024 -6.26 0.7 9.1 -6.96 -15.36 no  
April 21, 2024 -13.7 -6.1 -0.3 -7.6 -13.4 no  
April 26, 2024 -12.39 -4.9 -0.7 -7.49 -11.69 no  
May 10, 2024 -7.64 1.4 6.3 -9.04 -13.94 no  

      average difference: (°C) -7.38 -13.81   
 
 
 
 

3.4. Meteorological summary 

Information on the regional weather trends of the investigated period is important to 
interpret the resulted values measured in the MS. The spring of 2023 included 
alternating, significantly warmer and colder periods compared to the average, and 
the average temperature rarely adjusted to the long-term average. Overall, the entire 
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investigated period can be characterised as having temperatures close to average or 
slightly below the average. Based on the measurement network of the Hungarian 
Meteorological Service (HungaroMet, 2023a) March brought above-average 
temperatures (<+1.5 ℃) and precipitation in the northeastern region of Hungary. The 
lowest temperature was -9.2 ℃ (HungaroMet, 2023a, Zabar, at 4th and 17th of 
March). April brought below-average (<-2 ℃) temperatures and above-average 
precipitation, while May had a negative temperature anomaly of -1 ℃ and slightly 
below-average precipitation. The T-min. recorded by the national official monitoring 
system in April was -7.8 ℃ (HungaroMet, 2023b, Kékestető, at 5th of April), while 
in May, it was -1.9 ℃ (Hungaromet, 2023a, Zabar, at 9th of May). 

3.5.  Data processing of the Mohos sinkhole meteorological station for the 
period March 1 – May 31, 2023 

Data from the entire examined period are illustrated in Fig. 3. Periods that are 
colder than the national average do not always cause below-average, ‘egregiously’ 
cold temperature values in sinkholes. The development of the cold-air pools and 
Tmin values that are considered low in the given environment, are the necessary 
conditions for heat radiation to be present. These conditions are clear sky and 
wind lull. Periods characterized by nationally and regionally measured negative 
temperature anomalies are often linked to highly dynamic meteorological events, 
such as weather fronts. In this case, in addition to the homogenizing wind that 
prevents inversion, cloudy and rainy weather is also typical. A good example of 
this is the period of April 1–11, when there was a stable negative temperature 
anomaly nationally and regionally for a long time, but despite the low dew point, 
the atmospheric dynamics did not allow the sinkhole’s microclimate system to 
prevail. So, the cold-air pool could only develop for a short time, causing a 
relatively small daily temperature fluctuation. The period May 15–20 is an 
example for a similar event (Fig. 3). 

Apart from the sinkhole’s microclimate and its environment’s low 
temperature values, the existence of the radiation conditions is more important 
than the anomaly towards which the regional weather is moving in the long-term 
average. As an example, the period of March 1–5 can be mentioned. This period 
had minimum values below -10 ℃ each day, and the daily Tmin value dropped 
below -15 ℃ four times, which resulted in slightly above-average national and 
regional anomalies. On March 5, a meteorological front system arrived 
(HungaroMet, 2023a) and by March 8, the high atmospheric dynamics made the 
inversion buildup impossible, and the regular daily temperature fluctuation also 
nearly ceased (Fig. 4). The period of March 1–8 (Fig. 4) spectacularly illustrates 
the difference caused by the effect of the microclimate system of the MS between 
a period characterized by optimal nocturnal radiation and low atmospheric 
dynamics (March 1–5), and a non-optimal period characterised by strong 
atmospheric dynamics (March 5–8) (Fig. 4). From March 1 to 5 there are 5 cases 
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of inversion buildups, representing different types. From March 5 to 8 there is a 
period characterized by a high level of atmospheric dynamics, without inversion 
build up in the investigated sinkhole. 

 
 

 
Fig. 3.Meteorological parameters measured in 10-minute resolution at the MS station, 2 m 
above the surface, in the period of marcj 1 – May 31,2023: air temperature (℃), dew point (℃), 
solar radiation (J/m²), relative humidity (%), precipitation ( mm) wind gust (km/h), daily ETO 
(mm/day), and soil temperature (℃). 
 
 

 
Fig. 4. Meteorological parameters measured in the bottom of the MS, 2 m above the surface, in 
the period of March 1–8, 2023: air temperature (℃), dew point (℃), solar radiation (J/m²), 
VPD (kPa), wind gust (km/h), and daily ETO (mm) in hourly resolution.  
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The period of March 16–24 brought a strong positive temperature anomaly. 
A negative temperature anomaly was typical for two days, then a strong positive 
temperature anomaly was observed starting on March 18. However, the 
temperature inversion was able to develop in the examined area, which meant 
locally low minimum temperature values, in some cases with values below -10 ℃. 
The period ended on March 24 due to a cold front branch of an incoming weather 
front system. Following the front, a colder arctic air mass flooded the Carpathian 
Basin and remained until the March 31 (HungaroMet, 2023a). Minimum values 
below -10 ℃ returned to MS. On March 29, the absolute minimum temperature 
value (-19 ℃) of the spring of 2023 was recorded (Fig. 3). 

To summarize, the most favourable periods for the microclimate to prevail 
in the MS, which, in local conditions, bring low minimum values and significant 
daily temperature fluctuations, were March 1–5, March 15t–24, March 27–30, 
April 9–14, April 20–29, May 1–15, May 19t–23, and May28–31. The value of 
the relative humidity was determined by the physical characteristics of regional 
air masses in more dynamic periods from an atmospheric point of view, while in 
the case of the sinkhole microclimate, it was affected by daily local parameters. 
In the spring of 2023, 262.4 mm precipitation fell in the MS, distributed evenly. 
The amount of daily evapotranspiration varied based on the combined effects of 
the solar radiation, relative humidity, and wind. The lowest values were present 
at the beginning of the period, in calm weather, with lower solar radiation values. 
The highest values were measured at the end of the period, with higher solar 
radiation values and wind. The temperature of the upper layer (-5 cm) of the soil 
in the bottom of the sinkhole was adapted to the air temperature, including 
irradiation (shortwave) and radiation (longwave) conditions. At the beginning of 
the period, with lower solar radiation values, the temperature fluctuation of the 
typically frozen near-surface soil layer was significantly lower than at the end of 
the period, despite the similar daily air temperature fluctuations. The reason of 
this is the increase in the amount and length of daily solar radiation, the own 
shadow of the sinkhole, and the fact that the heat gain of the thawed soil cover is 
not hindered by the ice present in the pores of the soil grains. The ground was not 
covered with snow during the investigated period (Fig. 3). 

3.6. Typical values of the examined months 

The monthly average temperature (Table 2) in March 2023, calculated from  
10-minute average temperatures, according to the values recorded at 2 m in the 
MS, was 0.64 ℃, while it was 3.5 ℃ in April, and 9.7 ℃ in May. The growth of 
the average temperature was not linear. The highest daily temperature was 16.8 ℃ 
in March, 17.8 ℃ in April, and 23.8 ℃ in May. The lowest daily temperature was 
-19.0 ℃ in March, -13.3 ℃ in April and -10.7 ℃ in May. This means that the 
Tmin value of all three spring months was below -10 ℃. The value of the lowest 
dew point was -21 ℃, implying that there was only a 2 ℃ difference between the 
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Tmin and the dew point. The relative humidity varied between 99.3% and 11.2%, 
the average value was 75.4–77.8%; almost the same interval characterized the 
examined months. The average solar radiation value was 361,720 J/m² in March, 
430,911 J/m² in April and 684,024 J/m² in May. The increase in the measured 
value is not linear, because although the length of the days in the spring period 
theoretically increases on an equal scale, the absolute incoming solar radiation is 
greatly modified by the cloud cover and topographical conditions. In the case of 
the MS, the mountain ridge around has an elevated importance in the reduction of 
the solar radiation during the winter half year. The highest average daily wind 
speed was 8.6 km/h, 10.1 km/h, and 10.8 km/h in March, April and May, while 
the highest absolute wind speed was 29.9 km/h, 30.6 km/h, and 30.2 km/h in 
March, April, and May. The minimum soil temperature T(s) was -3.6 ℃ in March, 
-0.4 ℃ in April and 2.2 ℃ in May. The average T(s) in March was exactly 0 ℃; 
it was 2.5 ℃ in April and 9.8 ℃ in May. The average value of the near-surface 
T(s) for all three months is within 1 ℃ of the air temperature. This leads to the 
conclusion that the T(s), although it fluctuates in a smaller value range, follows 
the daily path of the air temperature and changes with its approximate average 
(Table 2). 

 

 

Table 2. Summary table of measured parameters in the Mohos sinkhole  
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Date avg max min avg min avg avg max min sum max avg max min 

March 
2023  0.6 16.8 -19.0 -3.9 -21.0 361720 75.4 99.2 11.8 76.6 29.9 0.0 3.3 -3.6 

April 
2023  3.5 18.0 -13.3 -0.5 -14.7 430911 78.3 99.3 27.1 98.2 30.6 2.5 10.7 -0.4 

May 
2023  9.7 23.8 -10.7 5.0 -14.5 684024 77.1 99.3 11.2 88.0 30.2 9.8 19.1 2.2 

 

3.7. Comparison of the coldest days by each month 

Fig. 5 shows the Tmin curves of March, April, and May in 2023, measured at 2 m. 
The process of the buildup of the temperature inversion can be characterized as 
late in the case of March and slightly disturbed in April and May. The daily 
temperature fluctuation on the coldest day of each month was 23.7 °C in March, 
23.9 °C in April, and 28.5 °C in May. The cooling phase of the curves, depicted 
between 18:00 p.m. and 09:00 a.m. (CET) is steepest in the case of March, while 
on the coldest days of April and May, the temperature cooled from the initial 
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values of 6.1 °C and 11 °C to -13.3 °C and -10.7 °C. Their curves intersected 
around 21:00 and peaked at 5:10 and 4:10, with a difference of 2.6 °C. They exit 
the chart at 09:00, at 6.5 °C and 11.7 °C.  

The running dynamics of the curve of the lowest temperature in March differ 
significantly from the minimum temperature curves of the following months. At 
01:20, the temperature, which had been almost stagnant until then, began to drop 
intensively. Then, in 40 minutes, it cooled down to 5.9 °C. It ‘peaked’ -19 °C, at 
06:20. The March temperature curve left the chart area at -3.1 °C at 09:00. The 
time of occurrence and the interval of the warming phase of the three curves 
illustrate the shortening of the nights in the spring period and the duration of the 
potential longwave radiation periods. The monthly Tmin shifted by roughly 
1 hour during the examined period. 

 
 
 

 
Fig. 5. Tmin curves of the coldest days of each month, recorded in the bottom of the MS, 2 m 
above the surface in the same time scale from 18:00 p.m. to 8:30 a.m. (CET). 
 
 

 
Table 3 contains the daily data for the coldest days of each month in the 

spring period of 2023. Out of the three examined days, only in the case of March 
did the daily average temperature fall below 0 ℃, and in all other cases, the daily 
Tmax value stayed above freezing. In no case did the temperature of the air layer 
located at 2 m reach the dew point. The amount of daily absolute solar radiation 
tends to increase from 492,750 J/m² to 1,010,200 J/m² as the summer solstice 
approaches. The minimum value of the daily vapor pressure deficit (VPD) (in 
kPa) is always 0 kPa during the most significant part of the nocturnal longwave 
radiation period, and the maximum value varies between 0.2 kPa and 0.5 kPa 
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towards the end of the period. The daily minimum value of the relative humidity 
was the most favorable for strong longwave emission in March (18%). This 
feature is also reflected in the dew point values, as the difference between Tmin 
and the dew point in March was 2 ℃, while other minimum values characterized 
by a higher relative humidity remained below it. The maximum wind speed of 
19.8 km/h recorded on the Tmin day in April was the highest of the three analyzed 
days. The T(s) only dropped below 0 ℃ on the Tmin day in March. The station 
did not register precipitation during neither of these days. 

 
 

 
 
 

Table 3. Summary table of the coldest days of 2023 of each month by the relevant measured 
parameters recorded in the bottom of the MS, 2 m above the surface 
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Date avg max min avg min avg avg min avg max min sum max avg max min 

March 29, 
2023 -6.2 4.7 -19.0 -14.2 -21.0 492750 0.2 0.0 61.4 94.9 18.8 0.0 14.0 0.0 1.1 -0.7 

April 28, 
2023 1.9 13.2 -13.3 -3.8 -14.7 853825 0.3 0.0 69.9 98.2 37.0 0.0 19.8 3.9 8.1 0.3 

May 11, 
2023 5.2 17.8 -10.7 -2.2 -11.7 1010200 0.5 0.0 65.5 96.7 28.4 0.0 16.2 7.1 12.4 2.2 

 
 
 

3.8. Comparison of the five coldest days 

The T-curves show the temperature change of the inversion that can be 
determined at a height of 2 m above the surface. In the analyzed interval from 
16:00 p.m. (through the night) to 8:30 a.m., in all cases, the T-curve of the five 
coldest days of spring 2023  show the diverse development of the cold-air pool in 
the MS (Fig. 6). Among, the coldest days, three recorded cases fell during the 
intervals of March 3–5 and the 17 and 29. 

The development curve of March 3 (sunrise at 06:14, sunset at 17:25) was 
undisturbed, apart from one short period disturbed by wind. Good radiation 
conditions with clear, wind lull weather (Dorninger et al., 2011; Dobos, 2023; 
Dobos and Dobos, 2023) was prevailed. As a result, the daily Tmin value was  
-16.2 ℃. Within the comparison interval, the starting temperature was 0.6 ℃, the 
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minimum value was -16.2 ℃, and the exit value was -0.5 ℃, so the absolute 
temperature fluctuation of the parsed interval resulting in undisturbed 
development was 16.8 ℃.  

The curve of March 4 (sunrise at 06:13, sunset at 17:27) shows a slight but 
constant disturbance; the breakup of the inversion is much earlier than on March 3. 
Within the comparison interval, the starting temperature was 5.4 ℃, the minimum 
value was -15.2 ℃, and the exit value was 3.8 ℃, so the absolute temperature 
fluctuation of the interval resulting in the development of the inversion was 
20.6 ℃. This temperature inversion occurred despite the slight disruption of the 
mixing event affecting its development, it is even higher than the previous 
interval's fluctuation value.  

The curve of March 5 (sunrise at 06:11, sunset at 17:28) indicates the later 
onset of the inversion buildup within the potential longwave emission period (late 
buildup) (Dorninger et al., 2011; Dobos, 2023; Dobos and Dobos, 2023). The 
reason of that is that the level of significant disturbance decreased long after the 
beginning of the potential longwave radiation period. The breakup of the curve 
occurred the earliest on the March 5 of the five coldest days examined. Within the 
comparison interval, the starting temperature was 4.6 ℃, Tmin was -15.5 ℃, and 
the exit value was -1.4 ℃, so the absolute thermal fluctuation of the interval 
resulting in the buildup was 20.1 ℃. The T-curve indicates a significant and 
permanent disturbance that affects the development of the temperature inversion, 
but does not eliminate its existence, because the resistivity of cold-air pool against 
the external affect is co-evolved with the level of the development (Petkovšek, 
1992; Rakovec et al., 2002). 

The temperature curve showing the formation of Tmin on March 17  (sunrise 
at 05:46, sunset at 17:46) is a typical example of mixing events. Mixing events 
are invoked by external influences (wind, clouds) that have an intense effect on 
the potential period that enables the formation of the inversion, and when they 
cease, the cold-air pool stabilizes again (De Wekker et al., 2006; Dorninger et al., 
2011; Dobos, 2023; Dobos and Dobos, 2023).  

The initial value of the temperature curve at 16:00 was 1.2 ℃; it cooled down 
to -11 ℃ by 20:30. Then, the temperature increased to -3.5 ℃ by 22:30, and until 
1:00, it fluctuated in a narrow range depending on the strength of the wind 
disturbance. After the abatement and termination of the mixing event, the daily 
Tmin value stood at -15.5 ℃ at 5:40, after the wind was moderated again. 
Following that, the temperature started to rise temperately and then steeply, the 
mixing event intensified again and then, due to the insolation, it left the area of 
the diagram at 1.9 ℃.  

The coldest day of the spring period, in addition to the case of the late buildup 
of the cold-air pool, occurred on March 29 (sunrise at 06:22, sunset at 19:03), with 
a daily Tmin of -19 ℃. The complex case study of the coldest day of the measured 
period is described in the following chapter. 
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Fig. 6. Air temperature curves of the five coldest days of the period of the spring of 2023, 
recorded in the bottom of the MS, 2 m above the surface, in a same time scale from 16:00 p.m. 
to 8:30 a.m. (CET). 
 
 
 

4. Case study of the coldest event of the spring of 2023 

4.1. Covariance analysis of the measured meteorological parameters in case of 
late inversion buildup  

The recorded data of the absolute Tmin day are listed in Table 4. The average 
temperature on March 29 was -6.2 ℃; the temperature extremes were 4.7 ℃ and 
-19 ℃. The average temperature, measured at 40 cm above the surface was  
-8.5 ℃; the temperature extremes were 3.6 ℃ and -20.8 ℃ (at 40 cm only the 
temperature was recorded).  
 
 
 

Table 4. Summary table of the coldest day by all relevant measured parameters  
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Date avg max min avg min avg avg min avg max min sum max avg max min 

March 
29, 2023 -6.2 4.7 -19.0 -14.2 -21.0 492750 0.2 0.0 61.4 94.9 18.8 0.0 14.0 0.0 1.1 -0.7 
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Fig. 7 and Tables 4–6 present the processed database. The examination 
period presented in the tables covers the period between March 28, 2023 18:00 
a.m. and March 29, 2023 09:00 p.m. A variance analysis was performed 
(Microsoft Office Professional Plus 2016, Anova: Single Factor function) to 
characterize the correlations and statistical covariances of the measured 
parameters. The results of the ANOVA are summarized in Table 5, which 
quantitatively illustrate the main characteristics of the dataset for the 10-minute 
averages of the measured values. There were 90 measurements observed for the 
period. The values of the variation analysis between groups according to the 
factors are the following: sum of squares (SS) = 478,427.54, degrees of freedom 
(df) = 5, mean squares = 95,685.51 and F statistic = 2361.1. The P-value is 0 and 
the F criterion is 2.23. The values within the groups, according to the factors, are 
SS = 21,640.77, df = 534 and MS = 40.52. Overall, SS = 539 and df = 539. The 
source of variation shows a significant variance (ANOVA) based on the factor F 
and P-value where P (0) < 0.05 and F (2361.101) > F crit (2.230896). 
 
 
 
 
 
 

Table 5. Table of ANOVA analysis of the database described in Section 4, based on the 
investigated microclimate event (late buildup of cold-air pool) in the day of the coldest 
Tmin.  

ANOVA Summary       
Groups Count Sum Average Variance   

Air temperature (℃) 90 -829.16 -9.21289 36.92435   
Dew point (℃) 90 -1183.2 -13.1467 19.8996   
VPD (kPa) 90 8.45 0.093889 0.005772   
Relative humidity (%) 90 6716.72 74.63022 170.2659   
Wind speed max. (km/h) 90 389.4 4.326667 15.99951   
Soil temperature (℃) 90 -25.4 -0.28222 0.05968   
ANOVA       

Source of Variation SS df MS F P-value F crit 
Between groups 478427.54 5 95685.51 2361.101 0 2.230896 
Within groups 21640.777 534 40.5258    
       
Total 500068.31 539     
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4.2. Correlation analysis of the measured variables in case of late inversion 
buildup  

The correlation analysis of the variables of the investigated microclimate event 
(Table 6, Fig. 7) concerns an example of the late buildup (Dorninger et al., 2011) 
of temperature inversion. The mutual altering of individual variables is more 
significant within a more dynamic, multifactorial event. Thus, the processing of 
the microclimate case resulting in the coldest temperature of the spring of 2023 
within the selected time scale (the same as the previous) is suitable for the 
correlation analysis. The solar radiation value is not present in Table 6, because 
of the insolation’s non-representative proportion in the examined period, 
especially in case of late buildup of the cold-air-pool. In the case of correlation 
analysis, the analysis of an entire period of solar radiation (shortwave) and 
emission (longwave radiation) would be ideal to use. However, it illustrates the 
late buildup type of the analyzed temperature inversion case, by presenting the 
difference between the end of the insolation and the start of the inversion build up 
(dropping of the T-curves). 
 
 
 
 

Table 6. Correlation analysis of measured variables used in the case described in Section 
4.2, based on the investigated microclimate event (late buildup of cold-air pool) in the day 
of the coldest Tmin.  

Correlation  
Air 

Temperature 
(℃) 

Dew point 
(℃) 

VPD 
(kPa) 

Relative 
humidity 

(%) 

Wind speed 
max (km/h) 

Soil 
temperature 

(℃) 

Air 
Temperature 
(℃) 

1           

Dew point 
(℃) 0.92330214 1         

VPD (kPa) 0.852487159 0.589986648 1       

Relative 
humidity (%) -0.796427533 -0.50718294 -0.9898845 1     

Wind speed 
max (km/h) 0.829947887 0.741720119 0.76561716 -0.717710297 1   

Soil temperature 
(℃) 0.952531281 0.840751343 0.86311717 -0.813203582 0.776117482 1 
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According to Table 6, the variable that correlates the most with air 
temperature is the soil temperature (r = 0.95), followed by the dew point (r = 0.92), 
VPD (r = 0.85), wind speed (r = 0.82), and the relative humidity (r = -7.2. The 
correlation with the air temperature is strong for all variables (r ≥ 0.7). The dew 
point correlates strongest with the air temperature (r = 0.92). It is followed by the 
soil temperature (r = 0.84) and wind speed (r = 0.74), which still has a strong 
correlation. The correlation of the VPD (r = 0.58) and relative humidity (r = -0.51) 
with the dew point are moderate. The correlation of the VPD with relative 
humidity is the strongest (r = 0.99), followed by the soil temperature (r = 0.86), air 
temperature (r = 0.85), and wind speed (r = 0.76). The VPD’s covariation with the 
dew point is medium (r = 0.59). Excluding the dew point (r = -0.51), the degree of 
covariation of the relative humidity is strong for all variables, and its range is 
negative. The correlation of the relative humidity with the VPD is the strongest 
(r = 0.99), since the relative humidity and the momentary difference in the amount 
of moisture needed to saturate the given air mass have an effect on each other. 
The VPD is followed by the soil (r = -0.81) and air (r = 0.8) temperatures and wind 
speed (r = 0.72), which have a strong correlation. The degree of mutual alternation 
is the smallest among the variables that are strongly correlated with the relative 
humidity. The correlation of the wind speed with all examined variables is strong 
without exception. However, a correlation value above 0.8 is only obtained for 
the air temperature. The covariance values of the other variables are concentrated 
within a narrow range from r = 0.71 to 0.77. The correlation of soil temperature 
with air temperature is the strongest (r = 0.95), however, it should be mentioned 
that the degree of covariation would be low in the case of snow cover. The degree 
of covariation of the soil temperature with additional variables is also high in all 
cases. Overall, it can be said that the studied variables correlate the best with the 
air temperature (without snow covering, but in case of 2–4 cm snow, r = 0.57 and 
in case of 35 cm snow r = 0.29 in -5 cm (Dobos, 2024)), but the covariation among 
almost all variables is strong. The exceptions are the correlations of the dew point 
with the VPD (r = 0.58) and with the relative humidity (r = 0.51), which only 
resulted medium range values. In the period examined in this subsection, there are 
no weak relationships between the variables. The late buildup type of cold-air 
pool (temperature inversion) is characterized by the fact that the disturbing events 
(wind, clouds) that prevent the development disappear late in the potential 
nocturnal emission period. Thus, causing a delay but creating the conditions for 
the development of the cold-air pool, which are a clear night sky and calm winds. 
On the night from 28th to 29th of March, 2023, a typical case of late buildup took 
place in the Mohos sinkhole (Fig. 7).  
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Fig. 7. Typical case of the late buildup of the temperature inversion in the night of March 28–
29, 2023 (CEST), in 10 minutes resolution (except the daily evapotranspiration). The presented 
parameters are the next: air temperatures at 200 cm and 40 cm in ℃; dew point at 200 cm in 
℃; daily evapotranspiration (ETO) at 200 cm, in mm/day (sum.); solar radiation at 200 cm in 
J/m², vapor pressure deficit (VPD) at 200 cm in kPa; soil temperature at -5 cm under the surface, 
in ℃; relative humidity at 200 cm in %; precipitation at 200 cm in mm (sum) and wind speed 
at 200 cm in km/h. 
 
 
 
 
 
The first step of the graphical analysis is the comparison of the air 

temperature data measured at 200 cm and 40 cm above the surface (from the 
sinkhole’s bottom) in the examined period. The rakes of the T-curves were 
similar; however, the air layer near the surface were much more unstable and 
sensitive to external effects than the air layer at 200 cm. The entry value of the 
temperature curve measured at 40 cm at 18:00 was -5.4 ℃, while the one 
measured at 200 cm was -2.5 ℃. The measured difference was almost 3 ℃, which 
remained until the rapid temperature drop starting at 1:00; when the air 
temperature was -8 ℃ at 40 cm and -5 ℃ at 200 cm. At this point, the wind speed 
began to moderate rapidly, and the dew point and VPD also began to fall as the 
temperature decreased under conditions that became favorable for the buildup of 
the cold-air pool. The relative humidity of the rapidly cooling air moved towards 
saturation and peaked at 91.62% at 3:10. Following that, the air temperature began 
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to slowly decrease. Between 03:10 and 03:30, a 20-minute windy period broke 
the dynamics of the undisturbed microclimate system of the sinkhole, causing a 
slight warming, with a peak value of -14.4 ℃ at 200 cm at 03:20. The behavior 
of the air currents detected at 2 m explains the dynamics of the temperature curve 
at 200 cm, but there was no significant change in the dynamics of the air layer 
detected near the surface at the same time. In the near-surface temperature (40 
cm), between 02:40 and 03:00, a strong warming can be observed from -17.1 ℃ 
to -11.8 ℃, followed by a cooling up to -17.4 ℃. After that, between 03:35 and 
04:00, there was also a significant warming and then a cooling from -18.2 ℃ to -
12.5 ℃ and back to -18.1 ℃. The third obvious affect happened near the surface, 
during the warming period at 07:40, when a maximum wind gust was recorded  at 
200 cm in the morning and disturbed the near surface air layers. None of the 
variables measured at 200 cm showed a clear covariation with the change in the 
air temperature at 40 cm above the surface. From this, it can be concluded that in 
the late build-up phase, there was a case of lower disturbance in the MS, which 
stopped the temperature inversion near the surface for short periods (Dorninger 
et al., 2011; Dobos, 2023; Dobos and Dobos, 2023). The inverse air layering, 
according to the air density, was immediately restored with the reduction of the 
stratification of the near-surface air currents, after the cold-air masses close to the 
surface from the direction of the sinkhole’s slopes returned to the bottom of the 
sinkhole. Following the Tmin occurred at -20.8 ℃ at 06:20 at 40 cm, the near-
surface temperature curve leaves the diagram area at -4 ℃. The data of the 
variables recorded at 200 cm confirm the values indicated by the correlation 
matrix, implying that the instantaneous covariation of the parameters measured in 
the given air layer are strong, they respond without exception to external 
atmospheric effects. It should be emphasized that the fluctuation of the T(s) 
follows the fluctuation of the near-surface T-curve with a slight delay, especially 
in the case of outlier disturbances. After the impact of insolation at 7:40, the T 
and T(s), the dew point and the VPD rise rapidly, the relative humidity starts to 
decrease accordingly, the microclimate system of the sinkhole is less effective 
inside the sinkhole, and the turbulent air currents caused by convection are 
partially eliminated; the temperature inversion forms in the sinkhole, and the 
temperature inversion disappears or moves to the shaded side of the sinkhole. The 
temperature inversion persists until the end of the examined period (09:00). The 
presence of various turbulent airflows is a significant factor in the erosion of the 
cold-air pool. The eventual outcome of this is proportional to the stability of the 
cold-air pool and the buoyant force of the turbulent airflow and vertical wind shear 
(Petkovšek, 1992; Rakovec et al., 2002). The threshold for overturning the 
equilibrium effect is the Richardson's critical value (𝑅² = 0.25), which can erode 
the temperature inversion (Kunze et al., 1990; Glickman, 2000; Dorninger et al., 
2011). 
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5. Statistical summary of the data measured in the Mohos sinkhole in the 
spring of 2023 

The air temperature-based daily (Table 7) and monthly (Table 8) summary tables 
of the spring measurement period of the Mohos sinkhole in 2023 present the 
quantitative and statistical characteristics of the investigated period in 
meteorologically relevant categories. The average temperature, calculated on the 
basis of 10-minute averages for the analyzed period, is 4.6 ℃. There is a 16-fold 
difference between the average temperatures of the coldest and warmest months. 
The monthly Tmin was always below -10 ℃, the absolute minimum value of the 
measured period was -19 ℃ at 2 m (-20.8 ℃ at 40 cm) and Tmax was 23.8 ℃. 
The average of the daily Tmin values in all three months is in the negative range, 
and for the entire examined period it is -4.4 ℃. There is a 11-fold difference 
between the average daily Tmin values of the coldest (March) and warmest (May) 
months. The monthly average of Tmax values, which are less affected by the 
microclimate system as spring progresses, does not show such a large difference. 
The reason of this is that the main affected parameters of the sinkhole 
microclimate system are the extremely low daily Tmin values compared to their 
environment. The monthly temperature fluctuation in all cases exceeds 30 ℃; in 
the case of March, it is 35 ℃. The coldest daily average is -6.3 ℃. The average 
temperature of every day in the month of May is positive (Table 7). 
 
 
 
 

Table 7. The statistical summary of the measured air temperature values in monthly 
distribution, recorded in the bottom zone of the MS, 2 m above the surface in ℃ scale 

Mohos sinkhole (2 m)         

Investigated period March 
2023 

April 
2023 

May 
2023 

Sum.  
(all 92 days) 

10-minute average ℃ 0.6 3.6 9.7 4.6 
Tmin ℃ -19.0 -13.3 -10.7 -19.0 
Tmax ℃ 16.8 18.0 23.8 23.8 
Tmin avg.  ℃ -7.9 -4.7 -0.7 -4.4 
Tmax avg.  ℃ 8.8 10.6 18.3 12.6 
Monthly absolute temperature 
fluctuation ℃ 35.8 31.3 34.5 42.8 

Coldest daily average temperature ℃ -6.3 -3.6 3.46 -6.3 
 
 
 

During the examined 92-day period (Table 8), there were 74 frozen days  
(Tmin ≤ 0 ℃) in the MS, which means that 80.4% of the days were below freezing 
within the period. Only two days in March did not have below-freezing 
temperatures. The average daily temperature was equal or less than 0 ℃ 19 times 
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(20.7% of all days). From the summary, two days (2.2%) remained below the 
daily Tmax value of 0 ℃ (Tmax ≤ 0 ℃). The station registered 40 daily minimum 
values below -5 ℃ (Tmin ≤ -5 ℃) in March; this happened 14 times in April and 
7 times in May (43.5% of the all 92 days). The station also measured 13 daily 
minimum values below -10 ℃ (Tmin ≤ -10 ℃) in March; 3 times in April and 1 
time in May (18.5% of the all 92 days). The temperature dropped below -15 ℃ 
(Tmin ≤ -15 ℃) only in March, but this did occur on six days in March (6.5% of 
the all 92 days). The station did not measure a value of -20 ℃ or below that at 
2 m, it was only registered once, close to the surface (40 cm) (Table 8). 

 
 
Table 8. The statistical summary of the measured air temperature values, in daily resolution, 
recorded in the bottom zone of the MS, 2 m above the surface in ℃ scale 

Mohos sinkhole (2 m)           

Investigated period March 
2023 

April 
2023 

May 
2023 

Sum.  
(all 92 days) % 

Average daily temperature ≤ 0 ℃  14 5 0 19 20.7 
Tmax ≤ 0 ℃  1 1 0 2 2.2 
Tmin ≤ 0 ℃  29 27 18 74 80.4 
Tmin ≤ -5 ℃  19 14 7 40 43.5 

Tmin ≤ -10 ℃  13 3 1 17 18.5 
Tmin ≤ -15 ℃  6 0 0 6 6.5 
Tmin ≤ -20 ℃  0 0 0 0 0.0 

 

6. Conclusions 

The data show that in the first third of the measurement period, the expected 
minimum daily temperature value was close to -10 ℃; reaching or exceeding this 
value was not considered as outlier in the MS (Fig. 3). Daily Tmins below -15 ℃ 
were experienced only in March. The mentioned values occurred serially at the 
very beginning of the period and then in a spot-like manner (Fig. 4). There are 
significant increases in the daily average of the minimum temperature for the 
examined months; however, in all cases and overall, the average of the daily  
T-min values remained in the negative temperature range. The temperature 
fluctuation of the entire examined period was 42.8 ℃. The absolute Tmax was 
23.8 ℃, and Tmin was -19 ℃; the T-values were extreme in the negative direction 
compared to the national averages. The processed case examples are in agreement 
with the literature; they confirm the results and test methodology of previous 
studies (Whiteman et al., 2004; Steinacker et al., 2007; Dorninger et al., 2011). 
The examined temperature inversion presented a build-up, stood, and broke 
drown manner according to the characteristic features of the identifiable 
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development type in each case. In some cases, the partial persistence of the 
temperature inversion during the day was also recorded (Keveiné, 2011).  

 The air temperature correlates strongly with almost all measured 
parameters, showing the complex nature of cold-air pool development. The 
highest correlation rate was observed with the soil temperature having an r = 0.95. 
Although the T(s) fluctuates in a smaller value range, it follows the daily path of 
the air temperature and changes with its approximate average. The correlation 
with the dew point is r = 0.92, the VPD has r = 0.85, the wind speed has r = 0.83 
and the relative humidity has r = -0.8. There was no precipitation in the timescale 
of the case processing, thus the relationship with the other parameters, based on 
this period are unexaminable. It can be established, that in case of significant 
microclimatical events, the air temperature has the highest, while dew point and 
the relative humidity have the lowest correlation with each of the other measured 
parameters. This result, in agreement with the literature, assumes a low interaction 
between the inversion build-up and the momentary level of the relative humidity, 
as long as the air saturation does not exceed the condensation threshold. The 
reason of that is the fog formation which reduces the value of the longwave 
surface radiation (Whiteman et al., 2007; Dorninger et al., 2011).   

It is important to note, that the degree of covariation of the T(s) with the other 
measured parameters in the case study was analyzed in conditions without snow 
covering. The qualitative presence of the snow covering basically affects the 
degree of correlation of the T(s) with the air temperature (Goodrich, 1982; Thorn 
et al., 1999; Beltrami, 2001; Sokratov and Barry, 2001; Decker et al., 2003).  

By the temporary control measurements, the average anomaly levels 
(between MS and K2, and MS and K1) of the research area are in alignment of 
the results of what the Cold Air Flow model suggested (Table 1, Fig. 1). 
Moreover, based on the measurements, in case of stable inversion build-up, the 
temperature difference of the daily Tmin values between the bottom of the 
sinkhole and the K1 and K2 control points do not depend on snow coverage.  

Although the near-surface layers of the temperature inversion are exposed to 
the effect of cold air masses flowing near the surface from the sides of the 
sinkhole, which often cause momentary disturbances, the regeneration occurs 
almost immediately after the lower disturbance event. The near-surface air layers 
are more protected against the external meteorological effects from outside of the 
sinkhole (Dorninger et al., 2011). By all means the behavior of the near-surface 
air layers are the most independent regarding the microclimate system of the 
closed depressions. Further measurements are needed to have a better 
understanding on them.  

Out of the seven selected days with extremely low Tmin values, four (March 
17 and 19, April 28, and May 11) dates were below the long-term average 
temperature, two had average (March 4 and 5), and one had higher than the long-
term average temperature in the Hungary (March 3). The days of the official 
national minimum temperatures recorded by the Hungarian Meteorological 
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Service never matched with the ones when the Mohos sinkhole minimum records 
were measured. None of the sinkhole minimums were measured in the nationally 
recorded colder weather situations. It was concluded, that in case of the sinkhole 
microclimate, the regional weather anomalies have less impact on the build-up of 
cold-air pools than the local atmospheric dynamics and their characteristics and 
expressions. The presence of a topographic microclimate system in the Bükk 
Plateau's Mohos sinkhole was generally present based on the measured data from 
the spring of 2023. The data contained the lowest measured temperature value that 
was detected in the country during the examined period (including the non-official 
data) (HungaroMet, 2023a).  
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