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The paper presents the construction and operation of a cave in-
formation system on the example of the Postojnska jama cave. 
It thoroughly describes the construction of the basic modules 
of the cave information system, such as an automatic cave mea-
suring station with sensors for measuring air temperature, air 
flow and CO2 concentration, and a central unit for collecting, 
saving, processing and displaying data. The system provides 
quality automatic measurements for the scientific study of the 
micrometeorology of karst caves. Its construction is based on 
good practices stemming from many years of experience in 
taking measurements in the external atmosphere and in karst 
caves. The paper is rich and comprehensive guideline for au-
tomatic cave measuring system construction for scientific and 
tourist management purposes. 
Key words: automatic measuring system, quality measure-
ments implementation and assurance, karst caves, microcli-
mate, guideline.
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Popović & Franci Gabrovšek: Informacijski sistem za znanst-
vene raziskave mikroklime v kraških jamah: Primer Postojn-
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V članku na primeru Postojnske jame predstavimo izdelavo 
in delovanje jamskega informacijskega sistema. Podrobno 
opišemo izdelavo osnovnih gradnikov sistema. Mednje spadajo 
jamska merilna postaja s senzorji za merjenje temperature, ve-
tra in koncentracije CO2 ter centralna enota za zbiranje, pro-
cesiranje in prikaz podatkov. Sistem zagotavlja kakovostne av-
tomatske meritve za znanstvene raziskave jamske mikroklime. 
Zgradba sistema temelji na dolgoletnih izkušnjah iz okoljskih 
meritev v jamskem in zunanjem okolju. Članek je tudi priročnik 
za izgradnjo avtomatskih merilnih sistemov za raziskovalne 
namene in za podporo pri upravljanju turističnih jam. 
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INTRODUCTION

The scientific study of the micrometeorology of karst 
caves requires quality automatic measurements of vari-
ous physical quantities at measurement sites in differ-
ent locations for which we presume will give us an ad-
equate description of the main events within the cave. 
The World Meteorological Organization has provided 
detailed recommendations (World Meteorological Or-
ganization 2008) for the quality monitoring of physical 
quantities in the external atmosphere, whereas no similar 
recommendations have yet been provided for the moni-
toring of micrometeorology in karst caves. 

Quality data are those data which meet the pre-
defined requirements, such as accuracy or uncertainty, 
resolution, representativeness, timeliness and other re-
quirements, which depend on the intended use. Quality 
measurements can be ensured by using appropriate sen-
sors, converters, appropriate computer-aided process-
ing, and a suitable automatic data quality control system. 
Even though none of the measured data are ideal – they 
have a greater or smaller measurement uncertainty – 
they can be used for a specific purpose if their quality is 
known (World Meteorological Organization 2008). 

In addition to these issues it is also important how 
to build an automated measuring network. Automated 
environmental networks for atmospheric and air pol-
lution measurements are discussed in several papers 
(Lesjak et al. 1989, 1999a,b; Mlakar & Božnar 1995; 
Mlakar et al. 1999, 2006, 2014; Božnar 2004; Mlakar et 
al. 2019). All authors describe details of software and 

hardware solutions implemented in automated measur-
ing networks in Slovenia, which has a dense network of 
automated stations. We have transferred rich experiences 
from measurements in the free atmosphere to design and 
implementation of automated cave measuring networks 
(Grašič et al. 2017a, b). 

Similar approaches were described also by other au-
thors. Marikovičová et al. (2015) describe in details their 
information system for monitoring cave microclimatic 
and environmental conditions for scientific research, 
where the challenge of relative humidity measurement is 
outlined. In the paper by Cigna (2002) modern trend in 
cave monitoring is presented using two cases of cave in-
formation systems used in Kartchner Caverns, Arizona, 
USA and Cango Cave in Africa. Zelinka (2002) presents 
the activities of the Cave Protection Department of the 
Slovak Caves Administration in speleoclimatic moni-
toring in the Slovakian show caves since 1996. Novas et 
al. (2017) present a real-time cave monitoring system 
in”El Soplao” Cave in the North of Spain to preserve and 
achieve sustainable tourism.

We present the experiences and findings gained 
from designing and providing quality automatic mea-
surements for the scientific study of the micrometeorol-
ogy of karst caves. The work is based on good practices 
and an appropriate supplementation and adaptation of 
the recommendations of the World Meteorological Or-
ganization for measurements in the external atmosphere 
(World Meteorological Organization 2008). 

MODULES OF THE CAVE INFORMATION SYSTEM

The cave information system is made up of several auto-
matic cave measuring stations, data transfer nodes and 
a central cave unit. In representative locations, the cave 
measuring stations continuously take measurements of 
various environmental parameters (e.g., air temperature, 
CO2 concentration, etc.) in predefined time intervals for 
sampling and statistical processing, and transmit them to 
the central unit in digital form. 

The central unit can obtain data directly from the 
cave measuring station or via additional data transfer 
nodes.

SENSORS
The cave microclimate is described by measuring the 
condition of air masses. The main measurements are the 
measurements of air temperature, relative air humidity 

and air movement. The CO2 in caves is generally higher 
than outside and plays important role in karst processes 
(Prelovšek et al. 2018). Many different sensors for taking 
these basic measurements can be found on the market. 
The cave air may also contain other pollutants: natural 
(radon, biomass decay products) or anthropogenic. Spe-
cial and expensive measuring instruments are required 
for measurements of these constituents.

Sensors for air temperature, relative air humidity 
and air movement are usually adapted for measurements 
of the external air and not for the special properties of 
caves. It is therefore very important that appropriate sen-
sors are chosen. The construction of an information sys-
tem begins with selecting the sensors.

We distinguish active and passive sensors. An exam-
ple of passive sensor is a platinum resistance temperature 

ACTA CARSOLOGICA 49/2-3 – 2020298



INFORMATION SYSTEM FOR SCIENTIFIC STUDY OF THE MICROMETEOROLOGY OF KARST CAVES –   
CASE OF POSTOJNSKA JAMA CAVE, SLOVENIJA

detector. An active sensor is a capacitive sensor for rela-
tive air humidity, which contains a special electrode that 
produces a voltage output depending on the humidity. 
Both sensors are analogue. The device to which we con-
nect analogue sensors must have an analogue-digital con-
verter, which converts signals (voltage or resistance) into 
numbers. Digital sensors already contain such electronic 
circuits. These circuits digitise analogue signals and enable 
data transfer usually via serial communication or other. 

The selection of sensors also depends on the options 
of connecting the sensors to the system. If sensors are 
distributed in a relatively small area, they can be connect-
ed to automatic measuring station with inputs for stan-
dard analogue sensors, which are cheaper without loss of 
quality. However, if we are planning a measuring system 
with individual sensors distributed on larger distances, it 
is better to choose more expensive sensors, that enable a 
digital serial transfer across greater distances and a local 
storage of measurements.

The measurement of relative humidity poses a spe-
cial problem (Marikovičová et al. 2015). In caves, the 
relative air humidity is usually close to 100%. It might 
be lower only near the entrance, where the cave air ex-
changes more with the external one. In our experience, 
the affordable and most commonly used capacitive sen-
sors are not applicable for constant measurements of a 
relative air humidity around 100%, despite the fact that 
the manufacturers specify a measurement range of up to 
100%. That is why we do not recommend constant mea-
surements of relative air humidity in caves.

Besides the high relative air humidity, caves are also 
characterised by much smaller temperature fluctuations 
and air movement in comparison with the external air. 
If we are anticipating smaller changes, then we should 
use more accurate and stable sensors to capture the weak 
dynamics of the cave climate.

The choice of sensor is also influenced by its time 
constant, which should be appropriately small with re-
gard to the method of measuring physical quantities in 
the cave. For a scientific study in a cave, the sampling fre-
quency must be high enough to meet the Nyquist–Shan-
non sampling theorem. The theorem states that sampling 
frequency should be conducted at least twice the fre-
quency of the observed signal (Shannon 1949). In prac-
tice, it should be conducted at least at ten times the signal 
frequency to obtain quality results. We recommend the 
following values of sampling intervals:
• For air temperature: 10 seconds;
• For air flow: 1 second;
• For carbon dioxide CO2: 10 seconds (or at least under 

20 seconds).
The selected sampling frequency is therefore determined 
both by observed physical quantity in the cave and sensor’s 

response time. For measuring individual physical quanti-
ties in caves, we recommend the following sensors based 
on their characteristics, quality and our experience:
• For air temperature: a passive PT100 resistance tem-

perature detector;
• For air flow: an ultrasonic sensor;
• For carbon dioxide CO2: a CO2 probe based on an NDIR 

sensor (Nondispersive infrared sensor), which uses an 
IR light absorption method for measuring gases.

AUTOMATIC CAVE MEASURING STATION
A cave measuring station is made up of sensors con-
nected to measuring interfaces and devices, and an em-
bedded or personal computer. The embedded computer 
continuously captures, collects and controls data from 
the measuring interfaces, and transmits them to one or 
several central units, either automatically or on demand.

When implementing an automatic cave measuring 
station, its quality depends on the ultimate purpose of 
the cave information system. Whereas the less accurate 
indicator gauges (detectors) are sufficient for tourism 
purposes, the scientific study of cave microclimate re-
quires the use of higher-quality equipment.

The equipment used for scientific use must be of 
high quality and adaptable, or must have the option of 
upgrades and additions. The main characteristics of an 
automatic cave measuring station are:
• The use of a quality measurement interface (data 

logger) for connecting at least a few sensors to mea-
sure various parameters, which enables low energy 
consumption; additional data storage to its own per-
manent memory medium (e.g., a CF card), which is 
adaptable and resistant to extreme weather within the 
cave, and can be reprogrammed;

• The use of an advanced uninterruptible power sup-
ply, which is based on a microcontroller with excep-
tionally low energy consumption and ensures: a good 
condition of the battery; continuous operation despite 
shorter power outages (at least up to 2 days); signals 
the operating system in advance that it is about to shut 
down to protect the data on the permanent memory 
medium, which is sensitive to sudden power outages; 
and monitors the condition of the battery at least as 
closely as the other parameters in the environment or 
in worst case affect the measurements;

• The energy consumption must be minimal and opti-
mised (the current condition of electronics enables a 
total consumption under 2 W), so it does not emit too 
much heat to the area around the station, which could 
enable the growth of various microorganisms in the 
vicinity;

• When supplying electricity, we have to take into ac-
count the local electrical “pollution” of the cave and 
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the direct impact on measurements; active sources, 
such as fuel cells or aggregates are not suitable because 
they release CO2 and overheat; as of yet, the only op-
tion is supplying electricity using long cables (this 
requires more construction work to ensure an unin-
terruptible power supply) or batteries (simpler instal-
lation, but they have to be charged periodically); 

• As much as possible electronic parts of the measuring 
equipment should be designed to operate with extra 
low power supply voltages to be safe for humans in 
usually wet cave environment to carry a low risk of 
dangerous electrical shock; according to EU's Low 
Voltage Directive (European Union 2014) define an 
ELV device or circuit as one in which the electrical 
potential between conductor or electrical conductor 
and earth (ground) does not exceed 50 V AC or 75 V 
DC;

• The sensors have to be properly protected against con-
densation and falling water drops (e.g., a CO2 sensor 
with its own heating system or a small canopy, etc.), 
and the connectors too; during installation we must 
make sure we do not cause water retention or must 
ensure its drainage;

• The use of a suitably insulated housing, which pre-
vents condensation on the housing through the waste 
heat from the used electronics; condensation occurs 
in caves despite the air temperature that is relatively 
unvarying compared to the external air, because caves 
usually have 100% relative humidity; silica gel can 
help additionally but it is not sufficient by itself for 
long term operation;

• An IoT (Internet of Things) embedded computer 
based on a standard embedded operating system (em-
bedded Linux) with a suitable permanent memory 
medium (a microSD card), the option of an Ethernet 
and/or WiFi connection, and a connection via RS232/
RS485/RS422 or USB with a measuring interface (data 
logger) is suitable for local storage and/or communi-
cation to central unit when data logger itself cannot 
fulfil that task.

The software of a quality automatic cave measuring sta-
tion has the option of smaller enhancements and cus-
tomizations in the field in the form of setup files, and the 
upgrade option. It comprises a group of different pro-
grams that ensure a continuous and ongoing capture of 
data from the sensors, and the transmitting of processed 
data to the central unit:
• A program for the capture, statistical processing and 

control of signals from the sensors;
• A program for local data storage for a limited period 

(at least up to 1 month); 
• An additional program for the local basic visualisation 

of data at the measurement site;

• A program for the transfer of data to the central unit;
• And a “watchdog” program for controlling the opera-

tion of all other programs (shutdown and restart in 
the event of a malfunction).

Automatic control of data from the sensors (Mlakar et 
al. 1990) is essential for a long-term quality operation of 
the automatic cave measuring station. The basic task of 
data quality control is the ongoing automatic data verifi-
cation. If an error is detected in the measurement, such 
data are labelled invalid, but are nevertheless sent to the 
central unit, where they automatically warning alarm of 
the error and are used to analyse the error before send-
ing operators to the field. One example of an automatic 
control is verifying whether the constant air flow velocity 
is outside the range, which indicates a sensor malfunc-
tion. Another example is checking whether the values are 
within the prescribed measurement range and whether 
the standard deviation of the measurement is within the 
prescribed range (the prescribed ranges are defined for 
each physical variable separately and may vary in time).

Another important property of an automatic mea-
suring station, which affects the quality of measurement 
data, is the representativeness of the measurements 
(World Meteorological Organization 2008). Represen-
tativeness is best described by the metadata of the mea-
suring station, which give a detailed description of the 
type of sensor, its properties, quality, detailed location, 
calibration date and the sensor's surroundings for each 
environmental measurement variable. The quality of 
metadata has improved significantly in cave measuring 
systems with the evolution of digital cameras, because 
taking photographs of the automatic measuring station 
from various angles as changes occur enables us to keep 
a high-quality database.

CAVE CENTRAL UNIT
The central cave unit is made up of one or several server 
computers, which perform many different tasks: 
• data collection from automatic measuring stations,
• additional verification and processing of the collected 

data,
• archiving verified and processed data to a suitably 

structured historical database,
• ensuring users' access to the database of current and 

historical data,
• providing access to the display of the last measured 

values on the public website.
All the measurement data from automatic cave stations 
are collected, processed further and stored in the central 
cave unit using various communication channels. The 
number of central cave units may differ with regard to 
specific needs. 

The quality of the central unit is characterized by the 
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tasks it can fulfil; The central cave unit developed by the 
authors is roughly characterised by the following:
• It is based on a high-performance computer; if need 

be, individual tasks can be allocated to several inter-
connected personal computers;

• It must perform all the basic tasks of a central unit, 
such as collecting data from automatic measuring sta-
tions, saving data in their original form (usually in the 
form of transfer files), archiving data to the database, 
processing and additional control of data in the data-
base, and providing access to the archived data;

• ACID (Atomicity, Consistency, Isolation, Durability) 
database:

 - the atomicity means that each operation within the 
database must be fully implemented, 

 - consistency means that the database must remain 
uniform and complete after each operation imple-
mented, 

 - isolation means that the result of a parallel imple-
mentation of operations must match the result of a 
sequential implementation of the same operations

 - and durability of data means that after each opera-
tion implemented, the database must remain per-
manently durable.

• Database is also based on:
 - an SQL (Structured Query Language) relationship 

editing database system
 - and is compatible with at least the SQL-92 standard 

(International Organization for Standardization 
1992), which is the third major revision of the SQL 
language for database queries.

• It must have broadband access to the World Wide 
Web or a local network, which ensures multiple users 
the option of accessing data simultaneously;

• The time of taking the measurement and the time 
when the data arrived and was saved to the central 
unit must be logged in the database for each measure-
ment separately; the difference calculated between the 
two times determines the data transfer delay and is 
an important piece of information for system mainte-
nance providers, who can detect problems in the com-
munication channels by analysing these data; it is also 
important information for the systems in which cur-
rent data are more important than the delayed ones;

• All of the data saved in their original form, the data-
base, the software and, if need be, the operating sys-
tem image have to be backed up at regular intervals; 

• The long-term quality operation of the central unit is 
also enabled by an advanced uninterruptible power 
supply, which ensures continuous operation despite 
shorter power outages (up to 30 minutes); in the event 
of a longer power outage, it shuts down the computer 
equipment in a controlled manner, because most of 

the permanent memory media (e.g., hard drives, etc.) 
are sensitive to sudden shutdowns;

• The area in which the computer equipment is located 
must be properly air-conditioned to ensure its longest 
possible service life, which is otherwise shortened by 
exposure to higher temperatures;

• The central unit is equipped with an automatic warn-
ing (alarming) system in the event of failed data trans-
fers from the automatic stations and data nodes (com-
municators), and in the event of a malfunction of other 
central units and of errors at the stations; this warning 
system is customizable and enables a daily repetition 
of warnings. Several types of warnings are possible, 
based on the roles of the persons being warned (main-
tenance providers, users), and the warning is carried 
out via the currently available media (sending short 
text messages to mobile phones, using email, etc.).

The design and implementation of tourist management 
environmental systems differs from the ones for scientific 
research on the level of cave central unit as follows. The 
main differences lie in the data collection procedures and 
in the software tools and interfaces for accessing data. In 
the case of systems for the current control (monitoring) of 
the environment, it is usually sufficient to have access to 
current data and a short history in the form of time graphs. 
Whereas scientific research requires more advance tools 
for reviewing and analysing long time series data.

CAVE INFORMATION SYSTEM
Two different approaches (simple tourist management and 
complex scientific one) that were identified on measuring 
station level and control unit level are also found on overall 
information system level. The quality of a cave informa-
tion system depends on its purpose, since, for example, the 
construction of a system for just ongoing current control 
(monitoring) of the cave is less complex and demanding 
than, for example, the construction of a system for scien-
tific research, which requires a more complex structure 
and a greater quality of measurements. The processing of 
measurements also differs. During ongoing control, we are 
interested only in the latest current/instant or average val-
ues. Whereas in a scientific database we want to record the 
entire dynamics of the observed phenomenon. The least 
information would be lost by saving all the measurements 
at a suitable sampling rate. Since we obtain a great deal of 
data this way, which are usually uncontrollable, we statisti-
cally process them for shorter time intervals every 10 min-
utes or 30 minutes, and for longer time intervals on a daily, 
monthly or yearly basis. In these time intervals we record 
the measurement dynamics with the average value, both 
extremes, and the standard deviation.

Among other things, the cave information system 
must also provide user interface with tools for analysis 
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and scientific research, such as time graphs, histograms, 
wind roses, longer time series statistics and sunflower 
diagrams (Mlakar & Božnar 1995; Lesjak et al. 2002; 
Grašič et al. 2003; Božnar 2004; Božnar et al. 2015; Mla-
kar et al. 2019). Furthermore, such a system must pro-
vide and maintain a complete historical database of mea-
surements. The operation of the entire system must be 
checked and tested by qualified operator periodically on 
a monthly basis, so we can detect errors, deviations, etc. 
on time. A highly appropriate method is preparing QA/
QC (Quality Assurance/Quality Control) reports each 
month, which show and compare all the measurements 
in time graphs. Another part of the report is the avail-
ability, statistics and quality of all the measured variables 
(parameters), and the visualisation of all the measure-
ments in a suitable way (e.g., wind measurements in the 
form of wind roses). After reviewing the report, any po-

tentially newly discovered invalid data in the database are 
properly labelled, and a suitable measure for correcting 
the measurement is prepared, if need be.

A regular, periodical inspection of all the modules 
of the cave information system (stations, nodes, data 
mules, computers, etc.) in the field is required at least ev-
ery three months, regardless of the good results shown in 
the QA/QC reports. A preventive cleaning of sensors and 
filters, and a visual inspection of the system's equipment 
can prevent many unnecessary emergency maintenance 
works. Sometimes, depending on the modules used, a 
field inspection is required even more often.

The system will operate better if it contains auto-
mation equipment for an ongoing detection of errors in 
measurements, in data transfers, or in archiving to the 
central unit. An appropriate warning may trigger a rela-
tively quick implementation of emergency repairs, thus 
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Fig. 1: Locations of automatic cave 
measuring stations in the Postojn-
ska jama cave in red colour and lo-
cation of the DTN gateway in green 
colour (author of cartography: 
Stanka Šebela).
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eliminating the error before the regular periodic inspec-
tion and this way preventing big gaps in data series. 

A quality cave information system must ensure at 
least 95% availability of good data.

DATA TRANSFER IN A CAVE INFORMATION 
SYSTEM

Data transfer in a cave information system is a unique 
problem primarily because of the factors of the charac-
teristic environment (extreme for the equipment and for 
the people). It is pitch dark in caves and solar radiation 
is available only at entrances to the caves. Caves have no 
visible light and high humidity, which inhibits wireless 
communications (Mottola et al. 2010). Caves have typi-
cally very irregular geometry, which weakens or prevents 
wireless communications across greater distances. All 
above increases the energy consumption for wireless 
connections. In many ways, caves present similar change 
this environment as space exploration, which is why 
caves are suitable for using and testing new DTN space 
technologies (Gabrovšek et al. 2014).

The application of DTN technologies is highly suit-
able for the cave environment, because it is resistant to in-
terruptions and disruptions in communications, and can 
be adapted to various transfer techniques; as a result, the 
data are not exactly current, but that is not essential for a 
cave information system designed for scientific research.

Moreover, DTN technology is also applicable be-
cause it enables the use of an unconventional data transfer 
method, such as data mule on a train or in mobile phones 

and tablets of guides (Grašič et al. 2010, 2011; Vrbinc et 
al. 2010; Božnar et al. 2012; Gabrovšek et al. 2014). DTN 
data transfer means that the cave station embedded com-
puter collects data and waits for the eventual encounter 
with a mobile computer that has a role of a “data mule”. 
When the data mule comes into physical vicinity of a 
cave station embedded computer a wireless communica-
tion (WiFi) is used to establish a connection according 
to DTN internet protocol for certain short time interval. 
During this time interval data mule receives measure-
ments data and the goes physically to another distant lo-
cation where it transfers this data to another data mule 
or to a stationary computer (gateway) that has a legacy 
broadband internet connection. A typical example of a 
data mule is a computer mounted on a tourist train that 
passes by the cave station this is physically located near 
the train railway (Gabrovšek et al. 2014).

The main characteristics of a quality data transfer 
network are based on its resistance to interruptions and 
disruptions in communication channels:
• The system automatically attempts to restore commu-

nication during an interruption or disruption; 
• Communication takes place using a standard proto-

col, which has the option of error detection;
• During an interruption, the data accumulate and wait 

until the transfer is restarted;
• When it is restarted, only the data that have not been 

transferred yet are transferred, and the rest are not trans-
ferred needlessly, thus not filling up the communication 
channels; for this reason, a transfer record is kept.
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Fig. 2: Diagram of the main build-
ing blocks of the “Jam'ca” environ-
mental information system in the 
Postojnska jama cave.

ACTA CARSOLOGICA 49/2-3 – 2020 303



“JAM'CA” – CAVE INFORMATION SYSTEM OF POSTOJNA CAVE

Cave information system (referred as Jam'ca) based on 
the guidelines given in the previous sections have been 
established in Postojna Cave. Postojna Cave is one of the 
most important show caves in the world and the most vis-
ited tourist destination in Slovenia (Šebela 2019). Lately, 
it is visited each year by over half a million tourists; since 
1819 it has been visited by more than 38 million visitors.

This cave system is over 25 km long and with five 
known entrances. It has formed in Cretaceous limestone 
between the Pivka Basin and the Planinsko Polje. The 
system is in two dominant levels. The upper “tourist” 
level is a network of large fossil passages interrupted by 
breakdown chambers, all highly decorated with speleo-
thems. The lower active level follows a system of active 
channels with flow of the allogenic Pivka River. The ac-
tive part has been explored for over 5 km. It continues 
in an unexplored sump towards the Planina Cave. The 
Postojnska Cave is the cradle of speleobiology and is 

among the caves with the greatest biodiversity on the 
planet (Šebela 2019).

One of the main challenges in managing show caves 
is how to develop cave tourism and its infrastructure with 
minimum impact on the sensitive cave environment, and 
ensure the safety of visitors and employees (Gregorič et al. 
2013; Šebela et al. 2015). Besides direct physical influence 
during the construction of cave infrastructure, our pres-
ence and activities change the cave atmosphere (Šebela 
& Turk 2014; Šebela et al. 2013). The cave microclimate 
is a key factor for the cave ecosystem, on which the sur-
vival of numerous endemic species depends; it also has 
an important impact on the preservation and deposition 
of flowstone (Šebela & Turk 2011, 2018; Prelovšek et al. 
2018, Pipan et al. 2019).

The map of the Postojnska jama cave (Fig. 1) shows 
the locations of automatic cave measuring stations in the 
Postojnska jama cave, which have been operating since 
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Fig. 3: Diagram of the main build-
ing blocks of the automatic cave 
measuring station. 

Fig. 4: Pictures of the EnoDa envi-
ronmental nodes in the “Vodopad” 
location (left) and “Lepe jame” lo-
cation (right) both in a thermally 
insulated housing with open lid 
(Photo: B. Grašič).
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2010. The locations were chosen in accordance with 
the purpose and the financial resources available. The 
“Vodopad” station describes the conditions near one of 
the cave entrances; the “Lepe jame” station describes the 
conditions in the part of the cave that is most visited by 
tourists; while the “Pisani rov” station describes the con-
ditions in the part of the cave that is the most remote 
and free of the impact of tourists in the cave. Addition-
ally, another gateway station is also located in the cave 
in the “Kongresna dvorana”, where a fibre-optic Internet 
connection is available; the station is used above all as 
the main node for transferring data from the cave to the 
central unit outside the cave. The diagram (Fig. 2) shows 
the main building blocks of the “Jam'ca” environmental 
information system in the Postojnska jama cave.

AUTOMATIC CAVE MEASURING STATION
The main modules of the automatic measuring station 
are shown in the diagram (Fig. 3) and are the same for 
all stations in the “Jam'ca” system except for the selec-
tion and number of sensors, which is why we will give a 
detailed description of only the “Pisani rov” station, and 
its description will apply to all other stations. 

The station for measuring individual environmental 
variables within the cave is equipped with the following 
sensors:
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Fig. 5: Pictures of automatic cave measuring stations for perform-
ing measurements in Pisani rov (top is a picture of the thermally 
insulated housing in which the measuring interface is located) and 
at “Pisani vhod” station (bottom is a picture of the “EnoDa” en-
vironmental node, likewise in a thermally insulated housing with 
open lid) (Photo:B. Grašič).

Fig. 6: Pictures of the mounting of 
sensors in the locations of “Pisani 
rov” (left) and “Pisani vhod” (right) 
(Photo: B. Grašič).

Fig. 7: Pictures of the mounting 
of sensors on portable removable 
measuring towers (left in the lo-
cation of “Lepe jame”, right in the 
location of “Vodopad”) (Photo: F. 
Gabrovšek).
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Fig. 8: The entry page of the publicly 
accessible website of the “Jam'ca” 
environmental system on the web-
site: http://www.meis.si/jamca.

Fig. 9 The publicly accessible web-
site of the “Jam'ca” environmental 
system presents last five days of 
data.
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• Air temperature: PT100 sensor, type “Pt100 Thermom-
eter 1/5 DIN”, accuracy ± 0.10 °C, range from −65 °C to 
+70 °C, response time < 20 seconds, long-term stability 
0.1 °C/year, manufacturer MicroStep-MIS;

• Air flow: ultrasonic wind sensor, type “WindSonic”, 
wind speed accuracy ± 2% at 12 m/s, wind direction 
accuracy ± 3% at 20 m/s, wind speed ranges from 0 
m/s to 60 m/s and wind direction range from 0 ° to 
359 °, manufacturer Gill Instruments Limited;

• Carbon dioxide CO2: CO2 probe, type “GMT 200 se-
ries”, accuracy ± (1.5% of range + 2% of reading), a 
range from 0 ppm to 10000 ppm, response time < 20 
seconds, long-term stability < ± 5% of range /2 years, 
manufacturer Vaisala. 

The measured data are captured (sampled and basically sta-
tistically elaborated) by the MicroStep-MIS AMS 111 data 
logger via the RS485 communication interface. The capture, 
collection, statistical processing, control, local storage and 
transfer to the central unit is provided by the MEIS EnoDa 
environmental node. The EnoDa device is based on the Ar-
duino Yún embedded computer, which provides relatively 
good performance in light of its consumption (under 2 
W), a quality WiFi connection, and a permanent microSD 
memory medium. The EnoDa device is also equipped with 
quality uninterruptible power supply based on a 12 V lead-
acid battery, which enables continuous operation during a 
power outage up to 12 hours long or longer, depending on 
the battery's capacity; it also enables a controlled shut down 
of the device to protect the data on the memory medium. 
The software of the MEIS EnoDa environmental node 
complies with all the properties described in the subchap-
ter “Automatic Cave Measuring Station”; a detailed descrip-
tion is available in the paper (Grašič et al. 2011).

All of the electronics of the cave measuring station, 
apart from the sensors, are installed in a suitably ther-
mally insulated housing that prevents condensation on 
the housing. A simple styrofoam box originally designed 
for food delivery is used. EnoDa environmental nodes in 
the “Vodopad” and “Lepe jame” locations in such a ther-
mally insulated housing with open lid are presented on 

Fig. 4. A picture of the measuring station in the “Pisani 
rov” location is shown in the figures (Fig. 5). This sta-
tion's special feature is the relatively great distance (about 
500 m) between the measuring interface in the “Pisani 
rov” location and the EnoDa environmental node in the 
“Pisani vhod” location. The EnoDa has been placed in 
that location because of the vicinity of the cave's railway 
line, which the tourist cave train occasionally passes by, 
equipped with a data mule for data transfer based on 
DTN technology (Gabrovšek et al. 2014). 

The sensors have been installed in accordance 
with the possibilities and needs in individual locations. 
Whereas in the locations of “Pisani rov” and “Pisani 
vhod” they have been mounted on existing brackets us-
ing plastic cable ties (Fig. 6), in the locations of “Vodo-
pad” and “Lepe jame” a removable portable tower has 
been used instead (Fig. 7).

CENTRAL UNIT OF THE “JAM'CA” 
ENVIRONMENTAL CAVE SYSTEM

The central unit of the “Jam'ca” cave system is located on 
the premises of MEIS and complies with all the proper-
ties described in the subchapter “Central Cave Unit”. 

It is made up of several computers of suitable per-
formance:
• The EnoDa environmental node, which is the main 

node for receiving data via the World Wide Web (In-
ternet) based on an Arduino Yún embedded com-
puter, or via an Ad-Hoc wireless connection with the 
TrEnoDa data mule;

• A high-performance server computer, based on an In-
tel I7 microprocessor, 16 GB of RAM and 1 TB hard 
drive, with installed software for the additional con-
trol and saving of data received from the stations to 
the MySQL database; this computer also has installed 
software for accessing the archived data and transfer-
ring the measured values for the last 5 days from all 
stations in the form of graphs to the public website 
(Figs. 8-9) (Inštitut za raziskovanje krasa ZRC SAZU 
and MEIS 2015), 
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Fig. 10: Analysis of measurement 
data from Pisani rov using the 
“Sončnica/Sunflower” tool. Left: 
average CO2 concentration. Right: 
average temperature T2. The 
graphs are made with “webSolar-
Rose” program. The graph shows 14 
days of statistically elaborated data 
to find daily patterns: note that for 
this period the CO2 has higher val-
ues during nights, particularly be-
tween 7:30 p.m. and 2:00 a.m.. The 
temperature shows highest values 
between 6:30 p.m. and 8:30 p.m.
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• Rented server space outside the premises of MEIS for 
hosting the public website;

• And a personal computer, equipped with a system for 
automatic warning (alarming) of detected outages or 
errors in the “Jam'ca” system via emails and short text 
messages.

Access to all current and historical data is enabled by 
means of a dedicated “Mungo” display program, which 
enables reviews, graphic presentations and statistical 

displays for scientific purpose even outside the internal 
MEIS network on personal computers. Other dedicat-
ed tools are also available for visualisation and statisti-
cal processing, such as the “webSolarRose” program for 
drawing suflower diagrams (Fig. 10).

DTN DATA TRANSFER
In the “Jam'ca” environmental cave system, DTN data 
transfer technology is used for data transfer; it is pre-
sented in the subchapter “Data Transfer in a Cave Infor-
mation System”. Two TrEnoDa DTN data mules (Fig. 11) 
are used for data transfer. They are mounted each one on 
its own tourist train and they alternate when the batter-
ies run out of power. The TrEnoDa data mule contains 
a vibration sensor for saving energy; it makes sure that 
the TrEnoDa switches off when the train is not moving. 
This and the capacity of seven single-cell LiPo batteries, 
amounting to 42 Ah, ensure autonomous operation for 
approximately 25 days. When passing a stationary cave 
station, the data mule has on average 10-15 seconds 
available to exchange data. More details can be found in 
paper by Gabrovšek et al. (2014).

CONCLUSIONS

The article has presented the technology behind the con-
struction of automatic micrometeorological cave measur-
ing stations and systems for the scientific study of karst 
caves. We have presented the automatic measuring stations, 
the communication and mobile nodes, and the central unit; 
we name this the "cave information system for the scientific 
study of the micrometeorology of karst caves".

We have described specific examples of possibili-
ties for implementing individual components in practice. 
We have mentioned the key characteristics of individual 
components and their essential functionalities. We have 
substantiated its implementation with examples of the 
implementation of such a system in the Postojnska jama 
karst cave in Slovenia.
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