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Abstract. The article presents a concise review of the works concerning the impact of an increase of the concentration of carbon dioxide in the atmosphere
on the increase of its absorption of thermal radiation. Attention was paid to differences in the results of calculations presented in the works by various
authors. Experimental verification was carried out, which confirmed the possibility of saturation of the process of thermal radiation absorption by CO,
in the atmosphere. Possibilities of improving climate models by using direct measurement results of experimental works were pointed out.
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NASYCENIE PROCESU ABSORPCJI PROMIENIOWANIA TERMICZNEGO
W ATMOSFERYCZNYM DWUTLENKU WEGLA

Streszczenie. W artykule przedstawiono zwigzly przeglgd prac dotyczqcych wplywu wzrostu stezenia dwutlenku wegla w atmosferze na wzrost w nigj
absorpcji promieniowania termicznego. Zwrécono uwage na réznice wynikéw obliczen w pracach réznych autoréw. Przeprowadzono weryfikacje
eksperymentalng, ktora potwierdzita mozliwosé nasycenia sig procesu absorpcji promieniowania termicznego dla CO, w atmosferze. Wskazano mozliwosci

doskonalenia modeli klimatycznych poprzez wykorzystywanie bezposrednich wynikow pomiaréw w pracach eksperymentalnych.

Stowa kluczowe: gazy cieplarniane, procesy radiacyjne, rOwnanie Schwarzschilda, wrazliwo$¢ klimatyczna

Introduction

Radiation processes occurring in the atmosphere, on the
Earth's surface and in the surface layer of the ocean play a key role
in the energy balance of the climate system [10]. Some of the solar
radiation that illuminates the Earth is scattered and reflected by
clouds and aerosols or absorbed by the atmosphere. The remaining
radiation is absorbed or reflected by the Earth's surface. The
energy of solar radiation is transformed into heat, latent energy
(including various water states), potential energy and Kkinetic
energy, and then it is emitted as long-wave radiation energy into
space [13].

Finally, a state of equilibrium is established for which the
average radiation flux from the Sun must be equal to the average
radiation flux from the Earth.

The heated lithosphere is a gray body whose emission
properties are similar to those of a black body. The Planck formula
describing them clearly shows that the flux of the emitted
radiation is an increasing function of the body temperature
emitting this radiation. Thus, for a constant value of the radiation
flux from the Sun, any reduction of radiation emission into space
must cause an increase of the Earth's temperature (lithosphere).
This is caused primarily by the processes of interaction of the
lithosphere thermal radiation with active gases in the atmosphere.
Thus, these gases, called greenhouse gases, have an uncontested
effect on the Earth's climate and the related phenomena have been
described, among others, in book [1] and in many other works on
this subject [5, 6, 8, 9, 13].

Often, a special parameter is used to describe the effect of the
greenhouse gas on the increase of the average temperature on the
Earth's surface. This parameter, called climate sensitivity,
determines the increase of the average temperature of the Earth
when the amount of a greenhouse gas is doubled.

Concern for the Earth's climate inspires further work on this
topic. In 1988, at the UN, upon request of the World
Meteorological Organization (WMO) according to the United
Nations Environment Program (UNEP), an intergovernmental
scientific advisory body The Intergovernmental Panel on Climate
Change (IPCC) was set up. Its purpose is to provide objective,
scientific information on climate change.

However, despite the involvement in the climate change of
many outstanding research centres equipped with the best
apparatus, there is a lack of experimental work verifying the
results of theoretical calculations. The necessity to undertake such
work is justified by the fact that the described phenomena are
relatively complex while some data taken for calculations may
raise objections (due to the diversity of the analysed areas and the

dynamics of the processes). As a result the final calculations may
be very different.

In this work, taking into account the presented literature, an
attempt to remind the processes of thermal radiation interaction
with the active gases was made. Then, the possibilities of
verification and supplementing existing knowledge with the help
of conducted experiments and proposals of further research were
shown.

1. Phenomenon of thermal radiation absorption
in the atmosphere

Propagation of long-wave radiation with the intensity | and
wavelength A, emitted by a black body and passing through

absorbing gaseous medium, neglecting scattering, can be
described by the Schwarzschild equation in the form [10]:

an, _
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where: dt = kypds, © — optical thickness measured rectilinearly
(with neglecting refraction in the atmosphere), k; — mass
absorption coefficient, p — density of the absorbing medium,
s — propagation path, B,(T) — Kirchhoff-Planck function.

When the temperature of the gas medium is much lower than
the temperature of the radiator, the function B, (T) can be omitted
and equation (1) will take the differential form of Lambert-Beer
law. In the case of thermal radiation emission from the lithosphere
(decreasing its temperature), the above situation occurs in the
higher layers of the troposphere, where the temperature is much
lower than on the Earth's surface. If the emitted radiation
interacting with active gases in the atmosphere was
monochromatic, its intensity during propagation in the atmosphere
would decrease exponentially. Then at sufficiently high value of t,
increasing e.g. due to the increase of the concentration of the
gases, the value of this intensity would become negligible. It could
be said, then, that the saturation of the concentration of the
absorbing substance occurred. Further increase of the
concentration of the gases would not bring any effect, because
there would be no radiation. However, in reality the situation is
more complex. The radiation is not monochromatic because it is
emitted by the lithosphere that is a grey body and the spectrum of
this radiation is continuous similar to the spectrum of the black
body described by the Planck formula

The carbon dioxide present in the atmosphere has a linear
spectrum and with increase of optical thickness, these lines are
deformed (Fig. 1). First, the saturation effect occurs at the central

frequency vy, and then at farther frequencies.
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Fig. 1. Transmission line deformed by saturation

The final effect of such a process can be shown on the basis of
the image of the transmission spectrum of layers of air of different
thickness and with CO, concentration of 380 ppm (Fig. 2) [7].
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Fig. 2. Transmission spectra of dry air with CO, concentration of 380 ppm for two
different thicknesses (air pressure: 1013 hPa, temperature: 288 K; red colour show
transmission for central frequencies of the absorbing lines, while blue colour show
total transmission for these lines) [7]

The phenomenon is quite complex and therefore in theoretical
considerations various approximations are used to explain and
estimate the effects of the happening processes. For example, in
the work [5], it was shown that the absorption of the entire
extended Lorenzian line (if there is a lot of absorbing substance) is
equal to:

A =C + Din(m) + Eln(p) )

where: C, D i E — constants, m — amount of the absorbing
substance, p — pressure.

This formula shows that when the concentration of the
absorbing gas increases the absorption also increases. However, it
should be noted that this is a logarithmic increase and thus the
effect of the same amount of absorbing gas additionally
introduced into the medium will depend on its initial
concentration. Despite this, this work is cited by many authors,
who try to prove that the so-called saturation effect for CO, in the
atmosphere does not occur. They show the results of numerical
calculations for their models, where each subsequent portion of
the absorbing gas introduced into the atmosphere causes strong
increase of the absorption of thermal radiation emitted by the
lithosphere. The report [12], based on the presented reasoning,
shows relatively high sensitivity of climate change to CO,
emission (temperature increases by 3.2 K when CO, emission is
doubled).

Meanwhile, in the work [7], it was shown that when CO,
emission is doubled the temperature increases only by 0.6 K. In
turn, work [3] shows that when CO, concentration is changed
from 300 ppm to 600 ppm, the temperature on the Earth's surface
increases by no more than 0.2 K.

In the report by Legalization Laboratory in Livermore [4], the
authors point out the complexity of problems related to climate
description and the very high uncertainty of the results obtained by
computer calculations on the basis of assumed models. Attention
is also drawn to the hasty adoption of visions of other planets,
especially Venus, due to many different factors that are not taken
into account in the models.
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Thus, as already mentioned in the introduction, these
differences inspire the experimental verification of the obtained
results. The phenomenon of the absorption of infrared radiation
(emitted by the lithosphere) by carbon dioxide contained in the
higher cooler layers of the atmosphere, described very precisely in
[7], cannot raise any doubts about its occurrence. However, doubts
may relate to the amount of the saturation of the absorption when
the concentration of CO, in the atmosphere increases. It should
also be noted that other gases that absorb thermal radiation in the
atmosphere have a significant impact on this phenomenon. Their
absorption spectra overlap to some extend with the CO,
absorption spectrum. Thus, the impact of the CO, concentration
on the absorption of thermal radiation is reduced.

2. Application of radiation emitted by the Moon
to study the atmosphere

Investigating the transmission spectrum of the atmosphere at
small distances, especially horizontally, seems to be relatively
simple. To make such measurement only the radiator (warmed-up
body) and the monochromator with a photodetector set at the right
distance from each other are required. However, if the greenhouse
effect is considered, vertical tests using objects at a sufficiently
high altitude should be carried out. Artificial satellites can be used
for this experiment, but it is easier to use the natural satellite — the
Moon. The temperature of its surface varies a lot, but for the part
illuminated by the Sun, according to encyclopaedic information, it
may slightly exceed 1100°C. Therefore, the spectrum of thermal
radiation emitted by it can be described with a good
approximation as a Planck distribution. This spectrum along with
the CO, transmission spectrum are shown in Fig. 3.

It can be seen that part of the spectrum emitted by the black
body overlaps with the carbon dioxide absorption spectrum (made
using the HI-TRAN2004 software).
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Fig. 3. Comparison of the spectrum of the black body radiation at 1100 < with the
CO, transmission spectrum

Of course, it should be remembered that the surface of the
moon is heated by solar radiation with a spectrum distribution
corresponding to black body with a temperature of over 50,000 K.
Part of this radiation is reflected by the surface of the Moon and,
along with its thermal radiation, propagates towards the Earth. The
spectrum of the combined radiation is, of course, continuous, but
due to high temperature of the sun, its maximum should shift
towards shorter wavelengths, better overlapping with the 4.3 pm
(2326 cm™) absorption band of CO,. Thus, infrared radiation
coming from the moon should be more attenuated by carbon
dioxide than radiation emitted by black body at 1100°C.

The concept of using the moon radiation to study the Earth's
atmosphere is not a new issue. At the end of the nineteenth
century the spectrum of radiation coming from the moon after
passing through the Earth's atmosphere as well as absorption
bands corresponding to various active gases were described [2].
At present, the Moon is also used in many experimental works to
investigate the Earth's atmosphere [11, 14].
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3. Experiment

The considerations presented in the previous chapters inspire
to ask the question of what is the transmission of radiation with a
continuous distribution, e.g. emitted by the black or grey body at a
specific temperature, that vertically passes through the Earth's
atmosphere with a CO, layer of appropriate thickness and pressure
and temperature much lower than the temperature of the radiation
source.

To answer this question, the experiment was performed where
infrared radiation from the Moon reaching the Earth's surface after
passing through the Earth's atmosphere was used to light the
cuvette filled with the carbon dioxide. The appropriate
experimental setup was assembled. The first experiments were
carried out in a laboratory using an artificial source of radiation
simulating the Moon. The experimental setup is presented in
Fig. 4.
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Fig. 4. Experimental setup for measuring the transmission of infrared radiation
by a cuvette filled with CO,

The setup uses two identical cuvettes in the form of plexiglass
pipes with a diameter of 250 mm and a length of 500 mm closed
with polyethylene foil windows. One cuvette was filled with
carbon dioxide while the other was used as reference cuvette filled
with air. The radiation emitted by the artificial source, after
passing through the cuvette, was focused by the astronomical
telescope Soligor MT-800/8”E on the S401C detector connected
to PM200 power meter. The telescope was characterized by the
diameter of the first mirror D = 200 mm, focal length F = 800 mm
and the shading diameter of the second mirror d = 60 mm. The
active surface of the detector was shielded by a broadband filter in
the form of a flat-parallel germanium plate.

Polyethylene foil windows and a filter in the form of a flat-
parallel germanium plate were chosen because of their appropriate
transmission spectra. The comparison of these spectra with the
carbon dioxide transmission spectrum and the emission spectrum
of black body at the temperature of 1100°C (corresponding to the
moon's temperature) are shown in Fig. 5.
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Fig. 5. Transmission spectra of polyethylene foil, germanium plate and CO,
compared with the emission spectrum of black body at 1100

It can be seen that from the infrared spectrum emitted by black
body at a temperature of 1100°C, the germanium plate cuts out
unimportant part of low-frequency radiation and slightly reduces
the radiation at ~ 15 pm (666 cm™) wavelength absorbed by CO.,.
In turn, the polyethylene foil cuts out bands that do not overlap
with CO, absorption bands. Finally, it can be stated that the setup's
sensitivity to measure the absorption of black body radiation by
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CO, was increased. The photo of the developed experimental
setup is shown in Fig. 6.

The experimental setup was assembled on a tripod enabling
vertical full angle rotation and horizontal rotation from zero to
ninety degrees.

The diagram of the artificial source of radiation simulating the
Moon is shown in Fig. 7.

Fig. 6. Photo of the experimental setup
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Fig. 7. Diagram of the artificial source of radiation simulating the Moon

The source consisted of a cylindrical glass vessel that was
characterized by 100 mm diameter and 150 mm height. The vessel
was filled with mineral oil and thermally insulated with 10 mm
thick polyurethane foam with a hole of 40 mm diameter for
emitting the radiation. The emissive surface of the vessel (behind
the hole in the foam) was matted. With the help of an electric
heater the oil was heated to 1100°C. The temperature was
measured using the ETI 810-930 electronic thermometer. The
radiation source was placed at a distance of 50 cm from the
polyethylene window of the cuvette as shown in Fig. 4. Just before
the right measurements the power meter was reset covering the
radiation source with a plywood plate (at temperature of ~ 200°C).

The measurements of the power of the infrared radiation
incident on the detector were made alternately for the cuvette
filled with the carbon dioxide and filled with the air. In each case,
500 measurements every 0.01 seconds were made and the average
power was determined. The measurement was repeated three
times for the first cuvette and then three times for the second
cuvette. The above measurements were repeated again six times.
The results of the described experiment are shown in Tab. 1.

Table 1. The power of infrared radiation emitted by the artificial source after passing
through the cuvettes

Subsequent Power for cuvette Subsequent Power for cuvette
measurements with CO,, [uW] measurements with air, [uW]
267.2 310.4
1 265.1 2 309.4
263,7 308.5
264.6 309.2
3 263.2 4 310.1
262.9 308.9
264.2 307.9
5 266.7 6 310.1
263.9 308.7
Average value 264.6 Average value 309.2
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The presented measurements show that the power of radiation
incident on the detector in the case of the cuvette filled with air is
equal to I, = 309.2 pW while for the cuvette filled with CO, is
equal to I¢o, = 264.6 uW.

Assuming, that the power of radiation incident on the first
cuvette window is Iy, the power of radiation incident on the
detector for the carbon dioxide and the air can be expressed by the
following formulas, respectively:

Ico, = I Tg " Tco, " Tr* Tr (3)

Ly=1yTh Ty T, Tr (4)

where: Ty — transmission of the radiation for the polyethylene

window, T, — transmission of the radiation for the telescope, Tr —

transmission of the radiation for the germanium plate,

Tco, — transmission of the radiation for CO, in the cuvette,
T, — transmission of the radiation for the air in the cuvette.

Using equations (3) and (4) and assuming that T, = 1,
the following formula can be derived:

I
Tco, = % ®)

By inserting the measured values from Tab. 1 into formula (5),
the value of transmission of radiation for a 50 c¢m thick carbon
dioxide layer at atmospheric pressure and temperature of 20°C can
be obtained and it is equal to T¢o, = 0.86.

It should be remembered that this radiation was emitted by a
grey body (matted glass surface) at a temperature of 1100°C and
passed through two windows of polyethylene foil and the
germanium plate, while it did not pass through the thick layer of
the Earth's atmosphere, which is the main object of the
investigation. The second part of the experiment was devoted to
this issue. The infrared radiation from the moon after passing
through the Earth's atmosphere was measured. The experiment
was carried out at cloudless night, during the full moon, at ~ 2°C,
on the roof of the IOE WAT building. The measurement system
used for the experiment is shown in Fig. 8.

When the optical axis of the experimental setup was set
towards the clear sky (away from the face of the Moon), the power
meter was to zero. When the optical axis was set towards the face
of the Moon, the power of the radiation incident on the detector
was measured. During the measurement, the optical axis
of the experimental setup was inclined from the vertical by an
angle of ~ 35°.
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Fig. 8. Experimental setup for measuring the transmission of infrared radiation from
the Moon by CO,

The measurements were carried out in the same way as in case
of the laboratory experiment exchanging the cuvette filled with
CO, and with the air. The achieved results are shown in Tab. 2.

Table 2. The power of infrared radiation from the Moon after passing through
the cuvettes

Subsequent Power for cuvette Subsequent Power for cuvette
measurements with CO,, [uW] measurements with air, [uW]
123.2 122.4
1 121.7 2 123.1
119.5 120.0
120.7 1194
3 122.1 4 121.3
119.5 122.0
121.5 120.8
5 119.1 6 118.3
120.7 122.1
Average value 120.9 Average value 121.0
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The obtained results show that the average value of radiation
power from the Moon, after passing through the cuvette filled with
carbon dioxide and with the air, is the same this time. This means
that according to formula (5), the value of infrared radiation
coming from the moon to the Earth's surface through carbon
dioxide at atmospheric pressure, temperature of ~ 2°C and
thickness of 50 cm is equal to T, = 1. Of coursg, it should be
referred to the difference of temperature in laboratory (T = 20°C)
and on the terrace (T = 2°C). Thus, according to the Schwarzschild
equation (1) and analysis presented in [7], stronger attenuation of
the infrared radiation by CO, should be expected at lower
temperature than at a higher temperature. Thus, the temperature
change could not cause an increase of transmission of CO,.

4. Summary of the results of experimental work

The designed and carried out experiment has both methodological
and cognitive value. It shows a relatively simple way to measure
the attenuation of radiation emitted by grey body with a modified
spectrum when passing through a specific gas with a defined
thickness, temperature and pressure. The results of the
measurements can be interpreted as follows. Infrared radiation
from the moon, as a result of absorption by various gases
dissolved in the atmosphere, especially by CO, and water vapour,
changes its spectrum after reaching the Earth's surface. The
“holes” in this spectrum overlaps with the carbon dioxide
absorption bands in the cuvette. Of course, it can be argued
whether this phenomenon can be called saturation of CO,
concentration, because after all due to the overlapping of
absorption bands, other gases also participate in it. However, the
most important conclusion is that, unlike during the measurements
in the laboratory, the additional layer of CO, with thickness of
50 cm at atmospheric pressure, placed on the Earth's surface, does
not noticeably reduce the infrared radiation flux from the Moon,
despite the fact that Moon’s temperature is much higher than the
temperature of carbon dioxide in this layer.

5. Proposal for further experiments

As was already mentioned, the flux of thermal radiation
emitted by a solid, when passing through a gaseous media can
decrease due to absorption in this gas only when the temperature
of this gas is lower than the temperature of the solid. Therefore,
active gases dissolved in the air at low altitudes, where the
temperature is comparable to the surface temperature of the Earth,
will not attenuate this radiation and only at higher altitudes, where
the temperature is much lower, such attenuation may occur.
Therefore, without going into all the complexities of the described
phenomena, one can carry out a simple ideological experiment
consisting in the measurement of the transmission of thermal
radiation from the Earth by carbon dioxide in the cuvette
(similarly to the conducted "moon™ experiment) at appropriate
subsequent heights. This can be accomplished by placing the
cuvettes with focusing optics and measuring devices in the
balloon basket, and after dropping subsequent portions of ballast,
carry out measurements at the corresponding heights. Of course,
the temperature and pressure in the cuvettes should be the same as
outside of them, while the CO, concentration in the cuvette filled
with carbon dioxide should always be 100%. In this way,
assuming that carbon dioxide is evenly distributed throughout the
globe, one can consider a layer with thickness equal to the length
of the cuvette and estimate how much carbon dioxide is contained
in it and how such amount of CO, at the considered height will
reduce transmission of the radiation from the Earth.

After taking into account the results of the measurements
carried out at different heights, a reliable model could be prepared
to determine the effect of the increase of the concentration of CO,
in the atmosphere on the decrease of transmission of thermal
radiation from the lithosphere.

It is worth adding that in the balloon basket, in addition to the
aforementioned apparatus and basic instruments for measuring air
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parameters, it would also be possible to place a set of appropriate
gas collection containers in order to accurately check the
distribution of the concentration of individual gases in the
atmosphere, and thus enable to provide more reliable data for
currently used models.

It seems that the use of a balloon is an optimal solution,
because it can be relatively easily to reach to all layers of the
atmosphere that are important in climate processes and,
additionally, the balloon stopping at the appropriate altitudes,
should not introduce major distortion of gas concentrations in the
surrounding atmosphere.

6. Conclusions

One could think that the cognitive value of the experiment is
small and of little practical importance. Moreover, the
measurements of transmission of infrared radiation from the Moon
were done, not from the earth, as it is in case of the greenhouse
effect. It is known that the Earth's temperature is much lower than
Moon’s temperature and therefore the emission spectrum of the
Earth is slightly shifted towards longer wavelengths. Additionally,
based on results presented in [7], in contrast to radiation from the
Moon absorbed by the entire atmosphere, noticeable absorption of
radiation from the Earth will occur only in the colder layers of the
atmosphere located at higher altitudes. However, it should be
noted that in both cases there is absorption of radiation of
continuous spectrum, emitted by the grey body and passing
through thick layers of the atmosphere. Thus, in both cases, the
"widening" of absorption lines associated with saturation effects
described at the beginning of this work will happen and the
phenomena described in [5] will hace the impact on the absorption
of radiation. Thanks to this, the presented work allows to look
more critically at the frequently presented reality. As was already
mentioned in the introduction, there is the conviction, that based
on the formula (2) derived in paper [5], the increase of the
concentration of absorbing gas in the air, regardless of its initial
state, will cause strong increase of the absorption of the infrared
radiation of continuous spectrum. Meanwhile, the experimental
results obtained in this work, disprove this general theorem while
it is the main basis for introducing restrictions on entities
responsible for CO, emissions.

Nevertheless, disproval of one of the more serious arguments
regarding this statement, based on the presented results of the
measurement, it is not possible to determine what is the real
impact of the increase of CO, concentration in the atmosphere on
the decrease of the transmission of thermal radiation from the
lithosphere. Only on the basis of measurements carried out in the
proposed experiment, it would be possible to get closer to the true
picture of reality.

Acknowledgements

The authors would like to thank Ph.D. Eng. Zbigniew Zawadzki from the
Institute of Optoelectronics of the Military University of Technology for
substantive discussion and comments during the preparation of the
presented work.

References

[1] Andrews D. G.: An Introduction to Atmospheric Physics. Cambridge University
Press, Cambridge 2010.

[2] Arrhenius S.: On the Influence of Carbonic Acid in the Air upon. Journal of
Science 41/1896, 237-275.

[3] Beemt F.: On CO;, and the global mean Earth’s surface temperature.
https://iwww.sciencetalks.nl/on-co2-and-the-global-mean-earths-surface-
temperature/

[4] Covey C., Haberle R. M., McKay C. P., Titov D. V.: The Greenhouse Effect
and Climate Feedbacks. Comparative Climatology of Terrestrial Planets,
S. J. Mackwell, A. A. Simon-Miller, J. W. Harder, M. A. Bullock (eds.).
University of Avrizona Press, Tucson 2013, 163-179,
[http://doi.org/10.2458/azu_uapress_9780816530595-ch007].

[5] Goody R. M., Yung Y. L.: Atmospheric Radiation: Theoretical Basis. Oxford
University Press, New York 1989.

[6] Haman K.: Naturalne i antropogeniczne przyczyny zmian klimatu. Nauka
1/2008, 119-127.

IAPGOS 1/2020 81

[7] Harde H.: Was trigt CO, wirklich zur globalen Erwidrmung bei
Spektroskopische Untersuchungen und Modellrechnungen zum Einfluss von
H,0, CO,, CH,4 und O3 auf unser Klima. Books on Demand, Norderstedt 2011.

[8] Houghton J. T.: The Physics of Atmospheres. Cambridge University Press,
Cambridge 2002.

[9] Jacobson M. Z.: Fundamentals of Atmospheric Modeling. Cambridge University
Press, Cambridge 2005.

[10] Markowicz K.: Procesy radiacyjne w atmosferze — Materialy do wykfadu.
Instytut Geofizyki, Wydziat Fizyki, Uniwersytet Warszawski,
https://www.igf.fuw.edu.pl/m/documents/28/c7/28c7b491-658c-475a-9¢c03-
fbb50707c9de/wykladradiacja.pdf

[11] Notholt J.: The Moon as a light source for FTIR measurements of stratospheric
trace gases during the polar night: Application for HNO3 in the Arctic.
Journal of Geophysical Research 99(D2)/1994, 3607-3614,
[http://doi.org/10.1029/93JD03040].

[12] Randall D. A., Wood R. A., Bony S. et al.: Climate models and their evaluation,
in Climate Change 2007: The Physical Science Basis — Assessment Report
of the Intergovernmental Panel on Climate Change. Cambridge University
Press, Cambridge 2007.

[13] Trenberth K. E., Fasullo J. T., Kiehl J.: Earth’s global energy budget.
Bulletin of the American Meteorological Society 90(3)/2009, 311-324,
[http://doi.org/10.1175/2008BAMS2634.1].

[14] Vollmer M., Méllmann K.: Surface temperatures of the Moon: measurements
with commercial infrared cameras. European Journal of Physics 33(6)/2012,
1703-1719, [http://doi.org/10.1088/0143-0807/33/6/1703].

Ph.D. Eng. Jan Kubicki
e-mail: jan.kubicki@wat.edu.pl

Dr. Eng. Jan Kubicki is a graduate of the Faculty of
Technical Physics of the Military University of
Technology. Currently works at the Institute of
Optoelectronics of the Military University of
Technology. He is the author or co-author of several
dozen scientific publications in the field of laser
physics, high power laser systems, laser spectroscopy,
the interaction of laser radiation with matter and the
use of pulsed electric discharges to modify metal
surfaces. Author or co-author of technological studies
and patents on the use of high-power laser pulses,
pulsed electrical discharges in gases and liquids, and
issues related to remote detection of alcohol vapors.
Currently, he deals with remote detection of vapors
and gases in open and closed spaces.

http://orcid.org/0000-0002-5191-7850

D.Sc. Eng. Krzysztof Kopcezynski
e-mail: krzysztof.kopczynski@wat.edu.pl

D.Sc. Eng. Krzysztof Kopczynski is the director of the
Institute of Optoelectronics of the Military University
of Technology. In addition to managing the Institute,
he is involved in research and teaching. He managed
many domestic and foreign projects as part of KBN,
NCBR, EU and EDA. Currently, he conducts research
related to opto-electronic systems in the field of
security and defense. He has won many gold medals
and awards at the International Innovation Exhibitions
in Moscow, Geneva and Brussels, as well as diplomas
of the Minister of Science. He is the author of over
100 publications in Polish and foreign scientific
journals. Member of SPIE International Society for
Optics and Photonics, OSA Optical Society of
America and EOS European Optical Society

http://orcid.org/0000-0002-3319-3940

D.Sc. Eng. Jarostaw Mlynczak
e-mail: jaroslaw.mlynczak@wat.edu.pl

D.Sc. Eng. Jarostaw Mtlynczak is a university
professor at the Institute of Optoelectronics of the
Military University of Technology. He published
dozens of articles in peer-reviewed scientific journals
and many papers and communications at national and
international conferences. He is also a co-author of 3
patents. He received 6 awards at international and
national exhibitions of inventions SIIF, IWIS, IENA,
BRUSSELS INNOVA. Currently, he conducts
research in areas such as new active laser media,
passive g-switches, laser heads for rangefinders,
optoelectronic detection of chemical and biological
contamination, remote alcohol detection as well as
biometric identification of people.

http://orcid.org/0000-0002-0823-9302

otrzymano/received: 07.12.2019 przyjeto do druku/accepted: 15.02.2020


https://ui.adsabs.harvard.edu/link_gateway/2013cctp.book..163C/doi:10.2458/azu_uapress_9780816530595-ch007
http://orcid.org/0000-0002-5191-7850
mailto:krzysztof.kopczynski@wat.edu.pl
http://orcid.org/0000-0002-3319-3940
http://orcid.org/0000-0002-0823-9302

