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1. Introduction 

The Earth's atmosphere is a complex dynamic system, which protects the biosphere. One of 
the significant factors impacting the Earth's radiation balance is the greenhouse effect. The 
ability of the atmosphere to capture and recycle energy emitted by the Earth’s surface is the 
defining characteristic of the greenhouse effect. Greenhouse gases (GHG) dissipate heat in 
the atmosphere. The greenhouse effect is observed only when radiant heat stays in the 
troposphere, instead of leaving into Space. Layers lying above the troposphere, such as 
stratosphere and thermosphere, serve as an obstacle for heat loss into Space. At low 
temperatures, characteristic of stratosphere and the lower thermosphere, water clusters, 
capable of absorbing molecules of other gases are formed. Many chemical compounds 
present in Earth's atmosphere behave as greenhouse gases.  
The fact that the Earth’s climate is altered by a change in atmospheric composition is well 
known. The analyses of various paleorecords, such as ice cores, have shown that 
atmospheric composition and climate have been correlated over the past 100,000 years. 
Water Vapor is the most abundant greenhouse gas in the atmosphere. However, changes in 
its concentration is also considered to be a result of climate feedbacks related to the warming 
of the atmosphere rather than a direct result of industrialization. The feedback loop in which 
water is involved is critically important to projecting future climate change, but as yet is still 
fairly poorly measured and understood.  
Carbon dioxide is a greenhouse gas, and the increased concentration of carbon dioxide in 
the atmosphere must influence earth's radiation balance. The rising concentration of 
atmospheric CO2 in the last century is not consistent with supply from anthropogenic 
sources. Such anthropogenic sources account for less than 5% of the present atmosphere, 
compared to the major input/output from natural sources (~95%). Hence, anthropogenic 
CO2 is too small to be a significant or relevant factor in the global warming process, 
particularly when comparing with the far more potent greenhouse gas water vapor. The 
rising atmospheric CO2 is the outcome of rising temperature rather than vice versa. The time 
taken for atmospheric gases to adjust to changes in sources or sinks is known as the 
atmospheric lifetime of a gas. The atmospheric lifetime of carbon dioxide is estimated as 5-
200 years (Essenhigh, 2009).  An individual molecule of CO2 has a short residence time in 
the atmosphere. However, in most cases when a molecule of CO2 leaves the atmosphere it is 
simply swapping places with one in the ocean. The CO2 molecules cannot accumulate in the 
atmosphere, because of Henry's Law, which says that most of the atmospheric CO2 must be 
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exchanged with the ocean water. CO2 is essentially chemically inert in the atmosphere and is 
only removed by biological uptake and by dissolving into the ocean. Dissolution of CO2 into 
the oceans is fast but the transfer of carbon from surface waters to the deep ocean largely 
occurs by the slow ocean basin circulation and takes about 500-1000 years. 
Methane is an extremely effective absorber of radiation, though its atmospheric 

concentration is less than CO2 and its lifetime in the atmosphere is brief (10-12 years), 

compared to some other greenhouse gases (such as CO2, N2O). Concentrations of nitrous 

oxide also began to rise at the beginning of the industrial revolution and is understood to be 

produced by microbial processes in soil and water, including those reactions which occur in 

fertilizer containing nitrogen. Ultraviolet radiation and oxygen interact to form ozone in the 

stratosphere. Existing in a broad band, commonly called the ozone layer, a small fraction of 

this ozone naturally descends to the surface of the Earth. The potential radiative impact of 

the ozone change on the stratosphere–troposphere exchange was investigated in (Xie et al., 

2008). This analysis shows that a 15% global O3 decrease can cause a maximum cooling of 

2.4 K in the stratosphere. Carbon monoxide (CO) is not considered a direct greenhouse gas, 

mostly because it does not absorb terrestrial thermal IR energy strongly enough. However, 

CO is able to modulate the production of methane and tropospheric ozone. 

Water vapor and atmospheric gases, such as CO2, N2O, CH4, and others, have a decisive 

influence on the formation of thermal radiation fields. However, according to the Le 

Chatelier principle, there are opposite compensating processes in the atmosphere. 

Clusterization of greenhouse gases can be considered as one of these processes. Water 

molecules bind easily to one another by forming hydrogen bond complexes – clusters. These 

weak interactions (approximately 0.21 eV) perturb the rovibronic and electronic states of 

individual molecules, and alter the spectroscopy of water vapor (Vaida et al., 2001). The 

possible involvement of water clusters in these processes has been proposed for a long time 

(Bignell et al., 1970; Lee et al., 1973; Coffey, 1977; Wolynes & Roberts, 1978; Carlon, 1979; 

Dias-Lalcaca et al., 1981). The abundance and the vibrational spectrum of the water dimer 

and trimer were evaluated both theoretically (Shillings et al., 2010) and in an experiment 

(Goss et al., 1999). The temperature contributions of the greenhouse gases of the Earth’s 

atmosphere to the greenhouse effect are determined in (Barrett, 2005) according to their 

volume fraction. So for water vapor this contribution should make 37.4 K. However, 

correction of 13.4 K is necessary to take into account the effect of water evaporation. 

Therefore effectively the contribution of water vapor decreases to 24.0 K. 

Nitrogen forms the following series of oxides that formally correspond to all possible 

oxidation states from +1 to +5: N2O, NO, N2O3, NO2, N2O5; however, only two of them, 

nitrogen(II) oxide and nitrogen(IV) oxide, are stable under ordinary conditions and actively 

participate in the natural and industrial nitrogen cycles. Nitrogen oxides (NOx) are of great 

importance for many atmospheric reactions. NO3, radical is the most reactive of them; it is 

formed in the dark and is regulated by the chemical reactions occurring in the night 

atmosphere. When interacting with water, nitrogen oxides form nitric acid (HNO3), which is 

not only the main component of acid rain, but also governs the main process of removing 

nitrogen oxides from atmosphere. Nitric acid plays the key role in the chemistry of polar 

stratosphere. It is involved in the formation of ozone holes. Nitrogen oxides directly 

participate in the formation and decomposition of the tropospheric ozone. Under the action 

of sunlight, nitrogen dioxide is transformed into monoxide NO, which, in turn, forms NO2 

by interacting with oxygen. Ozone and peroxide radicals are also involved in this cycle. 
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More carbon monoxide is emitted to the atmosphere every year than any other pollutant 
except for CO2, and the amount of emitted CO increases every year. However, the data on the 
rise of CO concentration in the troposphere are quite contradictory. The results of 
measurements of CO content in samples of Arctic and Antarctic ice indicate that its 
concentration hardly varied for centuries (Platt & Stutz, 2008). There exist at least five varieties 
of CO, namely, two varieties with light oxygen (O16) and three varieties with heavy oxygen 
(O18). The first two varieties of CO may form directly in the atmosphere the year round. The 
much less common varieties of CO enriched with O18 are seasonal. Carbon monoxide is 
liberated from the ocean surface, similar to methane. Depending on the concentration of CO, 
the soil may be both the source and the sink of this gas. The main anthropogenic source of CO 
is the incomplete combustion of hydrocarbon fuel, including automobile fuel. The resident 
time of CO in the troposphere is from 0.1 to 0.2 year. As a result of the effect of hydroxyl, CO 
oxidizes to carbon dioxide. Because of the existing transverse gradient of CO concentration in 
the troposphere, the stratosphere serves as the sink of carbon monoxide. Monoxide NO stands 
out from among nitrogen oxides; its resident time in the troposphere is approximately one 
hundred years. At present, its concentration in the atmosphere increases by 0.25% a year. The 
transition of NO to the stratosphere causes a reduction of stratospheric ozone: nitrogen 
monoxide reacts with ozone to form nitrogen dioxide and oxygen. 
The study of the properties of clusters is usually considered as a way of investigating the 
transition from gas to condensed liquid. In the case of water clusters, it is also possible to 
estimate the effect of hydration on the dynamics of chemical reactions in a regulated form. 
For example, the reaction between SO3 and water vapor consisting of both monomers and 
clusters is extremely important from the standpoint of heterogeneous atmospheric 
chemistry (Akhmatskaya, et al., 1997), as it represents the final stage in SO2 tropospheric 
oxidation, which eventually leads to the formation of sulfuric acid aerosols and acid rains. 
These reactions also result in the depletion of ozone, thus weakening the absorption of 
incident solar radiation and influencing the Earth’s climate.  
Atomic oxygen plays an important part in the formation of atmospheric ozone. Oxygen 
atoms formed in the dissociation of an O2 molecule either associate again in the presence of 
another particle M necessary to withdraw the energy from a formed molecule according to 
the equation 

 2O O OM M    , (1) 

or interact with an O2 molecule also in the presence of another particle and form an ozone 
molecule as follows: 

 2 3O O O .M M     (2) 

Physically, an ozone molecule is stable, but the decomposition rate of gaseous ozone grows 
appreciably with an increase in the temperature and amounts of some gases, for example, 
NO, Cl2, Br2 and I2, and also under the action of different radiations and particle fluxes. 
The autoregulation of the atmosphere composition is due to the formation of water clusters 
and their subsequent capture of greenhouse gas molecules is, as a rule, ignored in the esti-
mation of the Earth's radiation balance. The characteristics of infrared (IR) radiation 
absorption by water clusters incorporating molecules of the most abundant atmospheric 
gases – nitrogen, oxygen, and argon – were studied in (Galashev et al., 2005; Novruzova et 
al., 2007a, 2007b; Novruzova & Galashev, 2008). 
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The objective of this study is to investigate the absorption of different greenhouse gases 
by ultradisperse water medium with determining the spectra of infrared (IR) absorption 
and emission by (H2O)n and Xi(H2O)n (where X= CO2, N2O, CH4, C2H2, C2H6, NO2, NO, 
CO and O3) systems under conditions typical of the troposphere. Also, in the light of the 
molecular dynamics calculations, the impact of atmospheric gases’ clustering on 
greenhouse effect is examined.  

2. Computer model 

This work deals with the molecular dynamics study of the influence of clusterization of H2O 
vapor and atmospheric gases such as CO2, N2O, CH4, C2H2, C2H6, NO2, NO, CO and O3 on 
the greenhouse effect. The IR absorption spectra were calculated for systems formed by 
water clusters and molecules of the above greenhouse gases at 233 K. Due to clusterization a 
homogeneous single-phase system represented by a mixture of gases transforms into a "two-
phase" or even "three-phase" state since, depending on the ambient conditions, clusters 
constituting a fine "phase" can be in both the liquid and solid states. 
Water is among the most studied of chemicals, owing, in part, to its ubiquity and its 
necessity for all life. In addition to these “natural” reasons, water is an interesting 
compound because it has unique physical properties and is a model hydrogen-bonded 
liquid. Most of the available water interaction potentials are parametrized to reproduce the 
thermodynamic and structural properties of bulk water. The polarizable model allowed us 
to examine the changes in the dipole moment of the individual water molecules as a 
function of their environment. This can provide insight into many-body effects in water 
clusters at a molecular level. Dang and Chang (Dang & Chang, 1997) have developed a 
polarizable potential model for water that behaves reasonably well with changes in the 
environments (i.e.., cluster, liquid, and liquid/vapor). The simulation of water clusters was 
performed using a refined TIP4P interaction potential for water and the rigid four-center 
model of H2O molecule (Jorgensen, 1981). The total interaction energy of the system can be 
written as 

 tot pair polU U U  , (3) 

where the pairwise additive part of the potential is the sum of the Lennard-Jones and 
Coulomb interactions, 

 -

12 6(LJ) (LJ)
(LJ)

pair

1
4

2

ij ij i j

ij ij iji j

q q
U

r r r

 


                       

 . (4) 

Here, ijr  is the distance between site i  and j , q  is the charge, (LJ)  and (LJ)  are the 
Lennard-Jones parameters. 
The nonadditive polarization energy is given by 

 01

2
pol i i

i

U  d E , (5) 

where 0
iE  is the electric field at site i  produced by the fixed charges in the system 
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j i ij

q

r


r
E , (6) 

id  is the induced dipole moment at atom site i , and is defined as  

 p
i iid E , (7) 

where 

 0
i i ij j

j i

  E E T d . (8) 

In the above, iE  is the total electric field at atom i , p
i  is the atomic polarizability, and ijT  

is the dipole tensor 

  3

1
ˆ ˆ3

| |
ij ij ij

ijr
 T r r 1 . (9) 

In (9), îjr  is the unit vector in the direction ri – rj, where ir  and jr  are the positions of the 
centers of mass of molecules i and j, and 1 is the 3 × 3 unit tensor. 
The modification of interaction potential for water by Dang and Chang (Dang & Chang, 
1997) concerned the variation of the parameters of the Lennard–Jones part of potential and 
localization of negative charge. As a result, the value of permanent dipole moment for water 
molecule was taken to be equal to its experimentally obtained value of 1.848 D. The 
geometry of this molecule corresponds to the experimentally obtained parameters of the 
molecule in the gas phase: rOH = 0.09572 nm and angle HOH of 104.5° (Benedict et al., 
1956). Fixed charges (qH= 0.519 e, qM= −1.038 e) are ascribed to H atoms and to point M  
lying on the bisectrix of angle HOH at a distance of 0.0215 nm from oxygen atom. The 
values of charges and the position of point M are selected so as to reproduce the 
experimentally obtained values of dipole and quadrupole moments (Xantheas, 1996; 
Feller & Dixon, 1996), as well as the ab initio calculated energy of dimer and the typical 
distances in the dimer (Smith & Dang, 1994). The stabilization of short-range order in 
water clusters is largely attained owing to the short-range Lennard-Jones potential with 
the center of interaction ascribed to the oxygen atom. Related to point M in addition to the 
electric charge is the polarizability which is required for the description of nonadditive 
polarization energy. The standard iterative procedure is used at every time step for 
calculating induced dipole moments (Dang & Chang, 1997). The accuracy of 
determination of di is given in the range of 10–5 –10–4 D. 
The atom-atom impurity (carbon, oxygen, hydrogen, nitrogen)–water interactions were 
preassigned in terms of the sum of repulsion, dispersion, and Coulomb contributions, 

 ( ) exp[( ) ]ij i j i j ijr b b c c r   - 6
i j ija a r +

i j

ij

q q

r
, (10) 

where the parameters ai, bi, and ci of the potential describing these interactions were 
borrowed from Spackman (Spackman, 1986a, 1986b). Experimental polarizability values 
have been used (Lide, 1996). 
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The added linear CO2, N2O, CO, NO and C2H2 molecules were placed along the beams, 

connecting (H2O)n cluster’s center of the mass to those of these molecules. At first NO2, O3, 

CH4 and C2H6 molecules were placed in the knots of imaginary BCC lattice piercing the 

cluster. In all cases the admixture molecules were situated outside the cluster. 

The Gear method of fourth order was used for the integration of the motion equations of 

the molecules’ centers of the mass (Gear, 1971). The analytical solution of motion 

equations for molecules’ rotation was carried out with a help of the Rodrigues - Hamilton 

parameters (Petrov & Tikhonov, 2002). Scheme of the equations of motion integration at 

presence of rotation corresponded with the approach offered by Sonnenschein 

(Sonnenschein, 1985). The duration of calculation for each cluster lasted not less than 3·106 

Δt, where time step was Δt = 10-17c. 

The overall dipole moment of a cluster dcl was calculated via the formula 

 
tot1 tot2

cl
1 1

( ) ( ) ( )
N N

i j
i j

t Z t Z t 
 

  d r r , (11) 

where ( )i tr  is a vector denoting the position of atom i  or point M  at time moment t; Z+ 
and Z- are the electric charges located at positively and negatively sites; and tot1N  and tot2N  
are the numbers of positively and negatively charged atoms in a cluster, respectively. 
Static permittivity ε0 was calculated from the fluctuations of overall dipole moment dcl 

(Bresme, 2001) as follows: 

 -
22

0 cl cl

4
1

3VkT

   
 

d d , (12) 

where V is the cluster volume and k is Boltzmann’s constant. 

Permittivity ε() was represented as a function of frequency  by a complex value 

-( ) ( ) ( )i       , which was estimated through the following equation (Bresme, 2001; 

Neumann, 1985): 

 
-

-0 0 0

( ) 1
exp( ) 1 exp( ) ( )

1

dF
i t dt i i t F t dt

dt

    


 

       , (13) 

where function F(t) is the normalized autocorrelation function of the overall dipole moment 

of the cluster 

 cl cl

2
cl

( ) (0)
( )

t
F t 

d d

d

. (14) 

Let us consider the scattering of nonpolarized light when the molecule path length l is much 

less than the light wavelength . The extinction (attenuation) coefficient  of an incident ray 

can be determined both by the Rayleigh formula (Landau & Lifshits, 1982) 

 
-

24
0

4

( 1)2

3 Nc




 , (15) 
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and through the scattering coefficient  by the expression (
16

3

  ) (Przhibel’sky, 1994) in 

the approximation of a scattering at an angle 90°. Here, N is the concentration of scattering 

centers, c is the light velocity, ε is the dielectric permittivity of the medium, and   is the 
incident wave frequency. 

Taking into consideration that  =  + , where   is the absorption coefficient, we obtain 

 
-

-

24
0

, 4

( 1)2 3
(1 )

163
i nN

c


 

 . (16) 

Let us form system in such a way that the statistical weight of a cluster containing i 
admixture molecules and n water molecules can be expressed as follows: 

 in
in

N
W

N
 , (17) 

where inN  is the concentration of clusters with i  admixture molecules and n water 

molecules, 
1

in

i
i

N N


 , where ni is the maximal value of i. Similar weights were used for 

(H2O)n clusters constituting system. The further calculation of all the spectral characteristics 

was performed with consideration for the assumed statistical weights inW . The average 

concentration of each type of cluster in the systems under consideration was 12–13 orders of 
magnitude lower than the Loschmidt number. 

The absorption coefficient  of incident IR radiation can be expressed through the 

imaginary component of the frequency-dependent dielectric permittivity ( )  as follows 

(Neumann, 1986): 

 
1

2( ) 2 Im[ ( ) ]
c

    . (18) 

In the case of depolarized light, the Raman spectrum ( )J   is determined as follows (Bosma 

et al., 1993): 

 -
-

4
( ) 1

( )
kT

L

J e


 
   
 



0

Re d ( ) (0)i t
xz xzte t



    (19) 

where 

 
1

( ) ( )
N

p p
j j

j

t t 


     , (20) 

/2h  , h is the Planck constant, L is the exciting laser frequency, xz is the xz 

component of the (t) value, the x axis is directed along the molecular dipole, and xy is the 
molecular plane. 
The frequency dispersion of the dielectric permittivity determines the frequency 

dependence of dielectric losses P() according to the equation (Levanuk & Sannikov, 1988) 
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2

4

E
P

 


  
 , (21) 

where 2E   is the average squared intensity of an electrical field, and ω is the frequency of 
an emitted electromagnetic wave. 
The rigid model of molecules used in this work does not permit consideration of 

intramolecular vibrations, which, as a rule, have frequencies  > 1200 cm-1. In this work, we 

study the frequency range 0 ≤  ≤ 1200 cm-1, which characterizes vibrational and rotational 
motions of molecules.  

3. Water clusters and main greenhouse gases absorption 

To determine the influence of absorbed polyatomic molecules on the greenhouse effect, we 
considered different types of ultradisperse systems: (H2O)n (I), (CO2)i(H2O)10 (II), 

(CH4)i(H2O)10 (III), and (N2O)i(H2O)10 (IV), where n = 10–20 and i = 1–10. Investigation of 
clusterization of the GHG was executed in works (Galashev et al., 2006a, 2006b, 2007; 
Novruzov et al., 2006; Galasheva et al., 2007; Chukanov & Galashev, 2008;  Galashev, 2011). 
Here we shall consider influence of capture of admixture molecules by water clusters on 

some spectral characteristics of cluster systems. In analyzing frequency-dependent 

characteristics we restrict ourselves to frequency range 0 ≤  ≤ 1200 cm-1 because no 
intramolecular vibrations are present in the model employed by us for systems I-IV. The 
structure of equimolecular heteroclusters is shown in Fig. 1, where configurations of 

(CO2)10(H2O)10 and (CH4)10(H2O)10 clusters are represented. One may observe that both 
clusters have a significantly irregular structure. Moreover, CO2 molecules intermix with 
H2O molecules and CH4 molecules gather in one group forming heterocluster’s surface. The 
correlation in the orientation of CO2 and H2O molecules can be observed, while CH4 

molecules are disoriented. 
 

 

Fig. 1. Configurations of clusters: (a) - (CO2)10(H2O)10, (b) - (CH4)10(H2O)10, corresponding to 
the moment of time 30 ps.  

The greenhouse effect caused by atmospheric gases is in fact the absorption of the Earth’s 

thermal radiation by them and a subsequent dissipation of the absorbed energy. The 
spectrum of Earth’s thermal radiation, together with experimental IR radiation absorption 
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spectrum of liquid water (Goggin & Carr, 1986), is shown in Fig. 2(a). The spectrum for 
water overlaps practically all of the Earth’s radiation frequency range and indicates the 
greatest significance of atmospheric moisture in greenhouse effect creation. The 
 

 

0 200 400 600 800 1000 1200





,  cm
-1

,  cm
-1

2

3

4

1

(c)

0 500 1000 1500 2000 2500

ab
so

rb
an

ce

1

2

3

(b)

1

2
(a)

 

Fig. 2. IR absorption spectra, (a) (1) experimental spectrum for liquid water (Goggin & Carr, 
1986), (2) spectrum of thermal radiation of the Earth at T = 280 K; (b) (1), (2), (3) experimental 
spectra for gaseous CO2, CH4, and N2O (Kozintsev et al., 2003) correspondingly; (c) (1) system 
I, (2) II, (3) III, (4) IV. 
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Fig. 3. The frequency dependence of dielectric loss for systems: (1) I (in the inset), (2) II, (3) 
III, (4) IV. 
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experimental IR spectra of gaseous CO2, N2O and CH4 (Kozintsev et al., 2003) absorption are 
represented in Fig. 2(b). In the investigated frequency range the locations of the main 
spectrum peaks for gaseous N2O and CH4 coincide. These spectra represent a landmark for 
location of changes of relevant IR spectra peaks during transition from clusters of pure 
water to heteroclusters. IR spectra of systems I, II, III and IV presented in Fig. 2(c) are 
calculated by the method described in (Galashev et al., 2006b). The spectra for ultra-disperse 
systems of pure water and CO2)i(H2O)10 clusters system have two peaks, the main of which 
situates at ω = 974 (I) and 960 cm-1 (II), and the second peak at 661 cm-1 (I) and 724 cm-1 (II), it 
is less expressed. The IR spectra in the frequency range of 0 ≤ ω ≤ 1200 cm-1 related with 
aqueous systems containing N2O and CH4 molecules are characterized by one peak. These 
peaks are situated respectively at the 911 and 340 cm-1 frequency. In the observed frequency 
range the integral intensity of IR radiation absorption by systems II and III significantly 
decreases. On the contrary, for the system IV this value slightly increases in comparison 
with the corresponding characteristic of system I. 
Let us consider energy exchange between photons representing falling electromagnetic 
wave and phonons – collective oscillations of molecules in clusters. The most probable 
events of this process are (Poulet & Mathieu, 1970): 

1. the absorption of photon with frequency  (or ћ energy) with a birth of two phonons 

with the same 1 frequency extending in opposite directions under the law of energy 

conservation ћ =2ћ1 or  =21, 
2. the absorption of photon with frequency   causes appearance of two phonons with 

different frequencies 1 and 2, where  =1 + 2, 
3. the absorption of photon, the collapse of one phonon and the emergence of another 

with  =1 – 2, 1 ≠ 2. 
The exchange of electromagnetic radiation energy with clusters is an essentially 
unharmonious process. Due to this the emerged phonon can be characterized not only by 
one frequency but by a number of frequencies from the appointed interval.  
The most probable result of IR radiation interaction with clusters, as well as with crystals 
(Poulet & Mathieu, 1970), is the appearance of two phonons of the same frequency (event 1). 

We especially refer to this event at  = 974 cm-1 frequency of the main IR spectrum peak of 

the system I. Then the frequency expected for appearing phonons is defined by 1 = 487 cm-1 

value. The event 2 should be the second one according to the frequency occurrence where 
absorbed photon energy distributes among excited phonons in uneven portions. To this 

event we can attribute the emergence of the second IR spectrum peak in the system I at  = 

661 cm-1 frequency. The frequency 2 =  – 1 = 174 cm-1 can be thus derived. The third event 

of the system I, where the frequency of IR spectrum peak localization is defined by 1 – 2, is 

the least probable. In this case the location of expected peak is given by  = 313 cm-1. In the 
IR spectrum of the system I in the vicinity of this frequency (at 348 cm-1) there is only one 

inflection point of dependence (). It is possible to estimate the influence of admixture 
molecules on clusters’ phonons, and consequently, on corresponding IR spectra by 
inharmonic contributed by them. In the case of CO2 molecules the interaction of clusters 
with IR radiation gives events 1 and 2, and the inharmoniousness is characterized by the 

quantities ∆1 = 1(II) -1(I) = –7 cm-1, 2(II) – 2(I) = 70 cm-1 (II:1 = 480 cm-1 and 2 = 280 

cm-1). The event 1 with phonon frequency 1 = 455.5 cm-1 takes place at interaction of IR 
radiation with (N2O)i(H2O)10 clusters, and the inharmoniousness is defined by the value 

∆1(IV) = 31.5 cm-1. From the minimum unharmonious effect estimation it follows that for 
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(CH4)i(H2O)10 clusters the realization of event 3 with phonon frequencies 1 = 650 cm-1 and 

2 = 310 cm-1 leading to a quantity of inharmoniousness ∆2(III) = 136 cm-1, is more 
probable. Thus, according to the quantity of contributed inharmoniousness (from greater to 
smaller) the admixture molecules locate as CH4, CO2, N2O. 
The frequency distribution of power dissipated by cluster systems under consideration is 
given in Fig. 3. One can see that the addition of CO2, CH4 and N2O molecules to water 
clusters causes a significant increase in the rate of energy dissipation. The energy of 
absorbed IR radiation is dissipated most rapidly by system II with the maximum of 
dissipation at a frequency 800 cm–1. The system IV has next rate of energy dissipation with a 

maximum of spectrum P() at frequency 1036 cm–1. The system of water clusters with 
absorbed CH4 also strengthens IR radiation emission power. Water clusters exhibit the 

highest rate of dissipation of stored energy at frequency  = 974 cm–1, and clusters which 
absorbed CH4 molecules (system III) – at 1014 cm–1.  

4. Hydrocarbon molecules’ absorption by ultra disperse water medium 

We consider some types of ultra disperse systems: (C2H2)j(H2O)n, (C2H6)j(H2O)n, (C2H2)i(H2O)20, 
(C2H6)i(H2O)20, j = 1, 2; 10 ≤ n ≤ 20, 1 ≤ i ≤ 6. Configurations of (a) (C2H2)6(H2O)20 and (b) 
(C2H6)6(H2O)20 clusters corresponding to the moment of time 30 ps show the absence of stirring 
of H2O molecules with C2H2 and C2H6 molecules even when the number of admixture 
molecules reaches six (Fig. 4). Acetylene molecules are attracted by water clusters. Finally, they 
get the orientation of a tangent to the (H2O)20 cluster surface. It is reached due to the attraction 
of C atoms to H atoms of water molecules oriented mainly outwards to the cluster. Thus, H 
atoms, which are on the ends of the C2H2 molecule, feel the repulsion from the surface of the 
water cluster. In this case, acetylene molecules act as proton acceptors (Allouch, 1999). Also, 
the bond energy with water clusters is estimated as – 13.8, –15.4 and –12.9 kJ/mol for systems 
C2H6(H2O)n, (C2H6)2(H2O)n and (C2H6)i(H2O)20, respectively. These values are coordinated with 
the estimation of bond energy (–15.4 kJ/mol) for the acetylene acting as a proton acceptor to 
amorphous ice (Silva & Devlin, 1994).  
 

 

Fig. 4. Configurations of (a) (C2H2)6(H2O)20 and (b) (C2H6)6(H2O)20 clusters, corresponding to 
the moment of time 30 ps. 
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Fig. 5. Configurations of the clusters corresponding to a time of 30 ps: (a) C2H6 (H2O)20 and 
(b) (C2H6)2(H2O)20 clusters. 

 

 

Fig. 6. Trajectory of motion for the center of mass of the C2H2 molecule within 30 ps: i  and 
f  are the beginning and the end of the trajectory, respectively. The coordinates are given in 

units σw = 0.3234 nm. 

The bond energy for acetylene–water dimer is determined at –(5.0–7.9) kJ/mol (acetylene–
proton acceptor) and –(8.7–13.3) kJ/mol (acetylene–proton donor) (Frish et al., 1983). 

Interaction of ethane molecules with water clusters is characterised by higher values of bond 
energy. These values for systems of C2H6(H2O)n, (C2H6)2(H2O)n and (C2H6)i(H2O)20  are –11.7, 
–11.7 and –6.7 kJ/mol, respectively. If, in general, for the first two systems, the ethane acts as 

a proton acceptor, then for the last system, it acts as a proton donor (oxygen–hydrogen of 
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ethane pairs gives the lowest energy in the ethane–water interaction). Thus, with the growth 
of ethane concentration and the amplification of interaction between C2H6 molecules, the 
switching of the bond type from the proton acceptor to the proton donor is observed. Bond 

energy in a complex amorphous ice–ethylene (proton acceptor) is estimated as –15.8 kJ/mol 
(Silva & Devlin, 1994). At atmospheric pressure, the ethylene has the higher solubility in 
water than ethane. The C2H6 molecules are not rejected by water cluster but also do not 
approach it too close being symmetrically on opposite sides of the cluster. 

Theoretical determination of the ground-state geometry of water clusters is a difficult task. 
As the number of local minima grows exponentially with the number of atoms, finding the 
global minimum is a real challenge. Exact definition of the cluster configurations with the 
minimal energy is complicated due to energies, corresponding to the different equilibrium 

configurations, that are close enough. These configurations frequently differ only in the way 
of arrangement of atoms of hydrogen in the system of bonds. Already for polytetrahedral 
clusters from eight molecules, the number of isomers formed due to the hydrogen disorder 

makes 450, and it is already more than 40,000 of such isomers for similar clusters from 14 
molecules (Kirov, 1993). Another difficulty is that the use of various models of water results 
in clusters with the minimal energy, having various forms. In addition, their structures 
differ by symmetry (Sremaniak et al., 1996). Even with the use of the same model of water, 

different forms of the (H2O)20 clusters with the minimal energy were received. With the help 
ab initio calculations, using TIP4P potential, Tsai and Jordan (Tsai & Jordan, 1993) have 
defined such cluster in the form of the fused cube, and by a method of molecular dynamics 

with the same potential Wales and Ohmine (Wales & Ohmine, 1993) have found an even 
lower energy structure for (H2O)20, which consists of three pentagonal prisms sharing three 
faces. Extensive ab initio calculations have been performed for several possible structures of 
water clusters (H2O)n, n=8–20 (Stern & Berne, 2001). It is found that the most stable 

geometries arise from a fusion of tetrameric or pentameric rings. As a result, (H2O)n, n = 8, 
12, 16 and 20, are found to be cuboids, while (H2O)10 and (H2O)15 are fused pentameric 
structures. It is necessary to notice that the adding polarisability in an explicit manner has 

the effect favouring a reduction in strain energy at the expense of hydrogen bonding 
(Sremaniak et al., 1996). Many-body intermolecular interaction expansions provide a 
promising avenue for the efficient quantum mechanical treatment of molecular clusters and 
condensed-phase systems, but the computationally expensive three-body and higher terms 

are often non-trivial (Maheshwary et al., 2001). 
The neighbourhood already with one ethane molecule changes the structure of water 
cluster. The C2H6 molecules are not detached by the water core of a cluster; however, at the 
same time, they do not approach the core too closely (Fig. 5). In the case of both clusters, 
every C2H6 molecule is adjacent to three water molecules. Also, every C2H6 molecule is 
oriented arbitrarily to the water core of a cluster, i.e. its C–C axis is directed neither at the 
centre of a cluster mass nor tangentially to the core “surface”. The presence of a second C2H6 
molecule changes the shape of the water skeleton of a cluster. This is due to the fact that 
every ethane molecule adjusts the nearest water molecules of a cluster to its conformation. 
The C2H6 molecules are quite remote from water molecules comparing to the distance 
between the adjacent H2O molecules. In general, the surface of the C2H6(H2O)20 cluster 
turned out to be looser than the surface of the (C2H6)2(H2O)20 cluster. The structures shown 
in Fig. 4 and 5 correspond to the energy close to the minimal one for these clusters under 
considered conditions. 
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The motion of the center of mass of one of the C2H2 molecules during the formation of the 
cluster (C2H2)2(H2O)20 is reflected by the trajectory depicted in Fig. 6. The trajectory was 
followed over the time span of 30 ps. The initial and final positions of the center of mass of 

the molecule are denoted by the symbols i and f, respectively. It is seen that the C2H2 
molecule first moves strictly rectilinearly toward the cluster. Covering a certain distance, the 
molecule turns toward the tangent to the cluster surface and follows in this direction, 
experiencing small-scale oscillation. 

The frequency dependence of (ω) IR radiation absorption coefficient of investigated 

systems is shown in Fig. 7. The () coefficient for disperse systems containing C2H2 

molecules is higher than that for the disperse system of pure water (Fig. 7(a)). The intensity 

of the spectrum is increased with the growth of C2H2 molecules’ number in the water 

system. The principal maximum of the () distribution for the system of pure disperse 

water falls in the frequency of 780 cm-1, and that for the similar water system with one and 

two acetylene molecules in each cluster is at 970 cm-1. After absorption from one up to six 

acetylene molecules by the monodisperse water system, the () spectrum becomes 

strongly oscillating with the principal maximum at  = 920 cm-1. The w() spectrum of bulk 

liquid water (Goggin & Carr, 1986) has two maxima at frequencies of  = 200 and 690 cm-1. 

The higher integrated intensity of IR radiation absorption for bulk water is caused by its 

density, which is higher, on average, than the density of water clusters by a factor of 1.4. 

However, in the presence of hydrocarbon molecules in these clusters, the density is not a 

determining factor in the absorption of IR radiation. The expansion of the system owing to 

the attachment of hydrocarbon molecules results in an increase in the number of vibration 

modes including the 0 ≤  ≤ 1000 cm-1 frequency range of the () spectrum. The orientation 

of acetylene molecules on a tangent to the water cluster gives a stable amplification of the 

integrated intensity of the () spectrum with the growth of acetylene concentration. This is 

promoted by the repulsion of the positive charges of C2H2 molecules. The bending band of 

the () spectrum of gaseous acetylene is located at a frequency of  =730 cm-1 (Kozintsev et  
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Fig. 7. Absorption coefficient of IR radiation for cluster systems: (a) 1, C2H2(H2O)n; 2, 
(C2H2)2(H2O)n; 3, (C2H2)i(H2O)20. (b) 1, C2H6(H2O)n; 2, (C2H6)2(H2O)n; 3, (C2H6)i(H2O)20; 4, 

(H2O)n; 5, w(ω) function of bulk water, experiment (Goggin & Carr, 1986) and 6, experimental 
spectrum for gaseous hydrocarbon: (a) C2H2 and (b) C2H6 (Kozintsev et al., 2003). 
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al., 2003). Thus, the attachment of acetylene molecules by water clusters strengthens the 
integrated Itot absorption intensity. 
Ethane molecules have the more chaotic orientation. This results in a more random change 
of the vibrations’ intensity with the growth of the number of C2H6 molecules in clusters. As 
a consequence, the behaviour of the IR absorption spectrum for these systems is less stable 
when the number of C2H6 molecules changes. After absorption of one ethane molecule, the 
absorption of external IR radiation in the investigated frequency range by ultradispersed 
water systems is also amplified (Fig. 7(b)) and the form of the curve becomes smoother. 
However, the following addition of C2H6 molecules results in some decrease of the IR 

radiation absorption, at least at frequencies of  > 310 cm-1. The values of the  coefficient 
for the systems consisting of heteroclusters are higher than that for a cluster system of pure 

water almost in all frequency ranges (except for the area of 690 ≤  ≤  800 cm-1). The 

principal maximum of the () frequency spectrum appears at  = 910 cm-1 (C2H6 (H2O)n 

system) and  = 973 cm-1 ((C2H6)2(H2O)n and (C2H6)i(H2O)20 systems). The part of the () 
spectrum determined by the bending vibrations of gaseous ethane molecules has the 

doubled maximum in the 810 ≤  ≤  840 cm-1 frequency range (Kozintsev et al., 2003). 
Water clusters including clusters absorbing acetylene or ethane molecules are capable of re-
emitting the falling IR radiation. Calculations show that the disperse system consisting of 
pure water clusters has low values of P radiation power, in comparison with the system 
enriched with acetylene (Fig. 8(a)). For the disperse system formed by pure water, two 

characteristic frequencies of IR radiation are observed: 1 = 657 cm-1 and 2 = 973 cm-1. The 
maximal value of emitted radiation power corresponds to a frequency of 970 cm-1 when only 
one C2H2 molecule is present in the clusters, and to a frequency of 910 cm-1 at the presence of 
two acetylene molecules in every cluster of the system. After adsorption of the second C2H2 
molecule by clusters, the radiation power of disperse systems is increased. Moreover, the 
absorption of ethane molecules by water clusters causes the essential decrease of clusters’ P 
radiation power (Fig. 8(a), insert). Arrangement of C2H2 molecules on a tangent to a surface of 
water clusters makes their structure more dense (Novruzov et al., 2008a). Due to  
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Fig. 8. Frequency dependence of (a) P() IR radiation power and (b) maximum P quantity 
on n number of water molecules in clusters: 1, C2H2(H2O)n; 2, (C2H2)2(H2O)n; 3, C2H6(H2O)n; 
4, (C2H6)2(H2O)n; 5, (H2O)n. 
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C atoms, the acetylene molecule is attached to the cluster. Due to H atoms, the molecule 
keeps a tangent direction to the water cluster and makes it denser. As a rule, bn , an average 
number of hydrogen bonds per molecule, decreases, and bL , the H-bond length, increases 
during the addition of both acetylene and ethane molecules to water clusters (Novruzov et 
al., 2008a, 2008b). When the number of admixture molecules i < 5, the value of bn  for water 
clusters with C2H2 molecules is higher and bL  is lower than those for clusters with C2H6 

molecules. The volume of water clusters with C2H2 molecules appears to be 5–10% less than 
the volume of similar clusters with C2H6 molecules. As a result, the Dw self-diffusion 
coefficient of water molecules in (C2H2)i(H2O)n clusters is on average 20–30% lower than that 
in (C2H6)i(H2O)n clusters. The Da self-diffusion coefficient of C2H2 molecules is higher than 
the Da value of C2H6 molecules by no more than 1%. The decrease of the Dw value causes the 
amplification of collective vibrations, which, in turn, causes an appreciable amplification of 
dissipation of absorbed energy. An average cld  dipole moment of (C2H2)i(H2O)n clusters 
exceeds the appropriate cld  value of (C2H6)i(H2O)n clusters on an average by 5%. The ε'' 
imaginary part of dielectric permittivity of (C2H2)i(H2O)n clusters can increase by an order in 
comparison with the ε''  value of pure water clusters. This causes a sharp amplification of 
emitted radiation power for the system formed from these clusters. For (C2H6)i(H2O)n 
clusters, the opposite picture is observed, i.e. the ε'' value significantly reduces (up to five 
times), which causes an appreciable easing of the power of emitted IR radiation by an 
appropriate cluster system. The P() spectra for the systems consisting of heteroclusters 
become smoother than those for the clusters system of pure water. The doubling of C2H6 

molecules’ number in ultra disperse system results in some amplification of radiation 
power. The principal maxima of the P() spectra for the systems containing one and two 
ethane molecules in clusters are located at  = 847 and 910 cm-1, respectively. 
The behaviour of the Pmax maximal value of clusters in dependence on a number of water 
molecules containing in clusters is shown in Fig. 8(b). Pure water clusters are characterised 
by an extremely low rate of energy dissipation up to the size n = 18 (an insert in Figure 8(b)). 
For (H2O)n clusters with n > 18, the radiation power is sharply increased, but still remains 
low enough in comparison with the similar characteristic of clusters containing C2H2 

molecules. The maximal values of the radiation power of water clusters adding one C2H2 
molecule up to the size n = 18 are considerably lower than the Pmax quantity of 
(C2H2)2(H2O)n clusters. Almost everywhere, the Pmax values for clusters of the system where 
each aggregate contains two ethane molecules exceed the appropriate characteristics of 
aggregates of the system with one C2H6 molecule. At the same time, clusters containing 
ethane molecules, as a rule, have the higher Pmax values than pure water clusters. Water 
clusters with n = 10, 16 and 20 are an exception here. 

5. Characteristics of water clusters in the presence of nitrogen dioxide 

For a system consisting of (NO2)i(H2O)50, heteroclusters, the () spectrum becomes more 
rough than for clusters system of pure water (Fig. 9(a)). The integral intensity ratio between 
the absorption spectra for the system of pure water clusters (I1) and the system of water 
heteroclusters containing i number of NO2 molecules (I2) is I1 : I2 = 1 : 0.95. For the system of 
pure water clusters, the spectrum of the absorption coefficient demonstrates one maximum 
at 838 cm-1 (curve 1), whose localization disagrees with that of the main peak in the 

experimental absorption spectrum of bulk water,  = 690 cm-1 (curve 3). The IR absorption 

spectrum of liquid water also comprises a slightly pronounced peak in the vicinity of   
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200 cm-1 (Goggin & Carr, 1986). The discrepancy in the positions of the main peaks may be 
related to the fact that the collective vibrations of the dipole moments of molecules in the 
clusters as nanosized objects may be characterized by frequencies different from the 

corresponding characteristics of liquid water. In the () spectrum of heteroclusters (curve 

2), four peaks are distinguished at  = 88, 338, 713, and 901 cm-1 (the main maximum). In the 

examined frequency range, a local maximum is present at  = 780 cm-1 in the experimental 
absorption spectrum of gaseous nitrogen(IV) dioxide (curve 4). The high-frequency maxima 
are observed in the absorption spectrum of NO2 at ≈1300, 1650, and 1900 cm-1 (Kozintsev et 
al., 2003). 
The IR absorption spectra obtained for single clusters of the (NO2)i(H2O)50 system, 0 ≤ i ≤  6 
are illustrated in Fig. 9(b). The maximum integral intensity is inherent in the clusters 
containing 3 nitrogen (IV) dioxide molecules. On average, the spectra comprise three to four 

peaks, with the most intense peak being most often located in the frequency range 800 ≤  ≤ 

1000 cm-1. The exception is the () spectrum of the pure water cluster whose main 
maximum is observed at 680 cm-1. As awhole, the spectral intensities are comparable; the ratio 
between the maximum Imax and the minimum integral intensity Imin is 1.12. Even the addition 
of one impurity molecule can markedly change the pattern of an absorption spectrum. 
 

 

Fig. 9. (a) Frequency dependences of the IR absorption coefficients for different systems: (1) 
(H2O)n at 10 ≤ n ≤ 50, (2) (NO2)i(H2O)50 at 1 ≤ i ≤ 6, (3) the experimental spectrum of bulk 
liquid water (Goggin & Carr, 1986), and (4) experimental spectrum of gaseous NO2 
(Kozintsev et al., 2003); (b) IR absorption coefficients for (NO2)i(H2O)50 clusters at 0 ≤ i ≤ 6. 

The scattering of electromagnetic waves by molecules of a substance takes place due to the 
fact that the electric field of an electromagnetic wave induces a dipole moment in a molecule 
and this moment vibrates at the frequency of the field. At weak electric fields, the induced 
dipole moment is proportional to the field strength, with the molecule polarizability playing 
the role of the proportionality coefficient. According to the classical physics, the mechanism 
of the scattering of incident electromagnetic waves by molecules lies in the fact that 
molecules emit secondary electromagnetic waves with the frequencies of the primary 
incident waves. However, because the polarizability of a molecule depends on the 
interatomic distances in it and varies with time during its vibration, the spectrum of a 
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scattered light is transformed. In addition to the lines corresponding to the frequencies of 
the incident light, lines corresponding to the combinations (sums and differences) of these 
frequencies and normal vibration frequencies arise in the spectra (Günzler, H. & Gremlich, 
2002). 
A Raman spectrum consists of a most intense line (the exciting line) with the frequency 
equal to that of the incident radiation and less intense lines on each side of the former. The 
lines on the side of higher frequencies (the anti-Stokes lines) are noticeably less intense than 
those on the side of lower frequencies (the Stokes lines) (Wilson et al., 1980). Figure 10(a) 
depicts the anti-Stokes regions of the Raman spectra for (H2O)50 cluster (curve 1) and 
(NO2)i(H2O)50 system (curve 2), which comprise peaks with close positions but different 
intensities. The shown pattern of the spectra reflects the shifts relative to the exciting 

frequency L = 19436.3 cm-1 (the green line of the argon laser, λ = 514.5 nm). 
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Fig. 10. (a) Raman spectra for (1) (H2O)50 cluster and (2) (NO2)i(H2O)50 system with 1 ≤ i ≤ 6, 
(3) experimental spectrum of bulk water (Murphy, 1977), (4) spectrum calculated for a 
(H2O)50 cluster by molecular dynamic method using SPC/E three-site rigid model of water 
molecule (Bosma et al., 1993); (b) IR emission spectra for different systems: (1) (H2O)n at 10 ≤ 
n ≤ 50 and (2) (NO2)i(H2O)50 at 1 ≤ i ≤ 6. 

A distinct line with the frequency 30 cm-1 is the first reflection of the exciting frequency. A 
fainter line ( = 220 cm-1) located in the immediate proximity to the exciting line is related to 
a change in the state of the rotational energy within the limits of the same vibrational state 
(Wilson et al., 1980). In the vibrational IR and Raman spectra of liquid water, the low-
frequency region (30 ≤  ≤ 300 cm-1) resulting from the displacements of oxygen atoms 
(intermolecular motions) and the high-frequency region (higher than 3000 cm-1) resulting 
from the modes of hydrogen atoms (intramolecular stretching vibrations of O–H bonds) are 
distinguished between (Agmon, 1996). The short-range order with the tetrahedral symmetry 
is created by complexes composed of five water molecules. Four normal modes are 
distinguished between in the tetrahedral symmetry, i.e., the breathing mode (1) which 
describes completely nondegenerate symmetric stretching; the twice degenerate torsional 
mode (2); two three-times degenerate modes, i.e., asymmetric stretching (3) and bending 
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(4). In the Raman spectrum of water, all four modes must be active, with the following 
values attributed to them: 4 = 50 cm-1, 2 = 70 cm-1, 1 = 150 cm-1, and 3 = 180 cm-1 
(Agmon, 1996). The first peak ( = 30 cm-1) in the Raman spectrum obtained for water 
clusters may be interpreted as the confluence of modes 2 and 4, whereas the second peak 
(at 220 cm-1) may be considered as the combination of modes 1 and 3. Hence, the even (2 
and 4) and odd (1 and 3) tetrahedral modes exhibit the red and blue shifts, respectively. 

Proton mobility in water is characterized by jump time   which, at room temperature, is  1.5 

ps (Agmon, 1996). Time  is determined from the data on the narrowing of NMR signals (Halle 
& Karlstrom, 1983). This time reflects the abnormal mobility of protons in water upon a jump 

0.25–0.26 nm long. The time  of the fast reorientation in water may be related to the intensity 
of the Raman peak assigned to the asymmetric stretching of the tetrahedron, i.e. the ω3 
frequency. For a system of clusters, this peak corresponds to a frequency of 220 cm-1. Under 
the four-coordinated water approximation, hydrogen bonds are reoriented at a constant rate 

of Iω3/. It can be assumed that this rate is independent of temperature and, at equilibrium, 

we have  ~ Iω3. For the examined clusters, the half-width of the Raman peak at 220 cm-1 is 
nearly 130 cm-1 and slightly varies with changes in their composition. A proton mobility 

time of  0.26 ps corresponds to this half-width. It is seen that the evaluation time of the 
reorientation of hydrogen bonds in clusters containing 50 water molecules is decreased by a 

factor of five to six as compared to  of liquid water. This time, which is predetermined by 
the number of water molecules in a cluster and temperature, slightly varies as the cluster 

uptakes NO2 molecules. Note that the estimation of  is of an approximate character, 
because the peak at 220 cm-1 is predetermined by both the mode and the symmetric location 

of the tetrahedron of water molecules with frequency 1. Therefore, the real time  of the 
clusters must be longer. 

The lines located farther from the exciting line,  = 526 and 838 cm-1, are attributed to 
simultaneous changes in the vibrational and rotational energy states. The Raman spectra 
comprise overtones which, ignoring anharmonicity, represent the combinations of the 
exciting frequency and frequencies divisible by the frequency (~200 cm-1) of vibrational–
rotational transitions. In the Raman spectrum of (H2O)50 clusters (curve 1), the peak at 838 
cm-1 can be considered to be an overtone of the peak at 220 cm-1. The experimental spectrum 
of bulk water (curve 3) demonstrates three peaks at ω=53, 143 and 447 cm-1 (Murphy, 1977). 
According to our calculations, the first of these peaks is somewhat shifted to the left and is 
located at ω = 30 cm-1. Curve 4 corresponds to the Raman spectrum of a pure water cluster 
consisting of 50 molecules and obtained in terms of the molecular dynamic model using the 
SPC/E rigid three-site polarizable model of a water molecule (Bosma et al., 1993). In this 

case, two peaks are observed, i.e., one at  = 200 cm-1 that is in good agreement with our 
calculations, and another at 450 cm-1. The latter peak appears to be somewhat shifted to the 
red relative to the position of the corresponding peak in the Raman spectrum that we 

calculated for the cluster, for which  = 526 cm-1. At frequencies higher than 550 cm–1, the 

spectrum of the SPC/E cluster is a long damped tail, while, in the J() spectrum of a 
modified TIP4P model, vibrations with maxima at 838 and 963 cm-1 are observed. 
The power of scattering the energy accumulated in the systems of clusters is presented in Fig. 
10(b). The rate of the energy scattering for heteroclusters containing nitrogen(IV) oxide is 2.3-
fold higher than that for pure water clusters, with the most intense peaks being located at a 

frequency of 963 cm-1 in both cases. The P() spectra are, in both cases, unimodal. However, in 

the P() spectrum of the heteroclusters, a shoulder arises in the vicinity of    700 cm-1.  
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6. Spectral characteristics of the ozone-water cluster system 

Let us consider the dielectric properties for two cluster systems: (H2O)n, 10 ≤ n ≤ 50 (I') and 
(O3)i(H2O)25, 0 ≤ i ≤ 6 (II'). The configuration of an (O3)6(H2O)25 cluster corresponding to the 
time moment of 30 ps is shown in Fig. 11. It can be seen that the cluster central part 
(skeleton) consisting of water molecules has an elongated form. Ozone molecules evenly 
surround the skeleton formed by water molecules and do not strive to get inside it. The 
orientation of ozone molecules is caused by the character of their contact with the water 
skeleton. An ozone molecule is bonded with one or, more rarely, two water molecules. 
As a rule, the side atoms of O3 molecules are located more closely to the hydrogen atoms of 
H2O molecules. A nonlinear O3 molecule had one positive (qcen) and two negative (qside) 
charges placed at the localization points of the central and side atoms, respectively. Since the 
hydrogen atoms are mainly oriented outward from the water skeleton, the central atom of 
three of six O3 molecules is oriented outwards. The molecular planes of two O3 molecules 
are positioned tangentially to the skeleton, and the central atom of one O3 molecule is closer 
to the water skeleton than its side atoms. 
 

 

Fig. 11. Configuration of the (O3)6(H2O)25 cluster at a time moment of 30 ps. 

The IR absorption spectrum () of the disperse water system is appreciably changed after 

ozone has been absorbed (Fig. 12(a)). The main peak in the () spectrum of the pure water 
system at a frequency of 843 cm-1 is transformed into two peaks corresponding to the 
frequencies of 690 and 970 cm-1. The location of the first of these peaks coincides with that of 
the main peak in the IR absorption spectrum of bulk water (Goggin & Carr, 1986), and the 

second one is positioned close to the peak typical of the atmospheric ozone spectrum () 
obtained by a satellite at a height of 83 km (Fichet et al., 1992). The absorption of ozone leads 
to a 14.1% decrease in the integral intensity of the IR absorption spectrum of the disperse 
water system. 
The IR absorption spectra of individual (O3)i(H2O)25 clusters are illustrated in Fig. 12(b). It 
can be seen that their shapes and the intensities of peaks are substantially changed with 

addition of new ozone molecules to a water cluster. The () spectra of the clusters forming 

system II' have two to four peaks. The integral intensity Itot of the () spectrum is minimal 
for the (O3)6(H2O)25 cluster and maximal for the (O3)4(H2O)25  aggregate. The value of Itot of 
the clusters of system II' changes within 25.0%, and that of the water clusters, which have 
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captured from two to five ozone molecules, becomes ~10.8% higher on average in 
comparison with Itot of the (H2O)25 cluster. 
 

 

Fig. 12. (a) IR absorption spectra of (1) (H2O)n,10 ≤ n ≤ 50 and (2) (O3)i(H2O)25, 1 ≤ i ≤ 6 

systems; (3) the experimental () function of bulk liquid water (Goggin & Carr, 1986); and 
(4) experimental spectrum of gaseous O3 (Fichet et al., 1992); (b) IR absorption spectra of 
(O3)i(H2O)25 clusters, 0 ≤ i ≤ 6. 
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Fig. 13. (a) Raman spectra of (1) (H2O)n, 10 ≤ n ≤ 50 and (2) (O3)i(H2O)25, 1 ≤ i ≤ 6 systems; (3) 
bulk water (experimental) (Murphy, 1977); and (4) gaseous O3 (experimental) (Andrews, L. 
& Spiker, 1972); (b) IR emission spectra of (1) (H2O)n, 10 ≤ n ≤ 50; (2) (H2O)25; and (3) 
(O3)i(H2O)25, 1 ≤ i ≤ 6 systems and cluster . 

The difficulties in studying the Raman spectra J()
 
of ozone are connected with its high 

sensitivity to photodecomposition. Nevertheless, in (Andrews & Spiker, 1972), the Raman 
spectrum of gaseous ozone was obtained with the use of a He–Ne laser at a pressure of 0.2–

0.4 MPa. It has been established that the basic 16O3 transition frequencies 1 and 2 are 
1103.3 and 702.1 cm-1, respectively, and correspond to individual weak spectral lines shown 
in Fig. 13(a). The calculated Raman spectra of systems I' and II' and also the Raman 
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spectrum of bulk water (Murphy, 1977) are illustrated in the same figure. It can be seen that 
the absorption of ozone leads to an appreciable change in the Raman spectrum of the 
disperse water system. The integral intensity of the Raman spectrum of system II' consisting 
of heterogeneous clusters was reduced by 1.8 times. The peaks at 402, 830, and 1016 cm-1 

were formed instead of the peaks at 240, 561, and 821 cm-1 in the J()
 
spectrum of system I'. 

The main peak of the J()
 
spectrum reduced its intensity by 1.9 times and had a blue shift 

from 30 to 65 cm-1. The combination principle consists in that the transitions with the 
frequencies equal to the combinations (sums or differences) of the frequencies of other 
transitions can be observed. Taking into account anharmonicity, the weak peak at 830 cm-1 
can be considered as an overtone of the peak at 402 cm-1. In the anti-Stokes region of the 
Raman spectrum of bulk water, the Raman frequency shifts correspond to 53, 143, and 447 
cm-1 (Fig. 13(a), curve 3). The study of a Raman spectrum makes it possible to determine the 

lifetime of a system in an excited state, or the radiation time . After absorbing a photon, a 
system transfers to a higher energy level, i.e., becoming excited. In the absence of external 
actions, an excited system loses its energy in the form of emitted photons, so its lifetime is 

finite. The time  is reciprocal to the change in the collective vibration frequency (mode 

difference ∆). To estimate the upper boundary of , we choose the minimum ∆ value, 

which corresponds to the width of the first Raman spectrum peak at half height ∆1 equal to 

71.4 cm-1 for system I' and 133.3 cm-1 for system II'. Hence, the minimum radiation time   is 
0.51 ps for system I' and 0.25 ps for system II'. Therefore, the absorption of ozone molecules 
by the disperse water system reduces appreciably the observed photon emission time. As 

the lifetime cl of the clusters studied in the given work exceeds the time of computational 

experiments, i.e., the clusters are not decomposed during the calculations, the radiation time  
of (O3)i(H2O)25 clusters, where 1 ≤ i ≤ 6, is at least an order of magnitude less than cl. 
The radiation source power indicates how quickly the intensity of this radiation is changed. 
The density of radiation power emitted by the particles determines how clearly these particles 

are visible. The frequency dependence of the cluster emitted IR radiation power P() is shown 
in Fig. 13(b). In system I', the radiation power per cluster (curve 1) is ~1.3 times higher than the 

value of P for the (H2O)25 cluster (curve 2). The P() spectrum is characterized by a single 
maximum at 939 cm-1 for system I' and by three maxima at 369, 709, and 956 cm-1 for the 
(H2O)25 cluster. The scattered IR radiation power is appreciably reduced in the system of 

(H2O)25 clusters with absorbed ozone molecules (system II'). In this case, the P() spectrum is 
also characterized by a single maximum at 942 cm-1. The integral intensity of the emitted 
radiation power for system II' is 3.4 times lower than that for system I'. 

7. Absorption of carbon and nitrogen monoxides by ultradisperse aqueous 
system 

Three systems of clusters were investigated, namely, I'' – a monodisperse system consisting 
of (H2O)20 clusters, II'' – (CO)i(H2O)20 clusters, and III'' – (NO)i(H2O)20 clusters, i = 1, …, 10. 
In the frequency range under consideration, the absorptance of IR radiation decreases after 
absorption of CO molecules by water clusters and increases as a result of absorption of NO 
molecules by these aggregates (Fig. 14(a)). The integral intensities of IR absorption spectrum 
for systems I''–III'' are correlated as 1 : 0.71 :1.03. In the case of monodisperse system of 

(H2O)n, the () spectrum has four peaks at frequencies of 103, 356, 744, and 1023 cm-1. The 
respective spectrum for systems II'' and III'' is unimodal. For system II'', the peak falls on the  
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Fig. 14. (a) The absorptance of IR radiation of disperse systems: (1) I'', (2) II'', (3) III''; (4) 

experimentally obtained coefficient  for liquid water (Goggin & Carr, 1986); (5, 6) 

coefficient  of gaseous CO and NO, experiment (Kozintsev et al., 2003); (b) the radiation 
power generated under conditions of dissipation of thermal energy by systems (1) I'', (2) 
II'', (3) III''. 

frequency of 845 cm-1, and for system III'' – on 925 cm-1. Note that the main peak of () 

spectrum of liquid water falls on the frequency of 690 cm-1 (Goggin & Carr, 1986); for 

gaseous CO and NO, the extremely slightly pronounced peaks of deformation vibrations 

correspond to frequencies of 950 and 800 cm-1 (Kozintsev et al., 2003). The weak frequency 

dependence of the function () of gaseous CO and NO shows up in the smoothing of the 

absorption spectrum of IR radiation for systems II'' and III'' with respect to system I''. 

The electromagnetic radiation may be treated as the process of generation of free 

electromagnetic field under conditions of nonuniform motion and interaction of electric 

charges. The validity of this approach is supported by the fact that the field of moving 

electric charge is given by the sum of intrinsic field and field extending to infinitely long 

distances from the charge. Referred to as intrinsic field is the field which is concentrated in 

the vicinity of the charge and moves along with this charge. The frequency dependence of 

the power of radiation of systems I''–III'' is given in Fig. 14(b). The integral power of 

radiation increases both when the disperse aqueous system absorbs carbon monoxide and 

when it absorbs nitrogen monoxide. The integral intensities of emission power for systems 

I''–III'' are correlated as 1 : 1.36 : 1.38. A monodisperse aqueous system has maxima of power 

of IR radiation on frequencies of 276, 672, and 955 cm-1, and systems II'' and III''—only on 

frequencies of 930 and 820 cm-1, respectively. 

8. Variation of integrated absorption during the growth of clusters 

The anti-greenhouse effect can be developed due to a decrease in the number of absorbing 

centers upon the formation of water clusters. Figure 15(a) (curve 1) shows the relative 

change in the integrated IR absorption intensity Itot upon the formation of the (H2O)20 cluster 

by means of successive addition of ∆n water molecules to the (H2O)2  dimer. Curve 2 reflects 

the total relative intensity of the IR radiation absorption by the (H2O)10 cluster and five 

successively added dimers, which combine to produce the (H2O)20 cluster. 
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Fig. 15. (a) Relative integrated intensity of the IR absorption by (1) the water dimer that 
grows by adding ∆n H2O molecules and (2) total relative integrated intensity of absorption 
of N clusters: N1 is (H2O)10 and (N2–N6) are (H2O)2 dimers; (b) relative integrated intensity of 
the IR absorption by the (H2O)20 cluster adding m  molecules of (1) CH4, (2) C2H2 and (3) 

C2H6 and total relative integrated intensity of absorption of N clusters: (4) N1 is 
(CH4)8(H2O)10 and (N2–N6) are (H2O)2 dimers; (5) N1 is (CH4)3(H2O)10 and (N2–N6) are 
CH4(H2O)2  clusters. 

In the case of water, the formation of the cluster leads to a twofold reduction in the greenhouse 
effect. The major contribution to the anti-greenhouse effect is made by the decrease in the 
number of absorbing centers. In addition, the buildup of the water cluster is accompanied by a 
decrease in its absorption capacity (curve 1 is in the range of negative values almost every-
where) due to a change in the frequency and amplitude characteristics of the total dipole 
moment. The introduction of hydrocarbon molecules can enhance the IR absorption by 
growing clusters (Figure 15(b)). The increase in totI  for water cluster combined with C2H2 and 
C2H6 molecules is 0.2-0.4 of the Itot value even at m > 1, whereas, when water cluster is 
combined with CH4 molecules, such Itot values are achieved at m > 6. When one or two CH4 
molecules are added to the (H2O)20 cluster, the anti-greenhouse effect is enhanced since the 
relative integrated intensity of the IR absorption by the heterocluster decreases. However, 
finally, the incorporation of hydrocarbon molecules in the water clusters reduces the 
greenhouse effect due to a decrease in the number of absorbing centers. The anti-greenhouse 
effect caused by clustering is tens of times stronger than the effect due to a change in the 
characteristics of vibrations of the total dipole moment of clusters caused by absorption of 
greenhouse gas molecules.  
For estimating the contribution made by the absorption of CO and NO molecules by water 

clusters, it is important to know the variation of integral absorption during the growth of 

X(H2O)n cluster owing to attachment of X molecules (where X = CO or NO), as well as the 

integral effect of absorption of IR radiation produced by sets of clusters. In so doing, the 

combined X10(H2O)n cluster is formed of the entire set of clusters. 
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Fig. 16. Relative variation of integral intensity of absorption of IR radiation for clusters: (1) 
(H2O)10+i, (2) (CO)i(H2O)20, (3) (NO)i(H2O)20 as a result of attachment of i molecules of 
impurity; combined relative intensity of absorption of IR radiation, produced by N clusters: 
(4) water clusters, (5, 6) clusters of water with CO and NO molecules, respectively. 

We will first consider the clustering of water molecules. If water molecules are successively 
added one-by-one to (H2O)10 cluster, the relative variation of integral intensity of absorption 
(I(10+i) – I(10))/ I(10) will be defined by curve 1 (Fig. 16). One can see that the quantity under 
consideration is a sign-variable function of i, i.e., each subsequent, larger, cluster may 
exhibit both higher and lower integral intensity of IR absorption than (H2O)10 cluster. The 
integral absorption of the resultant (H2O)20 cluster is 99.5% of IR absorption of the initial 
(H2O)10 cluster or 92.8% of the value of I(2) for water dimer. 
A somewhat different pattern of variation of (I(20+i) – I(20+1))/ I(20+1)  is observed in the case of 
attachment of i X (CO or NO) molecules to X(H2O)20 cluster. In both cases, i.e., where X = 
CO or NO, the reduced integral intensity of absorption increases relative to the initial value. 
However, this rise is not monotonic, i.e., each subsequent attachment of X molecule may 
make the absorptance of cluster both higher and lower than that the cluster had when its 
size was one X molecule less, if its previous state does not correspond to the initial one. The 
ratio between the combined values of (I(k+i) – I(k+1))/ I(k+1) (k = 10 for clusters of pure water 
and k = 20 for clusters of water with CO or NO molecules) for systems I''–III'' is 1 : 20.5 : 20.8. 
Therefore, the maximal impact on the variation of integral part of absorption of IR radiation 
caused by the variation of amplitude-frequency characteristics of total dipole moment of 
cluster is made by the capture of NO molecules by clusters. 
We will further consider clusters of three types. Those of the first type are formed by (H2O)12 
cluster and successively added (H2O)2 dimers of water. The dependence of combined 
intensity of absorption of IR radiation of successive set of clusters on the number of such 
clusters N is given by points 4. Similarly, X2(H2O)2 complexes (miniclusters) were added to 
the X2(H2O)12 cluster. In the case of X = CO, the dependence of intensity of absorption of IR 
radiation of combined cluster on the number N is given by points 5 which coincide with 
points 4; at X = NO, the analogous function is given by points 6. The relative combined 
intensity of absorption, given by points 4 and 5, increased by a factor of six as a result of 
variation of N from 1 to 5, and the analogous characteristic given by points 6 increased by a 
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factor of four with the same variation of N. The integral intensity of absorption of IR 
radiation of (CO)10(H2O)20 cluster is 1.16 times lower, and the value of I(20+10) of 
(NO)10(H2O)20 cluster is 1.18 times that of the similar characteristic for (CO)2(H2O)2 and 
(NO)2(H2O)2 complexes, respectively. Of most importance here is the fact that the combined 
intensity of absorption of initial systems, i.e., of (H2O)12 cluster plus a set of N (H2O)2 dimers 
and of X2(H2O)12 cluster plus a set of N X2(H2O)2 complexes, is several times higher than the 
intensity of absorption of clusters formed of those systems. This effect will be stronger if 
individual molecules will be attached rather than dimers and complexes. The decrease in 
combined absorption due to reduction of the number of absorbing centers in the case of 
molecules uniting into a cluster exceeds many times over the increase in absorption 
associated with the variation of vibrational characteristics of the total dipole moment. This is 
the essence of anti-greenhouse effect caused by clustering. 
The absorption of IR radiation by a disperse water system insignificantly increases when it 

incorporates N2O, C2H6, and NO molecules and decreases when CO2, CH4, C2H2, NO2, O3, 

and CO molecules are incorporated. When methane molecules are incorporated in water 

clusters, the system becomes IR transparent. Formation of water clusters and subsequent 

incorporation of greenhouse gases in these clusters are accompanied by a decrease in the 

number of absorbing centers. Remarkably, the Earth’s surface receives on average more 

radiation from the atmosphere and clouds than direct radiation from the Sun. On the whole, 

the absorption of greenhouse gases by the disperse water system results in the anti-

greenhouse effect. This effect is latent because it can be defined in comparison with situation 

when clusters are absent. It appears that the same number of free molecules absorbs IR 

radiation more powerfully than when they are incorporated in a cluster. 

The variation of relative combined power of emission upon addition of molecules to clusters 

is given by Fig. 17. In the case of clusters of pure water, we consider the quantity (P(10+i)– 

P(10))/ P(10), and for water clusters containing CO or NO molecules—the ratio (P(20+i) –

P(20+1))/P(20+1). Here, P denotes the  combined power of IR radiation generated by cluster.  
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Fig. 17. Relative variation of combined intensity of emission of IR radiation for clusters: (1) 
(H2O)10+i, (2) (CO)i(H2O)20, (3) (NO)i(H2O)20 as a result of attachment of i molecules of 
impurity. 
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The first term in the superscript indicates the number of water molecules in the cluster, and 
the second term—the number of molecules of impurity. For clusters of system I'', water 
molecules are considered instead of molecules of impurity. In all cases, the dependence of 
relative combined intensity of emission power on the number of molecules i exhibits a 
fluctuating pattern. For clusters of pure water up to size n = 16 (i = 6), alternation of decrease 
and increase in emission power after attachment of individual molecules is observed, i.e., 
the quantity (P(10+i) –P(10))/ P(10) assumes both negative and positive values. However, at i > 

6, this quantity becomes especially positive and rapidly increases in the region of i  9. In the 
case of absorption of CO molecules by clusters, the quantity (P(20+i) – P(20+1))P(20+1) at i < 7 

may both decrease and increase; at i  7, it decreases. When the clusters attach NO 
molecules, the quantity (P(20+i) – P(20+1))/P(20+1) is always negative at i > 1, i.e., the emission 
power decreases relative to its value corresponding to NO(H2O)20 cluster. Therefore, the 
power of IR radiation emitted by clusters depends on both the number and the sort of 
molecules of impurity absorbed by the clusters. 

9. Estimation of the greenhouse and anti-greenhouse effect 

Atmospheric water clusters absorb IR radiation going from the Earth, as well as free (not 
incorporated in clusters) molecules of greenhouse gases create a greenhouse effect. However 
the quantity of absorption by clusters of radiation is not proportional to the number of 
molecules forming it. Moreover, clusters absorb energy of IR radiation in quantity 
comparable, and sometimes even smaller, than that absorbed by free water molecule (Fig. 
18). As a result free molecules (before they have been incorporated into cluster) make much 
stronger absorption of IR radiation (the total intensity i

i

I ), than clusters ( clI ). The 
difference of values i

i

I  and clI  is defined as an anti-greenhouse effect of the cluster. This  
value can be expressed in degrees. The estimation of the anti-greenhouse effect that exists 
now, created by atmospheric water clusters, can be made as follows. The distribution of 
the atmospheric moisture at altitude submits to the empirical Ghan dependence (Ghan et 
al., 1997): 
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Fig. 18. The relation of integrated intensities of IR radiation absorption by water clusters, 
formed by n molecules, to the appropriate characteristic of a free water molecule at average 
surface humidity of 11 g/m3. 
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 6.3
0 10

h
   , (22) 

where 0 is the humidity at certain altitude (as a rule, direct at the Earth’s surface), h is an 
altitude in km. On one hand, the formula (22) can be used for calculation of the distribution 
of water vapor monomer above the Earth’s surface, and on another hand – for definition of 
high-altitude distribution of total moisture in the atmosphere. In the first case, constant 0  
is a fraction of water monomers near to the Earth’s surface. It can be established by 
extrapolation of the Boltzmann distribution of clusters on the sizes to the i = 0 value. Thus 
the value determined equals ~ 66.3 % from known value of humidity (~11 g/m3) which at 
the surface is defined by the number of water monomers and clusters. In the second case 
value 0 corresponds to the humidity at the altitude of 3 km, established on the basis of 
spectroscopic measurements (Kebabian et al., 2002). Experimental measurements are 
executed in the presence of clouds at the altitude from 1 up to 2 km. The spectroscopic 
sensitive element allows to measure spatially divided profiles of moisture density both 
around tropospheric clouds, and inside them. Integration on concentric layers of thickness 
∆h of the first and second distributions gives value of mass Mvap of vapor monomers and 
total quantity Mtot of moisture in the atmosphere. The mass of droplets and crystals in the 
atmosphere was found by the formula 

  
100

( ) ( )
drop(cryst) sv

1

n n
n

n

M V 


   , (23) 

where ( )n  and ( )
sv
n  are densities of moisture and saturated water vapor in n  layer 

thickness of 1 km, nV  is the volume of a layer.  
We consider particles which size exceeds 0.5 μm (the minimal size of a drop observable in 
clouds) as drops. Water drops and ice crystals are formed in clouds when T < 273 K, but in 
the first instance it is necessary for air to be supersaturated in relation to water, and in the 
second instance it should be supersaturated in relation to ice. Curves of saturation of water 
vapor taking place above surfaces of water and ice are situated close enough, so both drops 
and ice crystals can be in the same cloud. Obviously, the full weight of ice in clouds is 
proportional to concentration of crystal nucleus in clouds. It was accepted, that relative 
concentration of crystals crys crys crys liq/( )c c c c     linearly changes from 0 to 1 at decrease of 
temperature from 273 to 230 K (Fletcher, 2011). The mass of ice crystals was determined in 
accordance with dependence crys( )c T  given in Fig. 19. The ( )

svl
n  density of saturated water 

vapor over the supercooled water was designed as ( )
sv
n  at the definition of droplets’ mass in 

the atmosphere, and for calculation of crystals’ mass the ( )
svc
n  density of saturated water 

vapor over ice at temperature of n layer was used. Masses dropM  and crystM  thus were 
established. The mass of clusters in the atmosphere was defined as 

 cl tot vap drop crystM M M M M    . (24) 

Similarly, through the appropriate distributions, the high-altitude profile of clusters’ density 
was defined. The designed dependences are given in Fig. 20a. It is visible that the great bulk 
of water clusters in the atmosphere settles up to an altitude of 2 km. Overwhelming quantity 

of drops is concentrated within the limits of the same altitude, and crystals are formed, from 
the altitude of 3 km. The ratio between quantities of monomer vapor, clusters, drops  
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Fig. 19. The fraction of ice crystals in the condensed phase of clouds, determined in 
accordance with temperature dependences of ice concentration in (Fletcher, 2011). 
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Fig. 20. (a) Contributions to a total mass of the atmosphere moisture: 1 – all moisture, 2 – 
monomers vapor, 3 – clusters, 4 – droplets, 5 – crystals; (b) the ratio between monomer 
vapor, clusters, droplets, and crystals, obtained using the linear temperature dependence for 
the number of crystals in accordance with (Fletcher, 2011). 

and crystals looks as 70.0 : 16.2 : 5.9 : 7.9, if total magnitude of the moisture in the 
atmosphere is 100 % (Fig. 20b). On average, the integrated intensities of IR radiation 
absorption of water clusters are lower than the intensity of separate molecules. According to 
the estimation the number of clusters in the atmosphere at time 2.38 is less than the number 
of molecules forming them. Created by clusters and corresponding free molecules 
greenhouse effects are ~ 1.0 and 4.3 K accordingly. Thus, the average temperature of the 
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planet could rise by 4.3-1.0 =3.3 K in the absence of clusters, that would result in a 
significant change of climate. During the last 100 years the average global temperature of the 
Earth has gone up by 0.6 K (Halmann & Steinberg, 1999). 

10. Conclusion 

As the temperature of the atmosphere rises, more water is evaporated from ground storage 
(rivers, oceans, reservoirs, soil). Because the air is warmer, the absolute humidity can be 
higher, leading to more water vapor in the atmosphere. In other words, the air is able to 
“hold” more water when it's warmer. As a greenhouse gas, the higher concentration of 
water vapor is then able to absorb more thermal IR energy radiated from the Earth, thus 
further warming the atmosphere. The warmer atmosphere can then hold more water vapor 
and so on. However as water vapor increases in the atmosphere, more of it will eventually 
also condense into clouds, which are more able to reflect incoming solar radiation  and thus 
allowing less energy to reach the Earth's surface and heat it up. 
Besides water vapor, many other feedback mechanisms operate in the Earth's climate system 
and impact the sensitivity of the climate response to an applied radiative forcing.  The 
relative strengths of feedback interactions between clouds, aerosols, snow, ice, and 
vegetation, including the effects of energy exchange between the atmosphere and ocean, 
create a great influence on  climate. For the greenhouse effect to work efficiently, the Earth's 
atmosphere must be relatively transparent to sunlight at visible wavelengths so that 
significant amounts of solar radiation can penetrate to the ground. Also, the atmosphere 
must be opaque at thermal wavelengths to prevent thermal radiation emitted by the ground 
from escaping directly to space. Without the presence of water vapor, carbon dioxide, and 
other gases in the atmosphere, too much heat would escape and the Earth would be too cold 
to sustain life. Carbon dioxide, methane, nitrous oxide, and other greenhouse gases absorb 
the infrared radiation rising from the Earth and hold this heat in the atmosphere instead of 
reflecting it back into space. Although greenhouse gases make up only about 1 percent of 
the Earth's atmosphere, they regulate our climate by trapping heat and holding it in a kind 
of warm-air blanket that surrounds the planet. 
Until recently there is no complete picture of all the factors influencing climate change. The 
reliability of forecasts depends on an understanding of cycles that result in climate change. 
In the present work we have shown that atmospheric water clusters are also capable of 
influencing the climate. Accumulation of CO2 in the atmosphere has increased since 1900. 
By 2000 the volumetric concentration of CO2 has increased by 1.25 times. The anti-
greenhouse effect created by clusterization of the atmospheric water vapor limits the growth 
of global temperature. 
When water evaporates from the surface of the Earth, it cools the surface. This keeps the 
surface from getting too hot. The total cooling effect of water evaporation from the surface 
of seas and reservoirs, is 13.4 K. Transition of the part of atmospheric water vapor into 
clusters causes a decrease of atmospheric temperature by 3.3 K, that is the effect of 24.6% 
cooling of the heat received during water evaporation. The thermal energy of the lower 
atmosphere reaches the upper atmosphere by radiative transfer, thermal conduction, 
convection and by the release of energy when water vapor condenses. From the higher 
atmosphere radiative transfer becomes overwhelmingly predominant as the loss of energy 
to space can only take place radiatively. The potential absorption by the combination of 
water vapor and CO2 is almost complete due to the logarithmic relationship between 
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concentration and radiance/absorption. Thus, the content of CO2 in the atmosphere of the 
Earth is not an absolute criterion of the efficiency of the greenhouse effect made by this gas 
which now is estimated at 9.3 K, i.e. constitutes about 19.6% of the effect given by all 
greenhouse gases. In the absence of reliable thermal protection from the ozone layer of the 
lower stratosphere and depletion of atomic oxygen in the thermosphere, CO2 can partially 
or completely carry out the functions of anti-greenhouse gas. 
The bulk of clusters are concentrated up to the altitude of 2 km, and the droplets are largely 
located at altitudes up to 2.5 km. The crystals are, as a rule, located above 3 km. Water vapor 
is most widespread among other components of atmospheric moisture. Water clusters are 
injected into the upper atmosphere during flights of space vehicles. Such clusters may exist 
for a long time; however, their fraction is small at present, and the greenhouse effect they 
produce is low. 
It is well known that condensed phase reactions occurring in the Earth’s atmosphere play a 
role in atmospheric phenomena, for example, in the formation of the Antarctic ozone hole. 
The presence of the XH2O complexes (X is a molecule of greenhouse gases) in the Earth’s 
atmosphere is confirmed both experimentally and theoretically. Weakly bound complexes, 
considered as precursors to the condensed phase, are important because perturbations and 
interactions between the monomer units can alter the spectroscopy and reactivity compared 
with the constituent molecules. Water is a major component in the absorption of radiation in 
the atmosphere and is a key component in the Earth’s radiative balance. The significant 
abundances of H2O and high absorbability of greenhouse gases (including water) in the 
atmosphere could affect the Earth’s climate. 
Water vapour is itself too strong a greenhouse gas. However the greenhouse effect will 
decrease at presence of the clusters formation in water vapour instead of to amplify. The 
increase of the water vapour content in atmosphere at the present condition of an 
atmosphere results in amplification of a greenhouse effect, but not in direct ratio to quantity 
added vapour. Now clusters are formed and they reduce a greenhouse effect. However 
there can come the moment of such warming in atmosphere, that clusters will not be 
formed. It will result to significant jump of global temperature and its further very fast 
growth, i.e. to catastrophe. 
Clouds modulate Earth's radiation and water balances, namely: 
clouds cool Earth's surface by reflecting incoming sunlight; 

clouds warm Earth's surface by absorbing heat emitted from the surface and re-radiating it 
back down toward the surface; clouds warm or cool Earth's atmosphere by absorbing heat 
emitted from the surface and radiating it to space; clouds warm and dry Earth's atmosphere 
and supply water to the surface by forming precipitation;  
clouds are themselves created by the motions of the atmosphere that are caused by the 
warming or cooling of radiation and precipitation.  
If the climate should change, then clouds would also change, altering all of the effects 
mentioned above. What is important is the sum of all these separate effects, the net radiative 
cooling or warming effect of all clouds on Earth. If Earth's climate should warm due to the 
greenhouse effect , the weather patterns and the associated clouds would change. However 
it is not known whether the resulting cloud changes would diminish the warming (a 
negative feedback) or enhance the warming (a positive feedback). Moreover, it is not known 
whether these cloud changes would involve increased or decreased precipitation and water 
supplies in particular regions. Improving our understanding of the role of clouds in climate 
is crucial to understanding the effects of global warming. 
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