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Abstract—Methane adsorption by water clusters including 50 molecules was studied by the molecular
dynamics (MD) technique. The calculated frequency dependence of the real and imaginary parts of the
dielectric permittivity points to the prevalence of a high-frequency mode in the spectra of these parameters
after methane is adsorbed by water clusters. Such changes are also observed in the spectrum of the IR radia-
tion absorption coefficient; however, the average value of this coefficient remains nearly the same. Methane
adsorption causes a considerable increase in the reflection coefficient of the disperse water medium and the

integrated power of IR radiation emission.
DOI: 10.1134/S0018151X13020065

INTRODUCTION

Gas hydrates are mixtures constituted by inclu-
sions; they can be formed both naturally and syntheti-
cally, when water molecules and appropriate guest
molecules interact at low temperatures and high pres-
sures. Selectivity of hydrate cells to guest molecules
and a gas retaining potential in hydrates is well known
[1]. The observed natural hydrates of methane can be
considered as a medium in which natural gas is stored
[2]. A hydrate can have guest cells of different sizes,
which are filled up with various inclusion molecules
(sH-hydrate). Methane, along with xenon and carbon
dioxide, occupies small cells, forming the sI-hydrate
[3]. However, at extremely high pressures, methane
can also occupy large cells of the sH-hydrate with their
multiple occupation [4]. Guest molecules in hydrates
have a low affinity to water; therefore, there are three
separate phases in the system: a gas, a nonaqueous lig-
uid of the included molecules, and a water compo-
nent. All of the molecules are in intimate contact with
each other and can form the sH-hydrate under suit-
able conditions. At present, the reason for different
occupation of guest cells with methane is not perfectly
clear.

Methane clathrates are stable in the permafrost at a
depth of greater than 200 m and in pelagic sediments
deeper than 250 m under the condition that the ocean
floor is rather cold. The thickness of the zone where
clathrates are stable depends on the temperature of the
ocean surface and the temperature gradient profile.
Methane concentration with respect to water in the
stability zone determines whether the clathrates would
appear or not. A low depth of the stability zone makes
clathrates susceptible to disturbances at the ocean sur-
face. Warming of the continental shelf caused by rising
tides in the ocean and changes in pressure with depth,
for instance, due to a fall in the sea level, destabilizes
clathrates in the ocean, while growth of icebergs stabi-

lizes clathrates situated below them. The time scale of
thermal stabilization is determined by the thermal
properties of the sediments and is on the order of thou-
sands of years [5]. The time required to include meth-
ane in clathrates due to cooling from the ocean surface
takes several tens of thousands of years. The sensitivity
of clathrates to changes at the ocean surface depends
on the time scale of clathrate formation; therefore, a
great amount of carbon remains in the form of clath-
rates. This points to the fact that clathrates can play an
important role in changes in the atmosphere composi-
tion and influence the properties of glacial drifts.

Up to now, primary attention was paid to study of
the properties of extensive methane clathrates, and
there are only a few works on investigation of the clus-
ter hydrophobic effect in the atmosphere [6—8].
Under atmospheric conditions, the pressure effect
needed for methane hydrates to be formed diminishes.
The greater the pressure, the higher the temperature at
which methane hydrate is stable. Thus, at 273 K, it is
stable at ~2.5 MPa and greater. Such pressures are
attainable, for instance, at a depth of 250 m in the
ocean. At atmospheric pressure, a temperature of
about 193°C is needed for the methane hydrate to be
stable. Methane hydrates can be stable under low pres-
sures even at higher temperatures, because they
become covered with an ice crust under decomposi-
tion, which hinders their further decay. To elucidate
the physical properties of methane hydrates, investiga-
tion at the molecular level is needed, which can be car-
ried out using the molecular dynamics technique. For
example, in [9—11], the spectral properties of a dis-
perse water medium that adsorbed ozone, including
cases when bromine and nitrates ions were present,
were calculated.

The aim of the present study was to investigate the
optical effect arising due to methane adsorption by
large water clusters, which manifests itself in changes
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in spectra of the radiation absorption coefficient, IR
radiation emission, and IR radiation reflection.

MOLECULAR DYNAMICS MODEL

The interaction between water molecules in clus-
ters was described by a nonadditive potential whose
additive part is the modified [12] TIP4P potential of
water [13] and the nonadditive part is specified by the
polarization interaction; therefore, the total energy of
the system is given by the formula

Utot = Upair + Upolv

where the pair term of the potential energy is deter-
mined by Lennard-Jones and Coulomb contributions
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Here r; is the distance between atoms i and j, ¢ is
the electric charge, and 6™ and &™) are the parame-
ters of the Lennard-Jones potential [12].

The polarization energy is determined as
1 0
UDoI = _Ezdi ' Eia
i

where E? is the strength of the field induced by the sys-
tem of fixed charges at the point determining localiza-
tion of the molecule ;:
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and d; is the induced dipole moment assigned to this
molecule:

di = a‘ipEi’
where
E =E +>T,d,
J#i
Here E,; is the strength of the total electric field at the
point determining the molecule i/ in the polarization

interaction, a” is the molecular polarizability, and ’i’u
is the tensor of dipole—dipole interaction
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where u;; is a unit vector in the direction of r; —r;; r;and
r; are vectors determining the position of the polariza-
tion-active points i and j of the corresponding mole-

cules, and 1isa 3 x 3 unit tensor.

On the basis of work [12], we suppose that the value
of the permanent dipole moment for the water mole-
cule is the same as its experimental value 1.848 D. The
geometry of the H,O molecule corresponds to its
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experimental parameters in the gaseous phase: roy =
0.09572 nm and the H-O—H angle is 104.5° [14].
Fixed charges (gg = 0.519¢ and ¢,, = —1.038¢) are
assigned to H atoms and the point M lying on the
bisector of the H-O—H angle at a 0.0215-nm distance
from the oxygen atom. The values of charges and the
position of the point M are chosen so as to reproduce
experimental values of the dipole and quadrupole
moments [15, 16] and the ab initio calculated energy
of adimer and typical distances in it [17]. Stabilization
of the short-range order in water clusters is achieved
largely due to the short-range Lennard-Jones poten-
tial with the center of interaction related to the oxygen
atom. In addition to the electrical charge, polarizabil-
ity needed for the description of the nonadditive
polarization energy is also referred to the point M. At
each time step, a standard iterative procedure is used
to calculate the induced dipole moments d; [12]. The
accuracy of d; determination is within 1075—10~* D.

Atom—atomic methane—methane interactions
were specified by Mie—Lennard-Jones and Coulomb
contributions

12 6
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The values of the parameters €, r;,, and g, for atoms H
and C of the CH, molecule were taken as 0.038 kcal/mol,
0.28525 nm, and 0.119¢; and 0.07382 kcal/mol,
0.43 nm, and —0.476e¢, respectively [18]. The parame-
ters of the Lennard-Jones potential describing meth-
ane—water interactions were determined using the
Berthelot—Lorentz formulas
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@y are the energetic parameters and

where ¢,” and g,

csﬁ,u), and civu) are the geometric parameters of the

potential for the C and H atoms of methane molecules
and the O atom of water molecules, respectively [6].

The methane molecule is tetrahedral with a carbon
atom in the center and hydrogen atoms at the vertices.
The H-C—H angle takes the value of a tetrahedral
angle 109°. The distances between atoms in the CH,
molecule are rcy = 0.109 nm and ryy = 0.177 nm. A
nonpolar CH, molecule has a greater polarizability o
(2.6 A3%), than a water molecule (1.49 A3) [19].

The trajectories of centers of mass of molecules were
determined by the Gear fourth-order method [20]. The
time integration step Afwas 0.2 x 10~'¢s. At first, in the
MD calculations with a duration of 2 x 10°A¢, the equi-
librium condition was established for pure water clus-
ters with no impurity inclusions at 7= 233 K. The
configuration of the (H,0)s, cluster corresponding to
the time point of 40 ps was used further as the initial
configuration for simulation of heteroclusters
(CH,);(H,0)5y, 1 <i < 6. Each of the attached CH,
molecules was initially positioned so that the distance

(L))
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between the atoms of this molecule and the atoms of
water molecules was about 0.6 nm. The centers of
mass of CH, molecules were initially placed at the
coordinate axes outside the water cluster. The initial
orientation of water molecules was arbitrary. Balanc-
ing of the newly formed cluster was carried out in the
time interval 1.2 x 10°Arat 7= 233 K, and then, in the
time interval of 5 x 10°A¢ at the same temperature, the
appropriate physico-chemical properties were calcu-
lated. The system of (CH,)(H,O)s, clusters was
formed according to the statistical weights of clusters
established in the following way. Let us consider the
case of nonpolarized light scattering when the free
path / of molecules is much shorter than the wave-
length A. The extinction (attenuation) coefficient 4 of
the incident beam is determined, on the one hand, by
the Rayleigh equation [21], and, on the other hand, by

the scattering coefficient p (h = l%n p) [22] in the

assumption of scattering at an angle of 90°. Taking into
account that 2= o + p, where o is the absorption
coefficient, we have

_20' («6—1)2(1_1)
et a 16n)

Here N is the number of scattering centers per
1 cm?, ¢ is the light velocity, ¢ is the dielectric permit-
tivity, and o is the frequency of the incident wave.

N

Let us denote the following types of superdispersed
systems as monodisperse system I of (H,0)s, clusters,
region II filled with water clusters of 10 to 50 mole-
cules in size (the number of molecules in a cluster
increases at a step of An = 5); and medium III com-
posed of (H,0)s, clusters which adsorbed one to six
CH, molecules.

Let us compose systems II and III out of (H,0),
and (CH,)(H,0)s, clusters, respectively, so a cluster
containing / impurity molecules and n water mole-
cules has a statistical weight of

w, =N 1<i<6,10<n<50 (A, =5),
Nis
where N,, is the number of clusters with # water mole-
cules and i CH, molecules per 1 cm?, and the index /

takes the values 1 and 2: Nz = Zgzl Ny, and N,y =

6 .
E '1 N, ,_so. Further calculations were performed tak-
i= ’
ing into account the assumed statistical weights W,,.

The analytical solution of motion equations for
molecular rotation was accomplished using the Rod-
rigues—Hamilton parameters [23]; and the integration
scheme of motion equations considering rotations
corresponded to the approach proposed by Sonnen-
schein [24].
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DIELECTRIC PROPERTIES

The total dipole moment of a cluster d was calcu-
lated by the equation

NtON NtolZ

do() = 2, )t +Z) 1,0,
i=1 j=1

where r,(?) is a vector pointing to the position of atom
i or point M at the moment #; Zis the electric charge in
the considered center; the sign + is assigned to posi-
tively charged H atoms, and the sign — is assigned to
the point M or to C atoms; and N, and N, are the
numbers of positively and negatively charged atoms in
a cluster, respectively.

The static dielectric constant g, was calculated
using fluctuations of the total dipole moment d [25]:

T (a2) - (da)’].

WVkT
where Vis the cluster volume and £ is the Boltzmann
constant.

Dielectric permittivity €(w) as a function of fre-
quency o was represented by the complex value
e(mw) = €'(w) — ie"(®w), which was calculated by the
equation [25, 26]
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where F(?) is the normalized autocorrelation function
of the total dipole moment of a cluster:

(dy() - d.,(0))
(d3)
The outer IR radiation absorption coefficient o
can be represented as the imaginary part of the fre-

quency-dependent dielectric permittivity () in the
form [26]

Fo) =

(o) = 22Tm[e(w)"].
C

The reflection coefficient R is defined as the ratio
between the average energy flux reflected from the sur-
face and the incident flux. At normal incidence of a
plane monochromatic wave, the reflection coefficient
is described by the formula [10, 21]

i = el
Vil + e

The frequency dispersion of the dielectric permit-
tivity determines the frequency dependence of the
dielectric losses P(®) according to the relation [22]
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Fig. 1. Configuration of the cluster (CH,4)4(H,0)5, corre-
sponding to the time of 50 ps.

where (E?) is the average value of the squared electric
field strength and  is the frequency of the emitted
electromagnetic wave.

Motions at a frequency less than 1200 cm™! corre-
spond to molecule librations, and those at frequencies
greater than 1200 cm~! describe mainly intramolecu-
lar vibrations [27] realized under the following
assumption. Flexible models of molecules were con-
sidered. Molecule flexibility was achieved using the
procedure devised within the framework of the Hamil-
tonian dynamics in [28, 29]. Let us consider the case
of a diatomic molecule. Let atoms a and b be separated
by the distance

0=r, -,
where r, and r,, are the vectors determining the posi-

tions of atoms. We denote the corresponding velocities
by v, and v,, and the reduced mass is defined as

m,m,

Cm,+my
The size of a molecule represented by atoms a and
b is determined by equalizing the total potential force
f(Q) = —g—é V@(r) and the centrifugal force —puQw?;

thus,
100’ - 12 =0,
oQ

where @ =||v, — v,|/Q is the angular velocity. From the
condition of the minimum of the contribution from
each generalized coordinate to the potential energy U,
we obtain

0 (1

0 =% (1, 0%} =
0 H(r,v) 0 (2 1,070, +U(r)) 0.

This method is generalized to molecules of any
composition [30].

RESULTS OF CALCULATION

Adsorption of i methane molecules by a water clus-
ter results in formation of a cluster (CH,),(H,0)s,.
The configuration of the cluster (CH,),(H,0)s,
including four CH, molecules (at the time of 50 ps) is
shown in Fig. 1 as an example. Methane molecules are
arranged symmetrically relative to the center of the
cluster in vertical and horizontal directions. Their ori-
entation is quite random and depends on the position
and orientation of the neighboring water molecules.
Since the tetrahedral CH, molecule carries positive
electric charges (belonging to H atoms) on the out-
side, the tetrahedron vertex is located closer to the
negatively charged oxygen atom of the nearest water
molecule. Situations in which H atoms of a methane
molecule are located near O atoms of two or even three
H,0 molecules are also possible. The symmetrical
arrangement of hydrophobic methane molecules leads
to compaction of the water component of the cluster,
which affects its optical properties.

The frequency spectrum of the real and imaginary
parts of the dielectric permittivity considerably trans-
forms after CH, molecules are adsorbed by water clus-
ters (Fig. 2). While, for the system of identical water
clusters (system I) or water clusters with different sizes
(system II), the functions €'(®) and €"(w) increase rap-
idly at the beginning of the frequency range (below
1100 cm™"), these functions grow nonmonotonically,
achieving the maximal value in the vicinity of the fre-
quencies 3280 and 3070 cm™!, respectively, for the
system of (H,0)s, clusters with CH, molecules (sys-
tem III). The largest increase of the &'(w) function
begins at a frequency of 2875 cm™!; and that of the
£"(w) function, at 2500 cm~!. The maximal values of
these functions for system III are greater than those for
systems I and II. The €'(®w) function calculated in [31]
for bulk liquid water decreases nonmonotonically in
the frequency range of 200 < » < 3500 cm™!, whereas
the experimental €"(w) function [32] undergoes a non-
monotonic drop down to a frequency of ~930 cm™!, at
which it becomes monotonic.

Adsorption of CH, molecules by water clusters
brings about a considerable change in the shape of the
spectrum of the IR absorption coefficient (Fig. 3). In
this case, the a coefficient rises up to the frequency of
3311 cm™!, at which it takes the absolute maximum.
Below 1340 cm™!, the o value for systems I and II is
greater than that for system III. However, over the
entire frequency range 0 < o < 3500 cm™!, the inte-
grated intensity of the ou(w) spectrum for system III is
higher than that for systems I and II by a factor of 1.04
and 1.3, respectively. The principal maxima of the
a(w) spectra for systems I and I11 undergo red shifts by
162 and 92 cm™!, respectively, relative to the principal
maximum (at a frequency of 3403 cm™') of the IR
absorption spectrum for liquid water [33], while the
position of the maximum for system II features a blue
shift by 115 cm™! relative to the frequency of 3403 cm™'.
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Fig. 2. (a) Real and (b) imaginary parts of the dielectric permittivity for the cluster systems: (1) I (H,0),, _ 59, (2) II (H,0),, — 10, ..., 505
(3 HI(CHy); - 1., 6(H,0)5¢, and (4) liquid water; (a) MD calculations [31] and (b) experiment [32].

The spectrum of the IR absorption coefficient of gas-
eous methane is determined by two well-resolved
broad bands at 1325 and 3035 cm™! [34, 35]. The inset
in Fig. 3 shows the experimental IR spectrum of a solid
mixture H,O/CH, at a temperature of 15 K. The main
well-resolved peaks at 750, 1600, 2200, and 3250 cm™!
are due to the water component of the mixture, and
sharp low-intense maxima at 1302 and 3009 cm~! are
due to the contribution from methane [36]. Note that
the peaks arising due to the water part of the solid sys-
tem mainly correspond to the positions of peaks in the
o(m) spectrum of liquid water.

The intensities of individual IR radiation absorp-
tion spectra vary over a wide range (Fig. 4), although
they all have a similar shape, which differs noticeably
from the shape of the a(w) spectrum of the (H,0)5,
cluster. Only clusters that adsorbed one 7, and six CH,
molecules have a greater integrated intensity 7, of the
a(w) spectrum (by a factor of 1.06 and 1.17, respec-
tively), compared to the same value for a pure water
cluster. Among the clusters with the integrated inten-
sity 1, of the a.(®) spectrum smaller than that of the
same spectrum for the (H,0)s, cluster, the cluster that
absorbed three CH, molecules stands out. The /, value
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for it is lower than that for the (H,O)s, cluster by a fac-
tor of 2.27. The clusters with two, four, and five meth-
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Fig. 3. Absorption coefficient for the cluster systems: (/) I,
(2) 11, (3) 111, and (4) experimental o.(®) function of bulk
liquid water [33], (5) experimental spectrum for gaseous
CHy, [34, 35], and (6) (inset) experimental IR spectrum of
a solid mixture H,O/CHy, at a temperature of 15 K [36].
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Fig. 4. IR absorption the clusters

(CH,);(H,0)50, 0< i <6.

spectra for

ane molecules have the I, value lower than that for the
pure water cluster by factors of 1.04 to 1.05. The prin-
cipal peaks of the () spectra of the (CH,),(H,0)s,
clusters occur at 3307 cm~! except for the cluster with
i = 3 whose principal maximum is at ® = 3349 cm~".

R
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The spectrum of reflection of a plane monochro-
matic electromagnetic wave shows that, for water clus-
ters that adsorbed methane, IR radiation is reflected
more intensely (Fig. 5). While the IR radiation reflec-

tion coefficient averaged over frequency R for systems
I and II was 0.41 and 0.35, respectively, its value for
system III achieved as high as 0.74. Note that, in all of
the cases considered, the R(®) spectrum is continu-
ous. After CH, molecules are adsorbed by clusters, the
irregularity of the upper boundary of the R(®) spec-
trum rises in addition to an increase in the integrated
intensity. The position of the maximum of the R(®)
spectrum shifted from 1014 to 3254 cm~! due to cap-
ture of methane molecules by water clusters.

The reflection spectra of a plane wave for individ-
ual clusters in the form of an approximation by poly-
nomials of the ninth degree are presented in Fig. 6. We
see that, once a single CH, molecule is adsorbed, the
shape and intensity of the R(w) spectrum change dras-
tically. In addition, all R(w) spectra for water clusters
which captured CH, molecules are alike in shape and
differ by intensity. The cluster containing three meth-
ane molecules has the lowest integrated intensity /; of
the R(w) spectrum. However, even in this case, the /I
value is 0.75% higher than the same characteristic of
the R(w) spectrum for the (H,0)s, cluster. Except for
the case of i = 3, with a growing number of CH, mol-
ecules successively attached to the water cluster, the /I

(@)

(b) }

2000 3000

®, cm™!

Fig. 5. Coefficient of reflection of a plane monochromatic electromagnetic wave by the disperse systems (a) Il and (b) (/) I and

) 111
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Fig. 6. Coefficient of reflection of a normally incident plane monochromatic electromagnetic wave from the surface of the clusters

(CHy)(H,0)50, 0<i<6.

value rises and becomes greater than the same charac-
teristic for the pure water cluster by factors of 1.57 and
1.93 at i = 1 and 6, respectively.

The radiation source power shows how quickly the
intensity of the radiation changes. The radiation
power density of scattering particles determines the
“visibility” of these radiators. The intensity of the IR
radiation emission spectra of clusters changes consid-
erably after CH, molecules are adsorbed by water clus-
ters (Fig. 7). The integrated intensity /, of the P(w)
spectrum for system III rises by a factor of 1.68 as
compared to the same characteristic for system I and
by a factor of 2.16 as compared to the same character-
istic for system II. The maximum of the P(w) spec-
trum for system III occurs at a frequency of 3105 cm™!,
while the maxima for systems I and II occur at 3340
and 3500 cm~'. The positions of the main emission
bands in the P(w) spectra for systems III and I are
shifted toward lower frequencies by 206 and 102 cm™!
relative to the most intense bands in the corresponding
a(w) IR radiation absorption spectra. In this case,
emission is not accompanied by additional photon
absorption. In the case of system II, the difference
between the main frequencies of emission and absorp-
tion is negative (A®w = —20 cm™'); therefore, the emis-
sion process needs additional photons to be absorbed.
However, since the A value is small, we can suppose
that resonance emission takes place.

The individual P(w) spectra of (CH,),(H,0)s, clus-
ters are alike in shape (Fig. 8). However, they differ
drastically in integrated intensity. The 7, value of the
P(m) spectrum for the cluster with i/ = 6 is greater than
that for the cluster with i = 3 by a factor of 8.26. After
one to three CH, molecules are attached to the water
cluster, the I, value decreases (by a factor of up to
4.68), and, after four or six methane molecules are
captured by a water cluster, the /, value rises (by a fac-
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Fig. 7. IR radiation emission spectra for the systems (/) I,
(2) 11, and (3) I11.

P 104
W per cluster

Fig. 8. IR radiation emission spectra for the clusters
(CHy);(H;0)5p,0<i<6.
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tor of no greater than 1.76). The position of the prin-
cipal peak in the P(w) spectra of the clusters changes
from 2761 (at i = 3) to 3055 cm™! (at i = 2, 4, 5). At
i =6, the principal peak is located at a greater fre-
quency (3181 cm™!) than at i =1 (3139 cm™!).

CONCLUSIONS

Liberation of methane and its subsequent oxida-
tion to carbon dioxide can be responsible for the
observed variations in the concentration of atmo-
spheric methane and carbon dioxide during formation
of glaciers. Since methane and carbon dioxide are
strong absorbents of IR radiation, liberation and cap-
ture of methane by clathrates contributes to the mech-
anisms of strong feedback to “radiation forcing”,
affecting the Earth’s climate, which takes place due to
orbital changes in the Earth.

Therefore, there is a link between the increase in
methane concentration and the increase in moisture
content in the atmosphere. Herein, we strived to
answer how optical properties of a disperse water
medium change due to methane adsorption. Calcula-
tions established that the maxima of the spectra of the
real and imaginary parts of dielectric permittivity shift
toward higher frequencies. The average coefficient of
IR radiation absorption determined in the substan-
tially important frequency range of the equilibrium
emission of the Earth does not change considerably
due to methane adsorption; however, its spectra trans-
form, with its intensity increasing in the high-fre-
quency range. Methane adsorption results in a consid-
erable increase in the average reflection coefficient of
the plane monochromatic electromagnetic wave and a
change in the shape of the frequency reflection spec-
trum. After methane was adsorbed, the velocity of IR
radiation emission of the disperse water medium
increases heavily, and the average radiation power
becomes about two times greater. The behavior of the
main radiation processes is rather strongly dependent
upon the concentration of methane captured by the
disperse water medium. This dependence becomes
more apparent in the case of IR radiation emission, in
which, starting from a certain concentration value, the
integrated emission intensity rises steadily.
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