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INTRODUCTION

More carbon monoxide is emitted to the atmosphere
every year than any other pollutant except for CO

 

2

 

, and
the amount of emitted CO increases every year. How-
ever, the data on the rise of CO concentration in the tro-
posphere are quite contradictory. The results of mea-
surements of CO content in samples of Arctic and Ant-
arctic ice indicate that its concentration hardly varied
for centuries [1]. There exist at least five varieties of
CO, namely, two varieties with light oxygen (

 

O

 

16

 

) and
three varieties with heavy oxygen (

 

O

 

18

 

). The first two
varieties of CO may form directly in the atmosphere the
year round. The much less common varieties of CO
enriched with 

 

O

 

18

 

 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 combus-
tion 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 tropo-
sphere, the stratosphere serves as the sink of carbon
monoxide.

Natural nitrogen is divided into two groups, namely,
nonreacting and reacting ones [2]. Nonreacting nitro-
gen is molecular nitrogen 

 

N

 

2

 

. Reacting nitrogen (N) is
encountered in active forms such as biological, photo-
chemical, and radiative. Nitrogen oxides 

 

NO

 

x

 

 represent
one of the main states of active nitrogen in the atmo-

sphere. The increasing amounts of 

 

NO

 

x

 

 in the atmo-
sphere are largely due to the generation of energy by
way of fuel combustion; in so doing, atmospheric 

 

N

 

2

 

is converted to 

 

NO

 

x

 

. The resident time of 

 

NO

 

x

 

 com-
pound in the atmosphere is short. As a rule, nitrogen
does not change to the nonreacting form, i.e., 

 

N

 

2

 

, and
returns to the Earth surface within several hours or
days. Along with volatile organic compounds, the
increase in 

 

NO

 

x

 

 concentration may result in an
increase in the concentration of ozone and other pho-
tochemical oxidants. In the long run, a large part of

 

NO

 

x

 

 transforms to nitric acid 

 

HNO

 

3

 

. Nitric acid in turn
produces acid rains. Liquid aerosols may form from
charged clusters 

 

(HSO

 

4

 

)

 

–

 

(HNO

 

3

 

)

 

n

 

, (NO

 

3

 

)

 

–

 

(HNO

 

3

 

)

 

n

 

, …

 

)
or ammonium salts (

 

NH

 

4

 

Cl, (NH

 

4

 

)

 

2

 

SO

 

3

 

, …

 

). Prior to
settling, ammonium aerosols develop regional haze in
the atmosphere. Monoxide NO stands out from among
nitrogen oxides; its resident time in the troposphere is
approximately one hundred years. At present, its con-
centration in the atmosphere increases by 0.25% a year.
The transition of NO to the stratosphere causes a reduc-
tion of stratospheric ozone: nitrogen monoxide reacts
with ozone to form nitrogen dioxide and oxygen. The
CO and NO gases are greenhouse gases; however, in
view of their low concentration in the atmosphere,
these components are referred to as minor. Compared
to the main greenhouse gases (

 

H

 

2

 

O, CO

 

2

 

, N

 

2

 

O, CH

 

4

 

),
carbon and nitrogen monoxides have little direct effect
on thermal radiation transfer.

The temperature of the Earth troposphere and strato-
sphere may go down to 180 K. Atmospheric moisture is
in the form of vapor or in the disperse state and, at low
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temperatures, in the ultradisperse state in the form of
clusters. A new wide-range equation of state for water
and steam was suggested by Nigmatulin and Bolotnova
[3, 4]. Atmospheric clusters of water are capable of
growing as a result of attachment of other molecules of
water, as well as of molecules of atmospheric gases. In
[5–10], the method of molecular dynamics was used to
study the capture by water clusters of the most common
atmospheric gases (

 

N

 

2

 

, O

 

2

 

, Ar), as well as greenhouse
gases (

 

CO

 

2

 

, N

 

2

 

O, CH

 

4

 

, C

 

2

 

H

 

2

 

, C

 

2

 

H

 

6

 

), under close-to-
atmospheric conditions.

It is the objective of this study to investigate the
absorption of carbon and nitrogen monoxides by
ultradisperse water medium with determining the spec-
tra of infrared (IR) absorption, reflection, and emission
by 

 

(H

 

2

 

O)

 

n

 

, (CO)

 

i

 

(H

 

2

 

O)

 

n

 

,

 

 and 

 

(NO)

 

i

 

(H

 

2

 

O)

 

n

 

 systems
under conditions typical of the troposphere, as well as
to investigate the impact made by the clustering of
atmospheric gases on greenhouse effect.

MOLECULAR-DYNAMIC MODEL

The simulation of water clusters was performed
using a refined TIP4P interaction potential for water
and the rigid four-center model of 

 

H

 

2

 

O

 

 molecule [9].
The modification of interaction potential for water by
Dang and Chang [11] 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: 

 

r

 

OH

 

 = 0.09572 nm and angle H

 

–O–

 

H
of 

 

104.5°

 

 [12]. Fixed charges (

 

q

 

H

 

 = 0.519

 

e

 

, 

 

q

 

M

 

 =

 

−

 

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 repro-
duce the experimentally obtained values of dipole and
quadrupole moments [13, 14], as well as the ab initio
calculated energy of dimer and the typical distances in
the dimer [15]. The stabilization of short-range order in
water clusters is largely attained owing to the short-
range Lennard-Jones potential with the center of inter-
action 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 [11]. The accuracy of determination of 

 

d

 

i

 

 is
given in the range of 

 

10

 

–5

 

–10

 

–4

 

 D.
The atom-atom carbon (nitrogen) monoxide–water

interactions were preassigned in terms of the sum of
repulsion, dispersion, and Coulomb contributions,

Φ rij( ) bib j ci c j+( )rij–[ ]exp aia jrij
6––

qiq j

rij

---------,+=

 

where the parameters 

 

a

 

i

 

, 

 

b

 

i

 

,

 

 and 

 

c

 

i

 

 of the potential
describing these interactions were borrowed from
Spackman [16]. In the case of CO, the electrostatic
interactions were defined by the charges 

 

q

 

C

 

 = 0.139

 

e

 

and 

 

q

 

O

 

 = –0.139

 

e

 

 placed at the centers of C and O
atoms; for NO, the values of charges were 

 

q

 

N

 

 = 0.189

 

e

 

and 

 

q

 

O

 

 = 

 

−0.189e. The interatomic spacing in CO mol-
ecule is rCO = 0.1282 nm, and that in NO molecule—
rNO = 0.12 nm. CO and NO molecules exhibit a higher
polarizability (2.0 and 1.8 Å3) than that of water mole-
cule (1.49 Å3) [17].

Based on the results of high-level ab initio calcula-
tions, it was demonstrated [18] that the most energeti-
cally favorable structure of (H2O)20 cluster is formed on
the basis of pentagonal prism (Utot = –(9.32–9.44) eV)
rather than of dodecahedron (–8.67 eV) or fused cubes
(–9.21 eV). Molecular-dynamic calculations performed
using various empirical potentials are still incapable of
producing an unambiguous answer to the question of
which structure of (H2O)20 cluster corresponds to the
lowest energy. The internal energy of (H2O)20 cluster in
the model given by us is –8.66 eV.

The Gear method of the fourth order [19] was used
for determining the trajectories of the centers of mass of
molecules. The integration time step ∆t was 10–17 s.
First, in a molecular-dynamic calculation with a dura-
tion of 2 × 106∆t, the equilibrium state at T = 233 K was
prepared for water clusters which contained no impu-
rity molecules. The maximum of isothermal compress-
ibility of supercooled water is observed at this temper-
ature [20] and, therefore, it exhibits the lowest mechan-
ical stability. The clusters which inherit the properties
of liquid water must likewise be least stable at T =
233 K. Therefore, successful simulation at this temper-
ature presumes the possibility of obtaining stable clus-
ters at other temperatures as well (T < 273 K).

The (H2O)20 cluster configuration relating to the
instant of time of 20 ps was subsequently used as the
initial configuration for simulating the (CO)i(H2O)n and
(NO)i(H2O)n clusters. Each CO or NO molecule being
added was first arranged so that the minimal distance
between atoms of this molecule and atoms of water
molecules would be about 0.5 nm. The molecule of car-
bon or nitrogen monoxide was arranged so that its axis
coincided with the line connecting the center of mass of
(H2O)n cluster to the center of mass of the diatomic
molecule under consideration. The cut-off radius rc of
all interactions in the model was 0.9 nm. The newly
formed cluster was balanced during the time interval of
0.6 × 106∆t at T = 233 K, and then the necessary phys-
icochemical properties were calculated at the same
temperature during the interval of 2.5 × 106∆t. The
Rodriguez-Hamilton parameters [21] were used to
derive the analytical solution of equations of motion
for molecular rotation, and the scheme of integration
of the equation of motion in the presence of rotations
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corresponded to the approach suggested by Sonnen-
schein [22]. The computations were performed in a
Pentium-IV computer with a four-kernel processor
with the clock frequency of 2.67 GHz. A calculation
with a duration of 106∆t for (X)10(H2O)20 cluster, where
X = CO or NO, required about 15 hours of operating
time of single processor.

DIELECTRIC PROPERTIES

Three systems of clusters were investigated, namely,
I—a monodisperse system consisting of (H2O)20 clus-
ters, II—(CO)i(H2O)20 clusters, and III—(NO)i(H2O)20
clusters, i = 1, …, 10. It was assumed that a cluster con-
taining i molecules of CO or NO and 20 molecules of
water has the statistical weight of

where Ni, 20 is the number of clusters with i molecules
of impurity and 20 molecules of water per 1 cm3, Ni, Σ =

. The value of Ni, 20 was estimated as fol-
lows. We will consider the case of scattering of nonpo-
larized light, where the molecular free path l is much
less than the wavelength of light λ. The extinction
(attenuation) coefficient h of incident beam may be
determined, on the one hand, by the Rayleigh formula
[23] and, on the other hand, in terms of the scattering

coefficient ρ  [24] in the approximation of

scattering at an angle of 90°. In view of the fact that h =
α + ρ, where ρ is the absorptance, we have

Here, c is the velocity of light, ε is the permittivity
of the medium, and ω is the incident wave frequency.
The spectral characteristics of systems II and III were
calculated in view of the adopted statistical weights
Wi, 20. The procedure of forming the systems of clusters
provides for the uniform distribution of these forma-
tions and is valid at a low concentration of clusters, as
a result of which they do not interact with one another.
The average value of concentration of clusters of each
type in the systems under investigations is 12–13 orders
of magnitude lower than the Loschmidt number.

The total dipole moment of cluster dcl was calcu-
lated by the formula

where ri(t) is the vector indicating the location of atom
i or point M at the instant of time t; Z is the electric
charge located at the center under consideration; the

Wi 20,
Ni 20,

Ni Σ,
-----------, i 1 … 10,, ,= =

Ni 20,i 1=
10∑

h = 
16π

3
---------ρ⎝ ⎠

⎛ ⎞

Ni 20,
2ω4

3πc4
----------- ε 1–( )2

α
---------------------- 1 3

16π
---------–⎝ ⎠

⎛ ⎞ .=

dcl t( ) Z+ ri t( ) Z– r j t( ),
j 1=

N

∑+
i 1=

2N

∑=

subscript “+” relates to H, C, or N atoms carrying a pos-
itive electric charge, and the subscript “–” relates to
point M or to oxygen atoms; and N is the number of
molecules per cluster.

The permittivity ε(ω) as a function of frequency ω
was given by the complex quantity ε(ω) = ε'(ω) – iε''(ω),
which was determined using the equation [25, 26]

where the function F(t) is the normalized autocorrela-
tion function of total dipole moment of cluster,

The absorptance α of external IR radiation may be
given in terms of the imaginary part of frequency-
dependent permittivity ε(ω) in the form

The reflection coefficient R is defined as the ratio of
average energy flux reflected from the surface to inci-
dent flow. In the case of normal incidence of plane
monochromatic wave, the reflection coefficient is given
by the formula [23]

(1)

Here it is assumed that the wave incidence occurs
from a transparent medium (medium 1) to a medium
which may be both transparent and nontransparent, i.e.,
absorbing and scattering (medium 2). The subscripts
used with permittivity in expression (1) indicate the
medium.

The frequency dispersion of permittivity defines the
frequency dependence of dielectric loss P(ω) in accor-
dance with the expression [24]

where 〈E2〉 is the average value of square of electric
field strength, and ω is the frequency of emitted electro-
magnetic wave.

Motions with a frequency of less than 1200 cm–1

correspond to librations of molecules, and those with a
frequency above 1200 cm–1 largely describe intramo-
lecular vibrations [28]. Because no intramolecular
vibrations are present in the model employed by us, we
restrict ourselves in analyzing the frequency-dependent

ε ω( ) 1–
ε0 1–

-------------------- iωt–( ) Fd
td

------exp td

0

∞

∫–=

=  1 iω iωt–( )F t( )exp t,d

0

∞

∫–

F t( )
dcl t( ) dcl 0( )⋅〈 〉

dcl
2〈 〉

--------------------------------------.=

α ω( ) 2
ω
c
----Im ε ω( )1/2[ ].=

R ε1 ε2–

ε1 ε2+
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2
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P
ε '' E2〈 〉ω
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characteristics to the frequency range of 0 ≤ ω ≤
1000 cm–1.

CALCULATION RESULTS

The pattern of the non-Coulomb part of interaction
of atomic pairs C–O, N–O, and O–O is given in Fig. 1.
One can see that the largest depth of potential well is
exhibited by the function Φ(r) describing the C–O
interactions. The minimal potential well is exhibited by
Φ(r) for O–O interactions. In the case of C–O interac-
tions, the location of minimum of Φ(r) potential is at
the longest distance, and in the case of O–O interac-
tions—at the shortest distance. The non-Coulomb
atom-atom interactions involving hydrogen correlate
similarly. The stronger electrostatic interaction, the
early manifestation of repulsion at short distances, and
the smaller depth of potential well for non-Coulomb
interaction make the NO molecules more mobile than
the CO molecules. The method of molecular dynamics
enables one to calculate the transfer coefficients [29].
On the average, the coefficient of self-diffusion of NO
molecules turns out to be 1.38 times higher than that of
CO molecules. Because of this, the (NO)i(H2O)20 clus-
ters as a rule exhibit a lower mechanical stability. The
average value of stability coefficient (VβT)–1, where βT

is the isothermal compressibility, for clusters of system
III is 2.6 times lower than that for clusters of system II
which contain CO molecules. The differences in the
dynamics and stability affect the structure of clusters.
In particular, the number of H-bonds per molecule of
water in clusters with NO molecules on the average
turns out to be smaller than that in clusters with CO
molecules by a factor of 1.05.

Figure 2 gives the configuration of (NO)10(H2O)20

cluster after 2.5 × 106 time steps. Most of the NO mol-
ecules are on the cluster surface; however, some of
them still penetrate inside to a small depth. No correla-

tion is observed in the orientation of these molecules.
Because of the high mobility of molecules of nitrogen
monoxide, their orientation in the cluster is rather arbi-
trary. One can see in the figure water molecules ori-
ented by hydrogen in the direction of O atoms (large
darker circles) of NO molecules, as well as H2O mole-
cules whose O atoms draw closer to N atoms. Also
present are other relative orientations of closely spaced
H2O and NO molecules.

The clusters under investigation have the average
transverse dimension of 1 nm ((H2O)20) and 2 nm
((NO)8(H2O)20). Therefore, the media formed of these
clusters appear to be ultradisperse systems. The sys-
tems of water clusters absorbing CO and NO monox-
ides differ by the values of both real ε' and imaginary ε''
parts of permittivity. One can see in Fig. 3 that the
absorption of CO molecules leads to lower values of ε'
and ε''. Up to a frequency of ~800 cm–1, the function
ε'(ω) for system III plays with good accuracy the part
of smoothing curve which corresponds to the depen-
dence for monodisperse system (I) of (H2O)n clusters.
The same part is played by the function ε''(ω) for sys-
tem III with respect to the similar function of system I.
In the frequency range of 0 ≤ ω ≤ 1000 cm–1, the aver-
age values of ε' for systems I–III are correlated as
1 : 0.50 : 0.99, and the correspondence of average val-
ues of ε'' for these systems is given by the ratio
1 : 0.61 : 1.14. The real part of permittivity of liquid
water rapidly decreases with increasing frequency and
its value becomes lower than the values of ε' for sys-
tems I–III at ω = 120 cm–1. The imaginary part of per-
mittivity of liquid water likewise decays with increas-
ing frequency; however, it assumes values lower than
those of ε'' for systems I–III only at ω > 745 cm–1.

0.60.4 r, nm

1

0

–1

–2

Φ, 10–3 eV

1

2

3

Fig. 1. Interaction potentials of atomic pairs: (1) O–O,
(2) C–O, (3) N–O.
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Fig. 2. The configuration of (NO)10(H2O)20 cluster, which
corresponds to the time instant of 25 ps. The coordinates of
molecules are in nm.
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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 aggre-
gates (Fig. 4). 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
α(ω) 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 frequency of 845 cm–1, and for system III—
on 925 cm–1. Note that the main peak of α(ω) spectrum
of liquid water falls on the frequency of 700 cm–1; for
gaseous CO and NO, the extremely slightly pro-
nounced peaks of deformation vibrations correspond to
frequencies of 950 and 800 cm–1. The weak frequency
dependence of the function α(ω) of gaseous CO and
NO shows up in the smoothing of the absorption spec-
trum of IR radiation for systems II and III with respect
to system I.

For estimating the contribution made by the absorp-
tion 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 attach-
ment of X molecules (where X = CO or NO), as well as
the integral effect of absorption of IR radiation pro-
duced by sets of clusters. In so doing, the combined
X10(H2O)n cluster is formed of the entire set of clusters.

We will first consider the clustering of water mole-
cules. If water molecules are successively added one-
by-one to (H2O)10 cluster, the relative variation of inte-
gral intensity of absorption (I(10 + i) – I(10))/I(10) will be
defined by points 1 (Fig. 5). One can see that the quan-
tity 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 rela-
tive to the initial value. However, this rise is not mono-
tonic, 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 val-
ues 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. There-
fore, the maximal impact on the variation of integral
part of absorption of IR radiation caused by the varia-
tion of amplitude-frequency characteristics of total
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Fig. 3. (a) The real and (b) imaginary parts of permittivity
of disperse systems: (1) I, (2) II, (3) III; (4) molecular-
dynamic calculation for liquid water with TIP4P potential
[30] (a) and experimental results for liquid water [31] (b).
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Fig. 4. The absorptance of IR radiation of disperse systems:
(1) I, (2) II, (3) III; (4) experimentally obtained coefficient
α for liquid water [32]; (5, 6) coefficient α of gaseous CO
and NO, experiment [33].
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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 depen-
dence of combined intensity of absorption of IR radia-
tion 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 inten-
sity 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 fac-
tor of six as a result of variation of N from 1 to 5, and
the analogous characteristic given by points 6 increased
by a 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 impor-
tance 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
the intensity of absorption of clusters formed of those
systems. This effect will be stronger if individual mol-
ecules will be attached rather than dimers and com-
plexes. 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 vari-

ation of vibrational characteristics of the total dipole
moment. This is the essence of anti-greenhouse effect
caused by clustering.

The intensity ratio of reflected and incident electro-
magnetic waves is characterized by the reflection coef-
ficient R. The calculated refection coefficients for sys-
tems I–III are given in Fig. 6. The R(ω) spectrum of
monodisperse system of pure water has ten approxi-
mately equidistant peaks of different intensities. The
most intensive peak of R(ω) spectrum occurs on the fre-
quency of 683 cm–1. The reflection spectrum of dis-
perse system II which absorbed CO molecules is char-
acterized by 15 peaks, two of which are split. Of high-
est intensity here is the peak at 977 cm–1. It is
noteworthy that the integral intensity of reflection of
system II turns out to be much lower (by a factor of
almost 2.3) than the similar characteristic for system I.
The disperse aqueous system (III), which absorbed NO
molecules, likewise has a very irregular profile of R(ω)
spectrum. Sixteen peaks are observed in this spectrum,
with the frequency of 960 cm–1 corresponding to the
most intensive one of these peaks. Two features may be
identified which distinguish the R(ω) spectra of sys-
tems II and III from each other. Of most importance is
the fact that the integral intensity of R(ω) spectrum in
the case of absorption of NO molecules is appreciably
higher (by a factor of 2.2) than that for the respective
spectrum of aqueous system with CO molecules. In
addition, the R(ω) spectrum for system III turns out to
be more uniform, i.e., the maximal-to-minimal inten-
sity ratio of the spectrum in this case is 1.6, while this
ratio for system II is equal to 4.8. The integral intensity
ratio of the R(ω) spectrum for systems I–III is 1 : 0.43 :
0.95. Therefore, the absorption of CO molecules causes
the most serious decrease in reflectivity of disperse sys-
tem.

The electromagnetic radiation may be treated as the
process of generation of free electromagnetic field
under conditions of nonuniform motion and interaction
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of electric charges. The validity of this approach is sup-
ported 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 con-
centrated 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. 7a.
The integral power of radiation increases both when the
disperse aqueous system absorbs carbon monoxide and
when it absorbs nitrogen monoxide. The integral inten-
sities 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 fre-
quencies of 930 and 820 cm–1, respectively. The inten-
sities of peaks of emission power of individual clusters
are given in Fig. 7b. The maximal nonuniformity of
peaking radiation is revealed for aqueous system II con-
taining CO molecules. Here, the highest peaking emis-

sion power is exhibited by (CO)6(H2O)20 cluster. With
further increase in the number of CO molecules in the
cluster, the peaking emission power abruptly increases
to reach the minimal value in the presence of ten mole-
cules of carbon monoxide in water cluster. When the
number of molecules of impurity is i ≥ 5, the depen-
dence Pmax(i) for clusters of system III, which absorbed
NO molecules, is similar to analogous dependence for
clusters of water with CO molecules. However, with
i < 5, principal differences exist for these clusters in the
behavior of the function Pmax(i). At i = 3, the depen-
dence Pmax(i) for water clusters containing CO mole-
cules exhibit a maximum, and that for clusters with NO
molecules—a minimum. At i = 1, a water cluster with
NO molecule has the highest value of the function
Pmax(i), which is even higher than the value of this func-
tion for water cluster containing one CO molecule.

The variation of relative combined power of emis-
sion upon addition of molecules to clusters is given by
Fig. 8. In the case of clusters of pure water, we consider
the quantity (J(10 + i) – J(10))/J(10), and for water clusters
containing CO or NO molecules—the ratio (J(20 + i) –
J(20 + 1))/J(20 + 1). Here, J denotes the combined power of
IR radiation generated by cluster. The first term in the
superscript indicates the number of water molecules in
the cluster, and the second term—the number of mole-
cules of impurity. For clusters of system I, water mole-
cules are considered instead of molecules of impurity.
In all cases, the dependence of relative combined inten-
sity 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 individ-
ual molecules is observed, i.e., the quantity (J(10 + i) –
J(10))/J(10) assumes both negative and positive values.
However, at i > 6, this quantity becomes especially pos-
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itive and rapidly increases in the region of i ≥ 9. In the
case of absorption of CO molecules by clusters, the
quantity (J(20 + i) – J(20 + 1))/J(20 + 1) at i < 7 may both
decrease and increase; at i ≥ 7, it decreases. When the
clusters attach NO molecules, the quantity (J(20 + i) –
 J(20 + 1))/J(20 + 1) is always negative at i > 1, i.e., the emis-
sion power decreases relative to its value corresponding
to NO(H2O)20 cluster. Therefore, the power of IR radi-
ation emitted by clusters depends on both the number
and the sort of molecules of impurity absorbed by the
clusters.

ASSESSMENT 
OF ANTI-GREENHOUSE EFFECT

Atmospheric water clusters absorb the IR radiation
from the Earth and thus produce the greenhouse effect,
the way it is done by free (not clustered) molecules of
greenhouse gas. However, the intensity of radiation
absorbed by clusters is far from being proportional to
the number of constituent molecules. Moreover, the
clusters absorb the energy of incoming radiation in
amounts comparable with, and sometimes even smaller
than, the radiation energy of free water molecule. As a
result, the molecules, of which the cluster consists and
which are in free state, absorb the IR radiation (of over-
all intensity ) much more actively than the entire

cluster (Icl). The difference between  and Icl is
defined as the anti-greenhouse effect produced by clus-
ter. This quantity may be expressed in degrees [34]. The
presently existing anti-greenhouse effect produced by
atmospheric water clusters may be assessed as follows.
The distribution of atmospheric moisture in altitude
obeys the Hahn empirical dependence [35],

(2)

where ρ0 is a constant corresponding to humidity at cer-
tain altitude (as a rule, directly at the Earth surface), and
h is the altitude above the Earth surface in km. On the
one hand, formula (2) may be used for calculating the
distribution of the vapor of water monomers above the
Earth surface, and on the other hand – for determining
the altitude distribution of overall amount of moisture
in the atmosphere. In the former case, the constant ρ0 is
provided by the fraction of water monomers in the
vicinity of the Earth surface, which was determined by
way of extrapolation of the Boltzmann size distribution
of clusters towards the value of i = 0. The thus deter-
mined value of ρ0 was ~66.3% of the known (~11 g/m3)
value of humidity which is defined at the Earth surface
by the number of monomers and clusters of water. In
the latter case, the value of ρ0 corresponded to humidity
at the altitude of 3 km, determined using the results of
spectroscopic measurements [35]. Experimental mea-
surements were performed in the presence of clouds at
an altitude of 1 to 2 km. The spectroscopic sensing ele-

Iii∑
Iii∑

ρ ρ0 10 h/6.3– ,×=

ment enables one to measure spatially separated pro-
files of moisture density both around tropospheric
clouds and within these clouds. The integration of the
first and second distributions over concentric layers
gives the values of mass Mvap of monomer vapor and of
total amount Mtot of moisture in the atmosphere. The
mass of droplets and crystals in the atmosphere was
found using the formula

where ρ(n) and  denote the density of moisture and
of saturated water vapor in the nth layer 1 km thick, and
Vn is the volume of the nth layer. For separately deter-
mining the mass of droplets and crystals, it is necessary
to find the temperature intervals in which one and the
other phases may exist. It was assumed in view of sta-
tistical experimental data that droplets could exist until
the temperature of 258 K (–15°C) and that, at T <
285 K, a cloud consists of ice particles alone. In deter-

mining the mass of droplets in the atmosphere,  was

provided by , i.e., the density of saturated vapor

over supercooled water, and the quantity , i.e., the
density of saturated vapor over ice at the temperature of
the nth layer, was used for calculating the mass of crys-
tals. In this manner, the masses Mdrop and Mcryst were
found. The mass of clusters in the atmosphere was
determined as

Similarly, the altitude profile of density of clusters was
determined in terms of respective distributions. The

Mdrop cryst( ) ρ n( ) ρsv
n( )–( )Vn,
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Fig. 9. The contributions Mn = ρnVn by concentric layers of
thickness ∆h = 1 km to the total mass of moisture of the
Earth atmosphere: (1) total moisture, (2) vapor of mono-
mers, (3) clusters, (4) droplets, (5) crystals.
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calculated dependences h(M) are given in Fig. 9. One
can see that the bulk of water clusters in the atmosphere
are located up to the altitude of 2 km. The overwhelm-
ing majority of droplets are concentrated within the
same altitude; as to crystals, they are formed starting
with the altitude of 3 km. If the overall amount of mois-
ture in the atmosphere is taken to be 100%, the ratio
between the amounts of monomer vapor, clusters, drop-
lets, and crystals appears to be 70.0 : 9.2 : 5.9 : 14.9. On
the average, the integral intensities of absorption of IR
radiation by water clusters are lower than those by a
single molecule. The estimated number of clusters in
the atmosphere is 2.38 times smaller than the number of
molecules which form these clusters. The greenhouse
and anti-greenhouse effects produced by clusters
amount to ~0.53 and 1.67 K, respectively. Therefore,
the average temperature of the planet could rise by
1.67 K in the absence of clusters, which would result in
a significant change of climate. The increase in the glo-
bal average temperature of the Earth surface during the
last 100 years did not exceed 0.6 K [1].

CONCLUSIONS

We have investigated the impact made by absorption
of CO and NO molecules on the capacity of a disperse
aqueous system for absorption, reflection, and emission
of IR radiation. Diatomic CO and NO molecules have
largely different impacts on the spectral characteristics
of a disperse aqueous system. This is primarily due to
different values of complex dielectric constant for sys-
tems containing carbon and nitrogen monoxides. The
aqueous disperse system which absorbed CO gas mol-
ecules causes a decrease in dissipation of energy of IR
radiation because of the reduction of values of the
imaginary part of permittivity. As a result, this system
exhibits a lower integral absorptance of IR radiation
than the disperse system of pure water and similar sys-
tem with NO molecules. The growth of clusters owing
to the attachment of CO or NO molecules involves the
increase in integral intensity of absorption of IR radia-
tion with respect to the water cluster which captured
only one molecule of impurity.

The integral reflectance of the system of clusters
which attached CO molecules significantly decreases,
while this characteristic for the system of clusters with
NO molecules is only slightly lower than that for the
system of clusters of pure water.

The values of combined power of IR radiation of
disperse aqueous systems with CO and NO molecules
turn out to be comparable with and appreciably exceed
the similar characteristic for disperse system of pure
water. However, in the case of absorption of CO mole-
cules, the maximum of emission power falls on a higher
frequency than that in the case of absorption of NO
molecules. For water clusters with CO molecules, an
increase (relative to CO(H2O)20 cluster) of integral
power of IR radiation is observed when the number of
molecules of impurity in the cluster is in the range of

3 ≤ i ≤ 6; in all other cases, the integral emission power
decreases. For water clusters containing NO molecules,
the decrease in the integral power of emission occurs at
any i > 1.

By and large, the clustering is accompanied by the
reduction of the number of scattering centers, which
causes a decrease in the integral intensity of absorption
of IR radiation and, therefore, the reduction of the
greenhouse effect. The insignificant increase in the
intensity of absorption of IR radiation, which is associ-
ated with variation of the vibrational characteristics of
the total dipole moment of cluster after the attachment
of CO or NO molecule, cannot eliminate this effect.
Therefore, the clustering of steam and the subsequent
capture of CO or NO molecules by clusters produce the
anti-greenhouse effect.
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