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Abstract.

The aim of the work is to develop a set of optimal photochemical models with the inclusion of a sub-

model of the boundary layer using complex plane field methods and spectral algorithms and optimized blocks describ-
ing nonlinear radiation transfer and chemical conversion mechanisms, quantum-kinetic and photoelectronic models
for describing nonlinear optical effects due to the interaction of infrared laser radiation with the gas atmosphere of an
industrial city. An obvious consequence of the resonant interaction (in particular, absorption) of electromagnetic radia-
tion by atmospheric molecular gases is a quantitative redistribution of molecules by energy levels of internal degrees
of freedom, which quantitatively changes the so-called gas absorption coefficient. A change in the population levels of
the gas mixture causes a violation of the thermodynamic equilibrium between the vibrations of the molecules and their
translational motion and causes a new nonlinear effect of the photokinetic cooling of the atmospheric environment.

1. Introduction

At the present time laser systems for monitoring
the environmental state of atmosphere have become
widespread. The classical laser sensing methods is
mainly based on the processes of linear interaction
of radiation with the atmospheric gases and aero-
sol components of the atmosphere [1-10]. Howev-
er, as it was shown in multiple investigations (c.g.,
[1-5,9]), there are a number of important problems
and tasks, where the linear methods of sensing are
ineffective both due to technical difficulties arising
due to small interaction cross sections and because
of fundamental physical limitations when these ef-
fects do not contain information about the desired
medium parameters. First of all, speech is about such
tasks as remote elemental analysis of condensed
matter of aerosols and underlying surface, determi-
nation of heavy metals and inert gas atoms content,
detection of ultra-low concentrations of gas impuri-
ties and substance vapors with selective absorption
coefficients cm’!, and a number of other problems
related, in particular, to diagnostics industrial pollu-
tion etc [1]. It is very important to remember about
some fundamental aspects of the interaction of elec-
tromagnetic radiation with atoms and molecules of
the atmospheric environment , especially in a case
of the intense external field. Here it should be not-

ed a nonlinear response of atoms and molecules .
The obvious consequence of resonant interaction (in
particular, absorption) of electromagnetic radiation
(hereinafter, as a rule, will be coherent, that is, laser
radiation) by molecular gases of the atmosphere is
the quantitative redistribution of molecules by the
energy levels of internal degrees of freedom. In turn,
this will change the so-called gas absorption coef-
ficient. Changing the population levels of the mix-
ture of gases causes a disturbance of thermodynamic
equilibrium between the vibrations of molecules and
their translational motion, resulting in kinetic cool-
ing of the environment.

According to [4], the industrial city’s air quality
and the formation of photochemical oxidants (of
which ozone is a major component) involves the
interaction of source emissions and a series of
different quite complex physical and chemical
processes. Ozone is formed in the atmosphere
as a result of a complex series of thermal and
photochemical reactions involving nitrogen
oxides and reactive hydrocarbons. The known
photochemical box model (PBM) by Jin-Schere-
Demerjian [4] includes three main blocks:
(1) a boundary-layer submodel, (2) a revised
radiative transfer and photolytic rate constant
calculation routine, and (3) two chemical
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mechanisms of different complexity. In Refs.
[7,11] it is presented an advanced quantum-
kinetic model to describe the nonlinear-optical
(spectroscopic) effect caused by the interaction
of infrared laser radiation with a gas atmosphere.
The quantitative features of energy exchange
in a mixture of CO,-N,-H,0 atmospheric gases
of atmospheric gases were determined and can
be used in development of new technologies for
observing a state of atmosphere. The results of
computing the relative absorption coefficient
(normalized to linear absorption coefficient)
are presented. In Refs. [11,12] it is presented
a new generalized approach, including an
improved theory of atmospheric circulation
in combination with the hydrodynamic model
(he Arakawa-Schubert method of calculation
of cloud convection and theory of a complex
geophysical field is applied to the simulation of
heat and air transfer in atmosphere of industrial
region. In this paper we present a set of advanced
photochemical box models (APBM) with the
inclusion of a submodel of the boundary layer
using complex plane field methods [2,13-
16]) and spectral algorithms with optimized
blocks describing nonlinear radiation transfer
and chemical conversion mechanisms [11,12],
quantum-kinetic and photoelectronic models for
describing nonlinear optical effects due to the
interaction of infrared laser radiation with the
gas atmosphere of an industrial city..

2. An advanced photochemical model

The APBM is based on the principle of
an energy and mass conservation. As in the
original version [4], we assume too that (1) the
box volume is well mixed at all times and no
spatial variations of concentration occur within
it; (2) emission sources are homogeneously
distributed across the bottom surface of the box;
(3) entrainment of outside air occurs laterally by
advective transport and vertically by the growth
in mixed layer height. Under these assumptions,
the chemical species conservation equation
becomes:
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where C, is the mean concentration of species
“I” within the definite domain, u# the mean
advection speed, O, the source emissions flux
of species 1 in the domain, and R, the rate of
production and/or destruction of species i due
to chemical reactions. The original model by
Jin-Schere-Demerjian [4] has a horizontal
extension of 20 km and a vertical extension
of the mixed-layer height. Our APBM model
has a horizontal extension of 40 km and less
significantly lower resolution (grid scale). A
schematic illustration and flowchart of our
APBM with the incorporated blocks is shown at
Figure 1. The physical features of air ventilation
predetermine the necessary modification of the
well-known Arakawa-Schubert model. The
model includes the budget equations for mass,
moist static energy, total water content plus the
equations of motion [2,13]:
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Fig. 1. Flowchart of the APBM with the
incorporated blocks



verage values of vertical speed, statistical energy
and the ratio of the mixture of water vapor; ¥+ 4
- average statistical energy and the ratio of the
mixture of water vapor in the ambient air, ¥ -
air density; ¢ is an amount of the condensed
moisture. If e is an amount of evaporated
moisture, L - specific heat of phase transitions,
then the equation of heat and moisture influx
will be as follows [2,13]:
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Spectral representations in ensemble of clouds

are: E(z) = ] sz Amp(A)dA (4a)

D(z) =]rf[:.)a)m;;[).:]f£)\.
(4b)

If 4 is a work of the convective cloud then it
consists of convection work and work of down
falling streams in the neighbourhood of a cloud:
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Here A is a speed of involvement, m(}) is an
air mass flux, K(A, A°) is the Arakawa-Schubert
integral equation kernel [3], which determines
the dynamical interaction between the
neighbours clouds. In the case of air ventilation
emergence, mass balance equation in the
convective thermals is [13]:

my(A)=F(A)+ f [ my(A)KALANL (6)

Here [ is parameter which determines disbalance
of cloud work due to the return of part of the
cloud energy to the organization of a wind
field in their vicinity, and balance regulating
its contribution to the synoptic processes. The

solution of the Egs. (3)(-4) with accounting for
air stream superposition of synoptic processes is
given by a resolvent:

my(A)=F(A)+p TXF(S)F(/?,,s; Byds,  (7)

T(A,s58) =2 7" K/(2,5) (8)
i=1

The key idea [2,13] is to determine the resolvent
as an expansion to the Laurent series in a complex
plane C. Its centre coincides with the centre of
the city’s “heating” island and the internal cycle
with the city’s periphery. The external cycle can
be moved beyond limits of the urban recreation
zone. The Laurent representation for resolvent
is provided by the standard expansion:

F=>Yc(-a)", )
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where a is center of the Laurent series
convergence ring. The method for calculating a
turbulence spectra inside the urban zone should
be based on solving the system of equations for
the Reynolds tensions, moments of connection
of the speed pulsations with entropy ones and
the corresponding closure equations [2,13-
17]. The important parameter of the turbulent
processes is the kinetic energy of turbulent

vortices p2 = uluy , which can be found from
the equation [13]. The speed components,
say, u,u, of an air flux can be determined in
an approximation of ‘“shallow water” [2]. In
contrast to the standard difference methods of
solution, here we use the spectral expansion
algorithms [16]. The necessary solution, for
example, for the v,-iv, component for the city’s
heat island has the form of expansion into series
on the Bessel functions. From the other side, a
air flux speed over a city’s periphery in a case of
convective instability can be found by method
of plane complex field theory (in analogy with
the Karman vortices chain model) [2,13-16].
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3. Advanced quantum-kinetic model

The interaction of laser radiation with a mix-
ture of atmospheric gases, leads to relatively
complex processes of resonant excitation trans-
fer, in particular, from CO, molecules to nitro-
gen molecules. As a result, the complex dielec-
tric constant of the atmospheric medium will
change, which will lead to a significant transfor-
mation of the energy of laser pulses in the gas at-
mosphere [1,3]. The dielectric constant depends
on the intensity of the electromagnetic wave [:

e=e()=¢g,+¢e,(I) (11)

C
I =

|

& |2
87 (12)
where c is the speed of light, £ is the elec-
tric field strength of the wave. When laser ra-
diation interacts with atoms and molecules of
atmospheric gases, there is also the so-called
Kerr electronic effect, which arises due to the
deformation of the electron density distributed
by the field, almost immediately following the
change of field, as well as the orientation effect
of Kerr [3]. The relaxation time of this effect for
atmospheric air under normal conditions is 10!
s. This effect leads to the dependence of the di-
electric constant on the field of the electromag-
netic wave in the formula (11) of the form
2
Ey =&, |E| ) (13)
For Gaussian beams and plateau beams, the
Kerr effect leads to the self-focusing of light,
described in detail, for example, in [3,8,9, 11].
If the length of the nonlinear interaction (self-

focusing) is a Gaussian beam with radius R,

8e i
=R0( 21} , (14)
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then the realization of the effect on distance

L,=

L, is possible if the threshold intensity is defined
[3]:
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1,,~10" W-cm? for R=0.I and L =10’
m. If L =10 m, then [, ~10° W-cm? .
For infrared laser wavelength 4=10.6 um, the
critical autofocus (L, = L, ) power is:

&,

2
2

Py =7R 1} ,=—C =1,7-10" (16)

One finds P, =1,7-10"° W for 1=1,06 pm.
Further let us present an advanced quantum-
kinetic model to describe the nonlinear-optical
(spectroscopic) effect caused by the interaction
of infrared laser radiation with a gas atmosphere
and consider the quantitative features of energy
exchange in a mixture of CO,-N,-H,0 atmos-
pheric gases of atmospheric gases. The original
version was presented in Refs. [11,12].
Typically, for the quantitative description
of energy exchange and the corresponding re-
laxation processes in a mixture of CO,-N.-H,0
gases in the laser radiation field, one should first
consider the kinetics of three levels: 10°0, 00°1
(CO,) i v =1 (N,). The system of differential
equations of balance for relative populations is
written in the following form:
D B+ 2P )3, + feox, +
+26gh, )xlo + Fiy(x))

=wx, —(w+ QO+ Py)x, +
dl 1 ( Q 20)2

+Ox; + })zoxg + Fiy(x,),

(17)

dx
dt3 =00x, — (00 + Py)x; +

Pyoxy + Fyy (x3)

Here, x, = N, /Nco,,» X, = N, /Nco,, X

2 3

= 0NN,/ Nco, 5 Ny, N, are the level
10°0, 00°1 (CO,);

concentration of CO, molecules; M, is the level

populations Nco, 1s



population v=1(N,); Q is the probability (s') of
resonant transfer in the reaction CO, — N, is
a probability (s) of CO, light excitation, g = 3
is statistical weight of level 02°0, B=(1+g)'=
7a; 8 is ratio of common concentrations of CO,
and N, in atmosphere (6 = 3.85x10%); F (x) —

additional nonlinear term; Xlo’ Xg and )@0 are
the equilibrium relative values of populations
under gas temperature 7:

(18)
(19)

x) =exp(- £/7),

X =) =exp(Ey/T)

Values £ and E, in (1) are the energies (K)
of levels 10°0, 00°1 (consider the energy of
quantum N, equal to E,); P, P,  and P, are the
probabilities (s) of the collisional deactivation
of levels 10°0, 00°1 (CO,) and v =1 (N,).

Note that having obtained the solution of the
differential equation system (17), one can fur-
ther calculate the absorption coefficient of radia-
tion by CO, molecules:

The o in Eq. (20) is dependent upon the ther-
modynamical medium parameters according to
[1]. The different estimates (c.g., [3,11]) show
that for emission of the CO,-laser the absorption
coefficient:

Og =0C0O, TAH,0- (21)

is equal in conditions, which are typical for
summer mid-latitudes o, [H=0]=(1.1-2.6)- 10°
cm’', from which 0.8-10° cm™ accounts for CO,
and the rest — for water vapour (data are from ref.
[3]) . The resonance absorption by the molecules
of the atmospheric mixture of laser radiation is
determined by the change in the population of
the low-lying level 10°0 (CO,), the population
of the level 00°1 and vibration-translational re-
laxation (VT-relaxation), as well as intergenera-
tional vibration relaxation (VV’-relaxation). For
the wavelength of infrared laser radiation (eg,
CO, laser of 10.6um), the duration of the corre-
sponding pulse will satisfy the inequality 7, <7 <

t,» Wheret, , t, are the values of time, respec-
tively, of rotational and oscillatory relaxation. In
Ref. [12] there are presented the results of an
accurate numerical calculations with using the
accurately determined probabilities of P, P,
, P,, of deactivation due to the levels of 10°0,
00°1 (CO,) and v =1 (N,), the probability of Q
resonance energy transfer CO, — N, the excita-
tion probability  pulse of CO, laser and other
constants. The results of computing the relative

absorption coefficient og , (normalized to
linear absorption coefficient) based on the so-
lutions of the system (17) have been presented
for the distribution of pressure altitude and tem-
perature within the model of atmosphere of the
middle latitudes (Odessa) [2,13]. It is clear that
the time dependence of the relative resonance
absorption coefficient of laser radiation by CO2
molecules for different laser pulses differs. Us-
ing these data we determine that the effect of
kinetic cooling of the CO, is determined by the
condition (for Odessa region):

ah o <(E I(Ey—E)aly =15lal, (22)

Note that Eq. (22) is sufficiently significantly
different from early qualitative estimates [3,11].
The numerical parameters obtained allow us to
further quantify the effects of the kinetic cool-
ing of CO,, depending on the parameters of the
model of the atmosphere and the parameters of
laser radiation [3].

4. Conclusions

To conclude, we presented an advanced pho-
tochemical box model with the incorporation of
a boundary-layer complex plane field submodel
[2,13-17], advanced quantum-kinetic and pho-
toelectronic models to describe the nonlinear-
optical (spectroscopic) effect caused by the in-
teraction of infrared laser radiation with a gas
atmosphere, and an advanced nonlinear radia-
tive transfer and chemical mechanisms blocks.
From physical viewpoint, it is clear that because
of the resonant interaction (in particular, absorp-
tion) of electromagnetic radiation with atmo-
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spheric molecular gases there is the quantitative
redistribution of molecules by the energy levels
of internal degrees of freedom. The radiative
and energy flux that causes the gas to be heat-
ed through the absorption by the water vapour,
is proportional to the intensity of the laser ra-
diation. When the critical value is reached, the
heating of the steam will prevail over its cooling
for any moment of time. In such a physical situ-
ation, the effect of kinetic cooling will cease to
exist. The quantitative manifestation of the ki-
netic effect may vary for different atmospheric
conditions, laser radiation parameters, and dif-
ferent values of atomic-molecular parameters.
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Summary. The aim of the work is to develop a set of optimal photochemical models with the
inclusion of a submodel of the boundary layer using complex plane field methods and spectral
algorithms and optimized blocks describing nonlinear radiation transfer and chemical conversion
mechanisms, quantum-kinetic and photoelectronic models for describing nonlinear optical effects
due to the interaction of infrared laser radiation with the gas atmosphere of industrial city. The
resonant interaction of electromagnetic radiation with molecular gases leads to redistribution of
molecules by energy levels of freedom internal degrees, which changes the gas absorption coef-
ficient. A change in the population levels causes a violation of thermodynamic equilibrium between
the vibrations of molecules and their translational motion, providing a new nonlinear effect of the
photokinetic cooling of atmosphere.
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OIITUMAJIBHBIE ®OTOXUMHNYECKASA U KBAHTOBO-KUHETHYECKAS
MOJEJIM JJIAA JETEKTUPOBAHUSA SGHEPT O-PAIMAIIMOHHO-OBMEHHBIX ITPO-
IIECCOB B CMECU ATMOC®EPHBIX I'A30B U B3AUMOJIEACTBUS JIASEPHOT'O

N3JYUYEHUA C ATMOCO®EPHBIMHU MOJIEKYJIAMH

Pe3tome. Llens paboThl COCTOUT B pa3paboTKe KOMILIEKCa ONTUMAIbHOU (POTOXMMHUYECKOM MO-
Jienu (C BKIIOUEHUEM CyOMO/IEH MOTPAaHUYHOTO CJI0S ¥ UCTIOJIb30BaHUEM METO/I0B KOMIUIEKCHOTO
IJIOCKOTO TOJI1) M CIEKTPaJIbHBIX MOJAENEH ¢ ONTUMHU3UPOBAHHBIMU OIOKaMH, OMHCHIBAIOIIUMU
HEJIMHEWHBIN TePEeHOC M3IMyYeHUsI U XUMUYECKUEe MPeoO0pa3oBaTeIbHbIE MEXaHU3MbI, KBAHTOBO-
KMHETUYECKOU M (DOTOANEKTPOHHON MOoAeNel sl OnUcaHusl HeTMHEHHO-oNTHYecKuX 3((eKToB,
00yCJIOBIEHHBIX B3aMMO/ICHCTBUEM MH(PAKPACHOTO JIa3ePHOT0 U3ITyUEHHUs C Ta30BOil aTMocdepoit
MIPOMBILIIEHHOTO Topoia. Pe3oHancHOe B3aMMOIEHUCTBUS 3JIEKTPOMArHUTHOTO U3TYUYEHHS C MOJIe-
KYJSIPHBIMU Ta3aMH aTMOC(EpPHI MPUBOIUT K KOTHUECTBEHHOMY TepepacipeeeHUI0 MOJIEKYJ 10
HHEPreTUYECKUM YPOBHSM BHYTPEHHHX CTEHIEHEH CBOOOIbBI, UYTO U3MEHSIET Ha3bIBaeMbIil KOd(hhu-
[MEHT MOIIOIeHHs ra3a. Vi3MeHeHne ypoBHEH 3aCEeI€HHOCTH CMECH T'a30B BBI3BIBACT HAPYIICHUE
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TEPMOJMHAMUYECKOTO PABHOBECHUS MEXKAY KOJICOaHUSAMU MOJIEKY] M UX TMOCTYNATEIbHBIM JIBUXKE-
HUEeM U 00yCIIaBIMBAET HOBBIA HEMMHEHHBINH YPPEKT (HOTOKMHETHUECKOTO OXJIaKIACHUS aTMOC-
bepHoii cperbl.

KiroueBble cj10Ba: KMHETHKA YHEProoOMeHa, aTMoc(epHbIe ra3bl, Ja3epHOE U3ITydYeHue, GoTo-
XMUMHUYECKast MOJIeIIb, KBAHTOBO-KMHETUYECKAst MOJIEIb

PACS 64.60.A+82.70.R
0. Xeyeniyc, O. [mywkos, C. Cmenanenko, A. Ceunapenxo, FO. bByuaxosa, O. Bimoscvka

ONITUMAJIBHI ®OTOXIMIYHA I KBAHTOBO-KIHETHYHA
MOJEJI IJIsSI AETEKTYBAHHSA EHEPT'O-PAIIAIIIMHO-OBMIHHUX
MPOILECIB B CYMIIII ATMOC®EPHHUX I'A3IB I B3AEMO/III JIA3EPHOI'O
BUITPOMIHIOBAHHSA 3 ATMOC®EPHUMMU MOJIEKYJIAMHA

Pe3ome. Meta poOotu mossirae B po3poOiii KOMIUIEKCY ONTHMaJIbHOI (hoToXiMiuHOT Mozedi (3
BKJTIOUEHHSIM CyOMOIeITi MPUKOPIOHHOTO MIApY 1 BUKOPUCTAHHIM METO/I1B KOMITJIEKCHOTO IIOCKOTO
MOJIsT) 1 CHEKTPAIbHUX MOJIeNIEH 3 ONTUMI30BaHUMU OJIOKaMH, 110 ONMCYIOTh HEJIHIMHUHN TepeHoc
BUIIPOMIHIOBAHHS 1 XIMIUHI IEpPETBOPIOIOYI MEXaHi13MH, KBAHTOBO-KIHETUYHOT 1 ()OTOETIEKTPOHHOT
MOJIeNICH 7Sl ONUCY HENiHIHHO-ONTUYHUX €(EeKTiB, 00yMOBIEHUX B3a€MOIIEI0 1HPpPauepBOHOTO
JIa3epHOTO BUIPOMIHIOBAaHHS 3 Ta30BOi aTMOC(Epor0 MPOMUCIOBOTO MicTa. PesoHaHcHa B3aeMOIist
€JIEKTPOMArHITHOTO BUIIPOMIHIOBAHHS 3 MOJICKYIIPHUMHU T'a3aMu aTMoc(epH BeJie 0 KUTbKICHOTO
NEePEePO3IOIUTY MOJIEKYJ MO €HEPreTUYHUM PIBHAM BHYTPILIHIX CTYIEHIB CBOOOAM, IO 3MIHIOE
3BaHUI KOEe(]ILI€HT MOMTMHAHHS ra3y. 3MiHa PiBHIB 3aCEJICHOCTI CyMillli I'a3iB BUKJIMKAE MOPYIICH-
HSl TEPMOJIMHAMIYHOI PIBHOBAarv MiX KOJIMBAaHHSAMHU MOJIEKYII 1 IX MOCTYNaJIbHUM PYXOM 1 00yMOB-
JI0€ HOBUI HEeNMHINHMA e(eKT POTOKIHETUYHOTO OXOJIOMKEHHS aTMOC(HEPHOTO CEPEOBHIIA.

KirouoBi ci1oBa: kiHeTHKa eHeprooOMiHy, aTMOC(epHi rasu, Ja3epHe BUMPOMiHIOBaHHS, ()OTO-
XIMIYHA MOJI€EJb, KBAHTOBO-KIHETHYHA MOAEIh
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