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ABSTRACT

Spatial distribution and time change of PM2.5 particles dissipated in the atmosphere as a result of motor
transport traffic in Kutaisi city has been studied using computer modeling. This modeling has been made
through combined integration of equations of time evolution of meso-scale atmospheric processes and
admixtures’ transfer-diffusion, using the relevant initial and boundary conditions. Such meteorological
situation has been considered, during which wind velocity in surface layer of the atmosphere equal to 0, while
there is background eastern wind in the free atmosphere. Atmospheric pollution is caused by microparticles
dissipated in the air during motor transport traffic. The wind fields formed in boundary layer of the atmosphere
resulting from interaction of terrain and background flows in winter and fields of concentrations of
microparticles transferred by wind and dissipated in the air at different heights from the earth ground have
been plotted using numerical modeling data. Areas of relatively severe and mild contamination have been
determined, peculiarities of vertical distribution of concentrations have been analyzed. It has been showed
that the shapes of vertical distribution of concentrations in surface layer of the atmosphere are similar of
temperature distributions in to dry thermals.
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Introduction

It has been showed by numerous studies that solid and liquid microparticles — PM2.5 and PM10, which hit
the atmosphere as a result of emissions from industrial facilities, agricultural activities and motor transport
operation are ranked among atmosphere polluting substances with high risk-factor extremely hazardous for
health [1-5]. Due to very small sizes (diameters are < 2.5 pand <10 p) they easily penetrate human organism,
cause various illnesses and frequently even a death [6-7]. The ecological problems caused with atmospheric
pollution with PM has been thoroughly studied in the fundamental work [8].

As a result of practical air-protecting measures carried out in the XXI century, number of microparticles
emitted in the air has been significantly decreased. As a consequence, PM2.5 concentrations have been reduced
in the air and atmosphere purity degree has been improved. Though, the air contamination level in number of
large and small cities still exceeds the European Union standards [9-14].

Kutaisi, the second largest city of Georgia, with 147 thousand habitants is ranked among the small cities.
Despite the small size it has a great international medicinal-health promoting and touristic importance. Resort
Tskaltubo, historical monuments: Gelati monastery complex — a monument of UNESCO cultural heritage,
Bagrati Cathedral, Palace of Geguti, Martvili and Motsameta monasteries, touristic attractions — Sataplia and
Prometheus caves, Kinchkhi, Martvili, Balda canyons etc. are located in the city suburbs. Hundreds of
thousands of people visit it every year. Based on this fact, study and assessment of environmental state,
diagnostic forecast of pollution level, maintenance of high degree of air purity have of paramount ecologic

40


mailto:l.inwkirveli@gtu.ge

importance. It should be noted that a monitoring carried out in two air quality observation points existing as
of today is unable to estimate real picture air of purity in the city.

In order to cope with the above-mentioned problem, the pattern of propagation and time change of PM2.5
particles generated by the motor transport and emitted in the air in Kutaisi city and at the adjacent territories
has been simulated and analyzed in the presented article by means of field measurements and computer
modeling of admixture propagation in the atmosphere.

Research method

Propagation of dust and PM microparticles discharged by the motor transport to the air of Georgian
cities has been numerically simulated through combined integration of 3D equations of meso-scale
atmospheric processes and equation of a passive polluting admixture propagation in Caucasus [15-
24].

Numerical modeling results

PM2.5 propagation has been modeled in 13.4x13.4x9 km? space domain of complex terrain (Fig. 1), with
city of Kutaisi located in its center. Orography height of the modeling area varies from 80 to 400 m. Numerical
modeling of the mathematical model equations [17, 18] has been made using relevant initial and boundary
conditions. Numerical grid steps in horizontal direction equal to 200 m, while in vertical direction in the free
atmosphere — 300 m. Vertical steps in 100 m thick surface layer of the atmosphere vary from 0.3 to 15 m.
Time step is 1 sec. Calculations have been made for 3-day period.

Fig. 1. Administrative units and urban development scheme of city of Kutaisi.

A case of Kutaisi atmosphere pollution with PM2.5 in December has been modeled. There is a calm at 100
m height in surface layer of the atmosphere — background wind velocity is 0 m/sec. There is an eastern wind
above the surface layer and its velocity linearly increases with height and reaches 21 m/sec at 9 km height.
Atmospheric relative humidity equals to 50%.

It has been obtained via calculations that microaerosol pollution of atmospheric air occurs due to motor
transport traffic from underlying surface at 0.3 m height. PM2.5 particles are emitted in the atmosphere at 5
types of areas: at highways, city central streets, residential, industrial zones, and unpopulated territories of
surrounding villages. Emission rate is periodical with 24-hour period and proportional to motor transport traffic
intensity. Emission rate is maximum and constant in time interval from 10 to 18 h, minimal in the interval of
0-4 h, linearly increases from 4 to 10 h, linearly decreases within time period from 18 to 24 h and by 0 h
becomes equal to existing emission rate. Maximum emission rate is 12.5 pg/s.

Fig. 2 shows graphs of PM2.5 concentration time change obtained via calculations for 5 basic types of
pollution points. It is seen from Fig. 2 that time change of concentration is similar for all types of observation
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points and is featured by 2 intervals of large values and 2 ones of small values. Large concentration values are
obtained approximately within time intervals from 11 to 13 h and 16 to 19 h, while small ones — in the intervals
from 0 to 5 h and from 13 to 16 h. It should be noted that time change of concentrations in case of identical
meteorological and contamination pollutions is qualitatively similar and quantitatively different for summer
[18] and winter seasons (Fig. 2).
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Fig. 2. Time change of PM2.5 concentrations obtained via calculations at highway (1), city central streets
(2), industrial (3), rural (4) zones and unpopulated points (5) at the 2m height from earth surface.

The difference lies in the period of high pollution onset. In summer [17], compared to winter, the maximal
pollution level is obtained approximately 2-3 hours earlier in the first half of the day, and 2-3 hours later in the
second half. The mentioned effect is associated with time change of thermal stability of the atmosphere. In
summer, soil surface and adjacent surface layer of the atmosphere are rapidly cooled early in the morning, so
vertical temperature gradient y =0T /0z (T is temperature, z — vertical coordinate) is reduced, while thermal

stability coefficient S=vy, —y (y,- dry adiabatic gradient) is increased respectively. As a consequence,

ground-level air layer becomes more dynamically stable and less turbulized. Reduction of turbulence is
accompanied by intense accumulation of emitted aerosols in the lower part of the surface layer and rise of
pollution level. The similar process takes place in summer in the second half of the day, approx. within interval
of 19-20 h. Despite the fact that quantity of substances emitted in the atmosphere is identical in the same types
of points located in different parts of the city, their concentrations in these points obtained via calculation differ
from each other (Fig. 3). In the lower part of surface layer, it equals to 2-10 mkg/m? at highways and industrial
zones of the city, while at unpopulated rural territories it is 0.2—4 mkg/m®. The similar dependence is obtained
for other types of observation points as well.
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Fig. 3. Time change of PM2.5 concentration in the eastern, western, northern and southern parts of the city, in
four points located at highway, at 2 m height from earth surface
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Vertical distribution of concentration differs from each other in different types of points. Concentration
value is maximal at the highway and in the vicinity of city central streets in the close proximity to surface layer
of the atmosphere and hyperbolically reduces with height increase (Fig. 4). In this case, concentration value in
the close proximity to the surface layer varies within 13-48ug/m?, while at 100 m height — within 0.1-7 pg/m?.
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Fig. 4. Vertical distribution of PM2.5 concentration (ug/m®) in points located at the highway in surface layer
of the atmosphere, whent =0, 3, 6,..., 24 h. (N is a number of vertical numerical grid)

In points placed at the territory of industrial area, vertical distribution of concentration is of parabolic shape
(Fig. 5). Its vertex is located at N = 4-6 levels (at 5-15 m height from earth surface), while branches are down-
directed. Concentration maximum values in these points vary within 4-20 pg/m*. At 100 m height
concentrations approximately equal to 1-7 pg/m®.
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Fig. 5. Vertical distribution of PM2.5 concentration (ug/m°) in points located at the territory of industrial
purpose in surface layer of the atmosphere, whent =0, 3, 6,..., 24 h. (N is a number of vertical numerical

grid)

As for observation points placed at the territory of agricultural purpose, the concentration here is small at
2 m height, then increases with height and reaches maximum values at 10-15 m heights (N = 5-6). At high
altitudes, small decrease of concentration is obtained. At 100 m height, concentration value is minimal, when
t = Oh, and maximal when t = 18 and 21h. By t = 24h, concentration value at 100 m height is approx 4 pg/mq.
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Fig. 6. Vertical distribution of PM2.5 concentration (ug/m°) in points located at the territory of agricultural
purpose in surface layer of the atmosphere, whent =0, 3, 6,..., 24 h. (N is a number of vertical numerical

grid)
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Fig. 7. Distribution of PM2.5 concentration (ug/m?) and wind velocity (m/sec) fields at 2, 100 and 600 m
heights from earth ground, whent =0, 3 and 6 h.

In Fig. 7-9 there is shown spatial distribution of wind velocity and PM2.5 concentrations fields, obtained
via numerical modeling within 1 day. It is seen from the figures that in case of constant background eastern
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wind, interaction of terrain and underlying surface with background flow in free atmosphere generates quasi-
stationary cyclonic vortex of local scale. This vortex is formed in the center of southern part of the region. The
vortex is clearly manifested in 100 m thick surface sub-layer of the atmosphere and gradually weakens at
higher levels of boundary layer of the atmosphere.

PM2.5 concentration within interval of 0-3 h, at 2 m height in surface layer of the atmosphere exceeds 0.1
pg/m? in the major part of area (Fig. 7). Concentration values at urbanized territories of the city and in the
vicinity of motoring highways vary within 2-10 pg/m®. At small territories of Dzelkviani and Vake
administrative units (AU), concentrations reach 10-14 ug/m®. From t = 3h concentration begins to increase at
the substantial areas of the city center. By t = 6h concentration value in the central areas of the city and in the
vicinity of highways is 10-15 pg/m®, and even exceeds these figures in some observation points. At 100 m
height from earth surface, concentration of polluting microaerosols propagated to the south-eastern part of the
modeling area mainly varies within interval of 1-5 ug/m®. At higher levels (600 m), concentration doesn’t
exceed 1 pg/md.
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Fig. 8. Distribution of PM2.5 concentration (ug/m®) and wind velocity (m/sec) fields at 2, 100 and 600 m
heights from earth ground, when t =9, 12 and 15 h.

After 6 AM, ground-level concentrations of PM2.5 begin to increase with motor traffic intensity.
Concentration build-up is especially high at the central avenues passing through the territory of Avtokarkhana,
Gamarjveba, Sulkhan-Saba, City-Museum and Sapichkhia AUs (Fig. 8). Concentration values at the
mentioned territories at 2 m height from the earth surface reach 25-30 pg/m®. At their adjacent territories,
concentrations gradually decrease with distance from the emission source and become equal 10-20 ug/m?® first,
and afterwards, 1-5 ug/m? at larger distances.

Intense air pollution takes place in the upper parts of surface layer of the atmosphere. Convective and
vertical diffusive motions take place here, due to which concentration synchronically increases with ground-
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level concentration. As a result, by 9AM, concentration value at the upper limit of surface layer of the
atmosphere (100 m) equals to 3-10 ug/m? at quite large territory.

After 9AM, especially within interval of 9-15 h, vertical turbulent diffusion and convective transfer are
strengthened and, as a consequence, maximum concentration of microaerosols reduces to 10-15  ug/m® at
urbanized territories of the city. At 100 and 600 m heights, pollution level reduces, as well — to 2-5 and 2-3
ng/m?, respectively.

After 3PM, intensive build-up of concentration begins in the eastern and western parts of the central district
of the city: at the territories of City-Museum, Kakhianouri, Gamarjveba, Sulkhan-Saba and Nikea AUs (Fig.
5). Concentration build-up is associated with thermal stability increase. At large territories of the central parts
of the city concentration values are 25-35, while in populated and industrial areas of suburbs — 10-25 pg/m®.
High values of concentration are not maintained over a long period of time. It starts to intensively decrease
from t = 20h and this process lasts until 3AM. The mentioned decrease is caused by quantity reduction of
emitted microaerosols caused by vehicle traffic intensity.
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Fig. 9. Distribution of PM2.5 concentration (ug/m?) and wind velocity (m/sec) fields at 2, 100 and 600 m
heights from earth ground, when t = 18, 21 and 24 h.

Conclusion

Features of spatial distribution and time change of PM2.5 particles formed by motor transport at the territory
of Kutaisi in winter during ground-level background calm and western wind in the free atmosphere has been
studied. It has been obtained via calculations that in winter season, interaction of regional terrain with
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background western wind generates meso-scale cyclonic vortex of wind velocity. Formed dynamic and
thermobaric fields have an influence on spatial distribution of aerosols emitted in the atmosphere due to motor
transport traffic. Patterns of spatial distribution of PM2.5 concentration has been obtained resulting from
modeling, time behavior of concentrations has been established both in surface and boundary layers of the
atmosphere. It has been shown that vertical distribution and time change of concentration depends on both
aerosol emission rate and motor transport traffic intensity, as well as on kinematics of surface layer of the
atmosphere and local circulation system formed due to diurnal variation of thermal regime on the underlying
surface. High and average pollution levels in the city and at adjacent territories and change in their position
within a day have been established.
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YuciaenHoe MoaeJIMPOBaHUE 3arpsA3HEHUA aTMOCc(epHOro Bo3ayxa I.
Kyrauncu yactunamu PM2.5 B 3uMHMH NIepUOJ IPH IITHJIE HA CyLIE U
(p)oHOBOM BOCTOYHOM BeTpe B CBOOOAHOM aTMoc(epe

A. Cypmasa, H. I'nraypu, B. Kyxanamsuiu, JI. Uaukupsean, JI. I'sepanuresnn

Pe3rome

C nomoup0 YHMCIEHHOTO MOJENUpPOBaHUS Ha Tepputopun I. KyTamcu wuccinenoBaHbl 0COOEHHOCTH
MIPOCTPAHCTBEHHOTO PACIIPENEICHNS U BPEMEHHBIX H3MEHEeHNH MuKkpodactull PM2.5, reneprupyeMbIx 3UMOMA
aBTOTPAHCIIOPTOM B paifoHe ropoaa BO BpeMsl IPH3EMHOro ()OHOBOTO IITHJS M 3alaJHBIX BETPOB B
cBoOomHO armocdepe. Pacuersl mokazanmu, YTO B 3UMHHMHA CE30H B3auMoJeiicTBue penbeda
Me30MacIITabHOro peruoHa ¢ (DOHOBBIM 3amaJHbIM BeTpOM (HOPMHUPYET LUKIOHHYECKYIO LHUPKYJIILUIO
Me30oMacITabHbIX CKOpocTel BeTpa. PopMupyIorecs IMHAMIYECKre U TEPMOOapUIECKIE OIS OKa3bIBAIOT
BJIMSIHUE HA MIPOCTPAHCTBEHHOE paciipeesieHne a3po30iei, BEIOpachkiBaeéMBIX B aTMoc(hepy TPaHCIIOPTHBIMU
cpeacTBaMu. B pesynbraTe MomenMpoBaHHs NOJIy4eHBI rpaduueckue H300pa’keHHs MPOCTPAHCTBEHHOTO
pacmpenencHus KOHIeHTpanuit PM2.5, a Takke onpeelieH XapakTep N3MEHEHUS KOHIICHTPAINA BO BPEMCHH
Kak B TpPU3EMHOM cJlioe arMmocepbl, Tak M B MOrpaHUYHOM ciioe. [lokazaHO, YTO BepTHKAILHOE
pacnpezeneHe KOHIEHTPAluHU U €€ N3MEHEHHE BO BPEMEHH 3aBUCAT KaK OT CKOPOCTH pacCeBaHUs a3po30Jid,
TaKk U OT MHTEHCUBHOCTH JIOPO’KHOTO JIBMKEHHA, a TaK)K€ OT KHHEMATUKH MPHU3EMHOTO cJiosi aTMoc(hepsl 1
MECTHOW HHPKYJSIIMOHHOW CHUCTEMBI, (POPMHUPYEMOH CYTOYHBIMH H3MEHEHUSMH TEPMHUYECKOTO PEKHMA.
OnpeneneHsl BEICOKHE U CPETHUE YPOBHU 3arpsA3HEHUS B TOPOJE U MPUJIETAIOLINX TEPPUTOPHSX, a TAKKE UX
U3MEHEHHUE B TEUEHHE CYTOK.

KioueBble ciioBa: PM25, MHUKPOYACTHUILIbI, ITOJIC KOHIICHTPAILIUH, aTMOC(I)Cpa, YHCJIICHHOC MOACINPOBAHUC,
IITHJIb.

49



