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NMHC+0OH+0O, — RO, +H,0, )
RO, +NO+0, —> NO,+HO,+CARB, (3)
HO,+NO — NO, +OH, (4)
2(NO,+hv+0, — NO+0,), 5)

Net:NMHC+40,+2hv —20,+CARB.  (6)

SAree 3 OlFe L oels S5 gl iSTy
58 5 pgil sl b s S 55 b ST
&S edasolis My 5 wzs J55,5” LS 5 CARB)
(ol 5y p5515S
saeens 03T e w55 il lacd g s
23S st ol L Sy ) Gl

(1998 ()b ) Cnl 5 oy ot e >

NO, +hv—*—NO +[ °0 |2 < 400nm, (7)
3T KZ

[*0]+0,+M—2-50,+M, (8)

NO+0, —<—>NO, +0, . 9)

o 1, S oasTy sbaS sl cble L d[Og)/dt

SR gy s el 2

losly 1-2

o e SIS, g opl )3 eslinul 5 50 (glaesls
SNO INO; hale 5 5l Coo ¢ (god S sby clos T
Sl &8 LW Sibs L S Og

LLlodi

S5y ey 272
o Sy O CBle S s Sl
IS gbetng gl STy S5l s oS
o 4 o ol 2 el BBy AT
SNO il 1 o3litl b g3 5 53 (g3l ki
9 by Sl sk als y Olgiol gh s O
5 MATLAB (lajiles b odiplnil (slaerulos
ol a3 8 olow| Excel

ST i gl b gladyy gl 2ST
s by il Bl 5 b 4 0dd oS5 b odisd o
¢S 5 UME SuE 0S50S bl e s 5 b
Sl 5> ep & s il 3l SRR L s
Pl ol s ls 59, gk s Sl

BT ol (s 255 4) 15-6 slaceln -1
b ) dn gacsle & ey b 5 o a8 s ©
by 5 A6 Sl O s 15 cele 550
iz el oyl 3 HI0E 50 Julse 31 5ol

Pl o Cad YL by 12-9 slacsls -2
@Y 235 5 Ay 5 il 26 Gy b s sl
M e 5o S Jelse S b 5 by

Ler oS de glaele 5 baeduNT

339 3303 gloand St 3

B e R L 1D L STIBL TS e
s o9l 5,8 sl g Koo 28Ty Olylse



1395 4 ojles 10 i (Ol 1 S 5 555 s

Q‘)&»ﬁ 9 @ls.f 78

NO 311 6 e e gl e Sl gl 53 ol
ke
S5 S ks e S Gose 3
LR (I S R
(12) aaly , L 5 55 dalys Oy 5 NO lacble

Kook, k, — - d[jf} =k, [NO][0,]. (12)

el ol 651 3 U 1 gladsdr yo b STy S
33 09l O O3 e ka0 St 3 e Sl
el La 28T
Sl ol 53 5s ggil e ST Gl
BO5PPD s 5a 53T 22 519 9) ol o5y i
ChE 6 cou ST, ce,. (5813, 63/53
Lug o] o pan g 53 5 i O35 NOy slass £

sl 03y 8 5 ST

S iy g RO s 1-3
5 Conla STy 5l 6lat o Jsame (S eeds O
33 dd i ge SIy3 byl 5 s ST Ol
cble Ot o OQ}T cble (ol ol b
kil o K3 e S 5 sNO, (NO (slas S
S 5 SBE SR nn 4 Seon o
oks atls  NO, lable Lulul, ooil sl 28T
Com $lp e e S Hlaje, s .l
33 09l SR 5 O e ediasols codaT Cewsas
055 Lol VT sl bow g slady s o 2ST|y 4 o
@Mﬂéugﬁwgdhjj))agw&ﬁ.@|
W S o b STy a8 ol OT eliaslis clizus
$SaS 0T ol & 5 e3p o)l Clle nIH

3 Mg s sledns GRSy s Lles S

Olpeis 350 53 1) Sledbl Cepw daly cdas 0
55 b 2Ty das s Cwsa 5Ty 48 8 CLile
@) (photo stationary-state)  slesd s glis! Il
A3 55 (9) 5 (8) d7) slasTy ply chias o
3(7) ozl (b ps Ll S 55 058 31 R
daly o5l Bl 5SS ¢L.$ KT 5 (8)
SRS PRI JE e
oy ((10) aaty) col oleT Cwsa LL Il
Chle Gl b s gldaly Spon (1ST
oty ol IS 45 50 &5 Sl ol 41,1 Og s NO, NO
sl a3 5l b S 2S5 ) S 2 4 Sl 5 p9d

]

d[ O, J/dt=k,k; [NO, |-k;[ O4 ][NO], (10)

o o loma [ glite 4 Lo (il s dlaly )3 oS
(ppb) 0550 chle ol s d[Odt o5l 2T
31[0s] 5 [NO] (INOJ sl 5 5 sl (8) 45l o
el ol o3lizul 12-9 Slels s LT c bl baw g2
ooy dbasly 5 LU cdiaslis Kg 5 Ko Ky ol 0
S Dla e weS (Bl s Sl ealinal b &S Az
b e ol 2t 12-9 clele 5 LT cwsa
S e Loz 5 o g5t 355 (mes ik S5
23 S Al Gl pls Sl YL G, gls ele
Wil chale &S s, Sl sl sl 12-9 Slels

Pl i dnloes (03 5 Lo gte 5 4leS Ao

k ky»ky — d[:tSJ:kzkl[Noz]' (11)

koki < o ol STLL Il o i Sl eslinal |
e STy S kil Ky oy S 55 sl

((11) waty) 5,8 o ,15 NOp chle b Cou



79 Olgiol 5303 sNOy Clale Sl aslinal b glotiy 5 40353 5 (0 pedan 0351 A5 3557

Clale o g3 aly ) Jgams 015 0 1) o5l ke Sk
A ;3 NMOG/NO, g s 31 b 5 NO
S s ot (1998 (osl) by i 8
G il CBle 3 36 s 5 NO, ke & i
bl 5o i 5 se bagp STosder 5 Susb) Sl i 4
22 % 03 5 NO; (NO (glaw & kel oslizal
53 0T 51 Jeol> El s eld wsls,y o by

el 0l 1413 92 L g

STy S dlaly s it e g3l 5 e
i b e andllas 5,40 slady, aes (sl A[O;]/dt
53 a3l e b 5 S0 a5 ey Sl 5 o
el a STl
e 5 Cov e e oofl e Sl
313 SIS Sl ele pmes 5 pled il
s sladde i 3 a8 Sl sla o
S 5s Sib LS aS 0L (1993 (a5 5 $Kl)

it daly s 5 OBT Wb «ljs, Ol w8

sl abﬁ%m;ﬁ.u«é&uj‘g))bdﬁiui;sb s NIPRES

Maximum O5 concentration
22November — 21 December, 2009

Hours: 9-12
Day Kok Kz Ave.[NO,] Ave.[NO][O5] d[O4] / dt (ppb/min)

22.Nov 12.85 0.0876 30.05 1220 279.27
23.Nov 0.9 0.0136 36.42 1418 13.49
29.Nov 1.961 0.0476 33.65 1550 -7.79
30.Nov 1.516 0.0033 34.92 1450.35 48.15

4.Dec 0.041 0.0485 30.5 493.35 -22.67

8.Dec 2.489 0.0616 29.8 544.5 40.63
10.Dec 1.331 0.0281 41 1498.2 12.47
13.Dec 0.298 0.0034 52.25 1823.25 9.37

W bzﬁ@.@s:,!abé&uj”ﬁwﬁd:sljuﬂ 2J g9

Minimum O; Concentration
22 November — 21 December, 2009

Hours: 9-12
Day Kok Kj Ave.[NO;] Ave.[NO][O4] d[O3] / dt (ppb/min)

27.Nov 1.883 0.0025 42.25 302.61 78.80
28.Nov 1.334 0.2325 24.8 242.22 -23.23
2.Dec 0.744 0.0301 32.52 591.36 6.39

6.Dec 0.223 0.0631 42.82 330 -11.27
12.Dec 0.096 0.0351 34.18 682.44 -20.60
16.Dec 0.011 0.0478 57.07 706.86 -33.16

el 033 Jar e (2Bl oS Wi 55 0gil LSTs e 3 g

Average Oz Concentration
22 November — 21 December, 2009

Hours: 9-12
Day Kok, Ks Ave.[NO,] Ave.[NO][O4] d[O4] / dt (ppb/min)
1.Dec 0.716 0.0315 42.07 1149.72 -6.09
3.Dec 0.037 0.0294 41.62 962.61 26.76
5.Dec 1.687 0.146 46.02 867.9 -49.07
9.Dec 2.473 0.0279 31.05 942.48 50.49
15.Dec 0.08 0.0653 51.4 1356.96 -84.49
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Maximum O concentration
22 November — 21 December, 2009

Minimum O3 concentration
22 November — 21 December, 2009

Hours: 9-12 Hours: 9-12
Day T°C R;’%ng;ty W speed (m/s) Day T°C R;’%ng;ty W speed (m/s)

22 Nov 10.2 23.5 8 27 Nov 14.1 29.5 2
23 Nov 9.9 27.5 2.5 28 Nov 5.2 81 2.5

29 Nov 7 87.5 2.5 2 Dec 7.1 58 2.5

30 Nov 9.1 49 2 6 Dec 115 65 25

4 Dec 7.1 61 2 12 Dec 5 85 25

8 Dec 10.4 34.5 2.5 16 Dec 9.4 64 15

10 Dec 2.8 57 2

13 Dec 6.95 53 25
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3,5 slgthey g3 03 053l M5

NO,+0, +hv —> NO+0,. (14)
LI RUITER WP A

O3 5 NO bl jlde plul by ansgs il
(1984 (0 suilr ) 5 550 0L (15) alast b

SP(t):Ow) '03(0) +NO(0) 'NO(I) !

(15)

9 03(0) 9 d Ol s e ble NO(;) 9 Sp(t) O3 ny
9 R 2000 c:)lq.v.?)k!) Ll 4:35\ Lgl.h(;.ﬁl.'a NO(())

baogio (ygjl e &S glajg, 13 ol ey g gpm Cagh) de>.D Jou

Wl 039
Average Oz Concentration
22 November — 21 December, 2009
Hours: 9-12
o R humidity .
Day | T°C %(pph) Wind speed(m/s)
1Dec | 9.1 87.5 25
3Dec | 64 57 25
5Dec | 85 68 3
9Dec | 74 50 35
15Dec | 8.7 66.5 1.5

SSy sidld 5,51 4
LSy Sldl $5H i S b
G 5l 51 STy Lgy p e el glesds s
S sl L;Lasui_‘f\) BERRREY &1yl

S iledled (655 g r ol 5 Osb b b F

(Sl

2 eashign b LS L JSse o slons 55 G2 b
25 AL giledle 5 glesdy s gla ST
(2014 01 )San 5 ) 5elis 5) 258 0 oal 5
oyl ) eslial b giledlad (551 tmgs cpl s
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k=Aexp(-E4 /RT), (13)
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Maximum, Minimum, Average Oz Concentration
22 November — 21 December, 2009

Hours: 6-15
Max.05; Concentration Min.O3; Concentration Ave.O; Concentration
Day E. (kd/mol) Day E. (kJ/mol) Day E. (kJ/mol)
22.Nov -10.20 27.Nov -33.71 1.Dec -18.06
23.Nov -41.89 28.Nov -58.28 3.Dec -47.45
29.Nov -190.33 2.Dec -47.45 5.Dec -43.17
30.Nov -57.15 6.Dec -34.88 9.Dec -10.20
4.Dec -42.52 12.Dec -42.90 15.Dec -41.89
8.Dec -100.32 16.Dec -35.76
10.Dec -102.49
13.Dec -73.98
Ol Bl iy 53 0l 4 s 4353 A5 Ll T g
Smog production algorithm
Maximum O concentration
22 November — 21 December, 2009
Day Time sp(t) R? T(Celsius)
6-15 1.065t? — 26.46t +181.3 0.886 8.8
22.Nov 9-12 3 .
) 0.983t° —21.15t° +121.8t—67.1 1 10.2
6-15 2.95t? —78.70t +510.2 0.924 7.1
23.Nov 3 5
9-12 4.116t° —121.8t> +1170t — 3624 1 9.9
D5l Sl waS 53 Ol 4 o aa3ss 5 Ll 8 J g
Smog production algorithm
Minimum O3 concentration
22 November — 21 December, 2009
Day Time sp(t) R? T(Celsius)
6-15 1.05t% —22.75t +123.1 0.903 51
2.Dec 3 >
9-12 —0.883t3+30.3t2 —339.1t +1244 1 7.1
6-15 1.754t* - 42.07t +234.6 0.94 8.6
6.Dec 3 .
9-12 0.716t% — 22.5t2+230.7t — 784.1 1 115
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Smog production algorithm
Average O3 concentration
22 November — 21 December, 2009

385 Time sp(t) R? T(Celsius)
6-15 —2.969t2+70.25t —389.2 0.845 6.65
1.Dec
9-12 ~5.233t%+169.7t> —1825t+6506 1 9.1
5D 6-15 1.017t> —23.48t +101.9 0.862 5.6
e 9-12 15t — 475.5t2+4992t —17376 1 85
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SP(t)=at® +bt* +ct+d. (16)
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Summary

The concentration of ground-level ozone is the result of thousands of complex chemical reactions. Basically, an
increase of ozone concentration occurs in the presence of NO,, VOCs, and the sun’s radiation. This study deals
with analyzing the ground-level ozone in Isfahan city from November 22 to December 21 (a full solar month) in
2009. According to the observations made by the Isfahan Meteorological Organization, photochemical smog was
visible over the city during this month. The data used in this study include NO,, NO and O3 concentrations and
the meteorological variables of temperature, relative humidity and wind speed which have been measured in
Isfahan in 2009. The analyses were carried out for the sunshine hours in two time periods of 9 to 12 am and 6 am
to 15 pm whose main characteristics are:

A) During 6-15 period: the sun rises from 6 am and by becoming closer to the dusk, i.e. about 15 pm, both
the radiation intensity, and temperature decrease;

B) During 9-12 period: the higher temperature, radiation intensity, and traffic are the effective factors in the
emission of pollutants when compared to the other hours of the day.

The days under study are classified based on maximum, minimum and average 0zone concentration. In order
to analyze the tropospheric ozone and smog creation, in this study, the photochemical and semi-empirical models
were used. The kinetic and mechanism of a number of photochemical reactions effective in ozone formation
were taken into account in order to analyze the changes in ozone concentration. Calculations were carried out by
using the Excel and Matlab software programs. Making use of the steady-state approximation method and
considering oxygen atom in the steady state, the reaction rates have been computed. The differential relation
obtained (d[O3]/dt = k.k;[NO,]- ks[O3][NQ]) is a function of three variables of NO, NO, and O5 concentrations.
The amounts of reaction rate (d[O;]/dt) and also the rate constants k.k; and ks were also calculated. Analysis of
the experimental relation between the activation energy and the results obtained from calculations indicate that
the reactions that take place in the troposphere can be considered rank 3 reactions. In the troposphere, the
quantum of energy (hv), which is released in some reactions, is very strong. The activation energies obtained for
all days of this study include negative values, and this confirms the fact that the energy of the photons of the sun
is needed to change NO, and O, to Os in the troposphere. Based on the negative activation energies obtained, we
can consider the reaction NO,+O,+ hv—NO+O; as the mechanism for the tropospheric ozone production in
Isfahan.

The creation of photochemical smog, SP(t) with t denoting the time, during the mentioned days was studied

based on the Jonson’s semi-empirical model. The relations obtained based on the changes in NO and Os
concentrations with respect to time show that smog creation follows a quadratic nonlinear relation.
In general, the increase of the concentration of pollutants on the ground as a result of photolysis reactions has led
to the production of ozone concentrations. The results achieved from the analysis of reaction rate, smog creation,
and the resulting curves indicate that ozone concentration has not been uniformly increasing or decreasing during
the studied days, but there were both the increasing and decreasing trends. In general, the photochemical
reactions taken place in the atmosphere of Isfahan city have caused both production and loss of ozone.
Consequently, the investigation showed that the changes of the ozone concentrations under the effects of the
solar radiation followed the same pattern in autumn 2009. On the other hand, the changes in the ozone
concentration on the ground level caused changes in smog creation during the studied time. With regard to the
above-mentioned arguments and on the basis of the effect of nearly the same conditions, a constant process
prevailed. It could be predicted that this pattern will be the same in the future years.

Keywords: tropospheric ozone, ozone reaction rate, activation energy, photochemical model, smog production
algorithm
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