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Abstract

A two-dimensional photochemical transport model (2D PTM) is simulated to describe the transport and chemical
reaction of ozone related to aerosols in the troposphere and stratosphere. The vertical profiles and total amounts of
ozone, which are advected by both residual Eulerian circulation and the adiabatic circulation under certain
circumstance, have been compared with the observation data such as ozonesondes, Brewer spectrometer, the Upper
Atmosphere Research Satellite (UARS), and the Total Ozone Mapping Spectrophotometer (TOMS).

As a result, we find that the observed distribution of ozone is adequately reproduced in the model at middle and
high latitude in the Northern Hemisphere as well as at Phang (36° 02'N, 129°23'E) in South Korea. In particular,
the 2D PTM is well simulated in the ozone decrease due to the Pinatubo volcanic eruption in 1991. However,
ozone mixing ratio are more underestimated than those of UARS and ozonesondes, because are very sensitive to
the latitude of transport across the tropopause associated with both Rummukainen errors and off-line model.
Relative mean bias errors and relative root mean square errors of ozone calculations using the 2D PTM are shown
within + 10%, respectively.

Key words : Two-dimensional photochemical transport model, Vertical profiles and total amounts of ozone,
Residual Eulerian circulation, Pinatubo volcanic eruption, Transport across the tropopause
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Table 1. Reaction scheme.
Reaction Rate coefficient Reaction Rate coefficient
Chemical reations Chemical reations
0+0,+M—0;+M K, Cl+HO,—HCI+0, ks=1.8 x 107" exp (170/T)
0+0;,—50,+0, k,=8.0 X 107"%exp (= 2060/T) | CIO+NO,+M > CIONO,+M kg
0;+NO —NO,+0, k;=18.0% 10" "%exp (—1370/T) | O+CIONO,—CIO+NO; ksp=3.0 x 10™%exp (—808/T)
OH+NO,+M—HNO;+M k, OH+CIONO, »HCI+NO,+0, ks =1.2% 107 %exp (—333/T)
0+NO,—>NO+0, ks=9.3% 1072 O+HCI—OH+Cl ks;=1.0% 107 "%exp (—3340/T)
O+HNO;—>OH+NO, ke=3.0%x 107" Cl+H,—HCI+H ks3=3.7 % 10" "'exp (—2300/T)
N+0,—>NO+0 k,=4.4 X 107 %exp (—3220/T) | C1+H,0,—~HCI+HO, ksy=1.1x 107"exp (—980/T)
N+NO—N,+0 ke=3.4x107" ClO+HO,—OHCI+0, kss=4.6 X 10 %exp (710/T)
OH-+HNO;—NO;+N,0 ky=9.4 x 10~ Pexp (778/T) OH+OHCI—CIO+H,0 kse=3.0 X 10" %exp (— 150/T)
OH+HO,NO;—NO,+H,0+0, k,=1.3x 10™"%xp (380/T) Cl+CH,0 —HCI+CHO ks;=8.2 X 107 lexp (—34/T)
NO,+0;—NO,+0, k;;=1.2 % 107 Bexp (—2450/T) | OH+CH;C1—>Cl, + - kss=1.8 X 107 %exp (-1112/T)
NO;+NO,+M— N,0;+M ki» OH+CH,CCl—Cl + - kso=5.4 X 10~ 2exp (— 1820/T)
N,05+M 5 NO,+NO;+M k3 CH;0,+NO — CH,0+NO, kep=4.2 x 10" 2exp (180/T)
O+NO,+M —-NO,+M ' CH;0,+HO, >CH,00H+0,  k(,=7.7 X 107 *exp (1300/T)
HO,+NO,+M —>HO,NO,+M ks CH,0+0H —CHO+H,0 ke =1.0x 107"
HO,NO,+M— HO,+NO,+M k¢ CH,0+0—CHO+0, ke3=3.0x 107 exp (— 1550/T)
NO+NO;—>NO,+NO, k;,;=2.0x 107" CH;00H+OH—CH;0,+H,0 kg,=1.0x107" .
O ('D)+N,0—-N,+0, k;g=4.9x 107" CHO+0,—CO+HO, instantaneously
O('D)+N,0—>NO+NO k;y=6.7x 107" CH;+0,—CH;0, instantaneously
O('D)+H,0—OH+0OH kyp=22x 1071 CH,0+0,—CH,0+HO, instantaneously
0('D)+CH,—CH;+0H ky=1.4x 107" Photodissociation process
0 ('D)+CH,—H,+CH,0 kp=14x 107" 0,+hv—>0+0 Jo,
O('D)+H,—OH+H ky=1.0x10710 0;+hv—>0,+0 JO:A
O('D)+N,—O+N, kpy=1.8 X 10 exp (107/T) 0;+hv—>0+0('D) Jogp
0('D)+0,—0+0, kys=3.2x 107 lexp (67/T) NO+hv—N+0 Jxo
0 ('D)+CFCl;—Cl,+--- kye=2.3x107'0 NO,+hv—NO+0 Jno,
O ('D)+CF,Cl,—>Cl+ -+ ky=14%x107" NO,+hv—NO,+0 JNO;A
_ 11
OH+HO, —H,0+0, kz;;g ;Bf‘ﬁ:;;’(‘;g% s NOy+hv—NO+0, Inos
_ -33

HO,+HO, —H,0,40, k?x;zggoﬁ)?M] N,O4+hv > NO+0, Yo,
NO+HNO,—NO,+0H k3p=3.7 X 107 2exp (240/T) HNO,+hv—NO+OH Juno,
HO,+0,—0H+20, k3 =1.4x 10 exp (—580/T) | HNO;+hv—NO,+0H Tano,
OH+0,—HO,+0, ky,=1.6 X 10""%exp (—940/T) | HNO,NO,+hv—NO,+HO, oo,
0+OH—H+0, ki =22% 10 Mexp(117/T) | N,O+hv—N+0 Jeo
0+HO0,—0OH+0, k3,=3.0 X 10™"exp (200/T) H,0,+hv—OH+OH JH;Oﬁ
H+0,+M—HO,+M Kss H,0+hv—>OH+H Juo
OH+0OH—H,0+0 kig=1.4 x 10 %xp (—470/T) | CH,O+hv—>H+HCO Jenoa
H+0,—0H+0, ky;=4.2 % 107 exp (—242/T) | CH,0+hv—H,+CO Jenon
OH+OH+M—H,0,+M K CH,00H+hv—>CH;0+0H  Jey o0m
OH+H,0,-~HO,+H,0 k3g=3.1 X 10"%exp (—187/T) | ClO+hv—>Cl+0 Joo
OH+CO—H+CO, ky=15x10"3(140.6P,,) | OHCl+hv—Cl+OH Tonct
OH+CH,— CH;+H,0 k=2.4 X 107 %exp (— 1710/T) | CIONO,+hv—CI+NO, Jciono,
OH+H, >H+H,0 k;»=6.1 X 107 %exp (—2030/T) | HCl+hv—Cl+H Juer
C1+0,—CI0+0, ky3=2.8 X 107 exp (—257/T) | CH3Cly4p, —Cl+-+ Jenen
ClIO+0—Cl+0, kyy=7.7%x10""exp (—130/T) | CClysyy —>CL -+ Jeey,
CIO+NO—CI+NO, kys=6.2 X 107 %exp (294/T) CFCly 4, —Cl+ -+ Jeren,
OH+HCI—CI+H,0 Kky=2.8 X 107 %exp (—425/T) | CF,ClL,+hv—Cl +--- Jee g,
Cl+CH,—HCI+CH; k47=9.6 X 10™%exp (— 1350/T) | CH;CCly4y, > CL A+ JCH@,‘
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Table 2. Trace gas boundary conditions (pptv).

Year CFC-11  CFC-12 CFC-113  CFC-114 CFC-115 cqQl, MCF HCFC-22 HCFC-141b  HCFC-142b
1970 50.47 108.88 4.80 6.06 0.00 60.75 13.48 12.29 0.00 0.00
1975 105.99 198.59 10.04 7.76 0.65 83.75 36.79 23.13 0.00 0.00
1980 164.46 289.90 20.51 9.81 1.30 100.40 75.92 38.79 0.00 0.00
1985 206.79 373.37 37.89 12.07 2.84 108.47 103.37 5991 0.00 0.26
1990 257.67 467.43 70.96 14.71 4.95 111.07 126.92 84.91 0.00 1.31
1995 268.90 522.89 89.25 15.52 7.32 106.94 112.40 115.48 2.59 6.82
2000 264.34 553.71 90.71 15.76 8.63 99.19 57.28 154.26 13.30 14.15
2005 258.18 570.48 93.12 15.79 8.85 92.50 35.07 226.98 20.37 22.92
2010 250.64 579.20 93.62 15.67 8.86 85.16 26.87 268.43 22.37 30.32
2015 239.88 564.22 89.28 15.47 8.84 75.60 23.66 269.64 20.88 34.31
2020 225.69 538.06 84.18 15.24 88.82 67.11 8.53 228.90 16.86 34.24
2025 209.90 512.38 79.37 15.01 8.79 59.58 3.07 176.71 12.37 31.23
2030 193.68 487.87 74.83 14.77 8.77 52.89 1.11 135.47 9.07 27.30
2035 177.72 464.53 70.56 14.52 8.74 46.96 0.40 107.37 6.96 23.53
2040 162.43 442.31 66.53 14.29 8.72 41.69 0.14 88.53 5.66 20.28
2045 148.05 421.15 62.73 14.05 8.69 37.0t 0.05 66.65 413 17.09
2050 134.67 401.00 59.14 13.82 8.67 32.86 0.02 44.96 2.56 13.74
Year HCFC-123 H-1211 H-1301 H-2402 CH;Br CH,Cl1 N,O CH, CO,
1970 0.00 0.06 0.00 0.01 9.06 550.00 295 1420 325
1975 0.00 0.29 0.06 0.05 9.06 550.00 298 1495 331
1980 0.00 0.76 0.30 0.12 9.06 550.00 302 1570 337
1985 0.00 1.48 0.94 0.23 9.06 550.00 306 1650 345
1990 0.00 2.77 1.64 0.37 92.06 550.00 310 1700 354
1995 0.00 3.68 2.22 0.47 9.06 550.00 315 1725 363
2000 4.80 3.94 2.58 0.47 8.88 550.00 320 1750 372
2005 5.80 4.09 2.90 0.40 8.31 550.00 325 1775 382
2010 5.14 4.09 3.17 0.33 7.97 550.00 330 1800 393
2015 333 3.81 3.35 0.26 7.97 550.00 335 1825 405
2020 1.44 3.31 3.44 0.20 7.34 550.00 340 1850 418
2025 0.88 2.77 3.46 0.16 7.34 550.00 345 1875 432
2030 0.88 2.77 343 0.12 7.34 550.00 350 1900 446
2035 0.85 1.83 3.35 0.10 7.34 550.00 355 1925 461
2040 0.85 1.46 3.25 0.07 7.34 550.00 360 1950 477
2045 0.02 1.15 3.14 0.06 7.34 550.00 365 1975 493
2050 0.00 0.91 3.00 0.05 7.34 550.00 370 2000 509
cmisle] Azl Zroa AdEew ulrld Bl e&Ask]] it oJ3Fe 5% o)stz AljtEd}
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Fig. 1. Global aerosol area density (cm%cm?®) (a) in 1992, and (b) in 1995.

8 =H(WMO, 1998). o]w} 05, NO,, HNO;&= A1
o] 74 A sz, HNO;, NO,, HCl-& 443434
ol & AAFAAH. o] AA& mARE] $130
Ar4-E o]zl wj /M43l A8 Rodhes}t Isaksen
(1980)& wh& Zold}.

3. da o E9

AEAAA 289 F2o A4 AL UV-Co 9
3 AbEAte] Felelzre] Y ALY By
Zro] Fojo] R ALLEAS} FEFoeHN F9
W& A 228 A Ao A= AbFelA]
F2 B3} whgel o5 AAE o5 2FL d7]
3ol s =R fpE oAl AT o] d
R2F2] QAL Ak Bl 27} ooz & df7)
Hgholl 8 w14 (o), Cl, 9k Br)9) A34 A
ol whe} A - ZHH A m= x| &- oz ke HH
ot vebr] 2 dFelMe 37 A AR
A v g7)A A4 upgale] HE-g F3le] 1991
ol HEAEE Pinatubo ShAkel] 9]t ofjeje]s axj
gk ole}l eFulxlel B[R w|HrA ] AL
& 2% A e&2dHs 2x) A eEz ey

Qe A2 ssleh of w B olojeie) B
2= 24L& 98 19823 A3t El Chichon B A] 32
3k ellejelE & A Al sty

1% 1(a)= Pinatubo FAF 232 19923 AR F
A oojge AAWE (cm’em’)E, ITH 1(b)E 1995
W) dlojeigel ot WAsEE Yebl olot 2
AL AFE AAE cejelg 54 2 AAFEE A
A FFon olFHALE U 4 3ok ¥ 192
o ezAze] AWy F 198595 19939 &
Mok FARAE olsh ol FAlEute) w2 ool
&9 JFoz 4 4 Aok @A 2 QoA
= 220 U3 oF olojeie E3E wH s
sejgto 2 &Ml g A=A} dlevk

SR 2k B A7l A4E =20 WA sl
o AAZR 9 3% 19 delHle m3t 5& o9
el 2344 B3k e PR @ A
TOMS (Total Ozone Mapping Spectrometer) 15414
o Q97 L20F A= v)wLelch TOMS 9
o+ LEAF] AEE B3t 19799 o|F=2 o FA
FE AL FaFAedl 3, 53] 198534
199348] A9 BF oF 4% 6% g Vi)
e, o S Fool % clofei e mn=
AR, & AFIAE 0B mohE 52

J. KOSAE Vol. 22, No. 3(2006)



278 B4A
1 —_— N
0 -
28 i Tl
e
; 2 -2 -. o"0~-o 00 8.0,
=3 | » b ?
233l ® o .0.4.8.. - 00000
SE a " ."-.l'-,. o)
g,v% —4+ . L T |
£3 -5t .
S| .
ZE -6t .
5R _7| ~*-0OSLO
s o CSIRO
=8} « TOMS
gl . . — . L ; . o
1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999

Year

Fig. 2. Percent difference of 2 dimensionat PTM (photo-
chemical transfer model) associated with TOMS
total ozone data from 1979 to 2000.

3}7] Y8l 1985 shabZate] it olo{z]& &
(1982132] El Chichon ® A= 3AHES HAjsla 1
1992132 7-$oj= 1% 1(a)8} 7o) 199131 Pinatu-
bo 34ke] ofejels xIE et o AT
199339 H-¢ F2A 2} FARHA e} 3k 2
o] &gk dlollE &y} eEA T A 1]
2A Hodvls RS & 5 ok F 27 1(a)9) 2
o] 2Fo] YAE = HAx AT olefeide] EA3}
A = e FF (UV-C) & Apedsted AbHR}] ]
& el Bk ohe} AbbdAbe) AbaRALe] F
Ex el goan efEAizke] Al Fhast
A Fa, AT ohr] dedtel it pbx gIusiA
Esled o=z ANHow lasgdy & 4
it AAl 1982y El Chichon WjA]= #Ake] i
F2Alele 2 gt AFE e&var) A=
319859 2 At fARkRAAM FEEHZ
=g T dRIERIE] 93t oF £ £X]59
A= BHHE S Qe &7 of v
st shle s Rel dxdon 409 Al A4 9
Aol A o] wr-go) 7115t Arbel] okzk E njAE= A
=7t B3o|A] BE7|7e] d4 U BE Sl o3
2F% AAuFAIZ ksl 7l Hlez
B318}3 g)o} (Baird, 1995). & A&AolA Ak o
A A7t EA A NO,. 2z AAE (HNOy) o2
AgsA gory, oF 75 wAULY % st
whgshA @1 NO,. ei =} CIO™ e zhe) whgo) 2
& AAEE BEA7Ad H2dAY (CIONOy) A

o

o783 steA] A22d A3

& WhalslA HaL, o] W di7[Fel EAsks CIO
Oz FA7AZ a2 G He] o& I3

/\6!——-
SESES
AAUEY] A ALY FF e A
ol
g a7 20 e 2Elzk vla g A
AL #1ste] A7l AS-E 231 = (oslo-2D
PTM)#} 7)€} 2219 %3}t 429 (CSIRO: 7|4
T4, 1998)& o]-83le] TOMS dFA AL w9} Z
Alell ¥ @alg e} Oslo-2D PTM 232 3hak -2
He slelee &3E o= Ax 2 AT A
o1} 2000039 739 #Z3) 9 CSIRO 2ol n}sj
i @A FARE Agke] s ol 7] AAL
2 WMO HAz2e o Aute] AR o
& FAZL ol Aoz gdEexn (& 2). wetd
2 d7elXe 2o dxzzads 53 ¥
517] 98 1995 2¥RE 1996 1974 137}
Ao & oslo-2D PTME) 24417} HHF 4359
A8 g AR

13 32 oslo 2D-PTM 2918 o83k 19959 <
7] ¢=EFME, 78 4= 1995332} UARS (Upper
Atmosphere Research Satellite)ell ¥2l¥ HALOE
(Halogan Occultation Experiment)2 ¥-&% ¢ =53}
u)E Jepd Ao|dt vlm Az, e 2E3h)e] gk
2 HALOES] 34 M= A% oF 33kmol Al vhet
A & 2y $A A o 0kme ok
WA 2ARHT, 2 34 BEE A2Hske] e
sieh ofeleh ol 42k 254le] BA Bl e =
3 Bl Faelge] w43 Tea sihsg
Eo] 23 55 & 4 ot (Rummukainen, 1996). o)
o czEghle 2ol AT oFe) YU v=
A 9FE 9y FLe Jepich ekt gAR
ol gl AFeM e2EFu)E Adrl HA 0F
AL eERA A4 HAHue 0F 1
=7} gel vl 2.

weir, 0E£2 e EFgue] Al w@{no o
759 ol AdA =9 Y R o
=5 59 d5 229 AolE: 2 ¥ Y F,
s220) gylo} A wIls g3 T &
o=, 13 39 2853 FEie @Y AL
e Bie] nfxd, 4EH 7 A9 B
T Y=ol 22 o) A AT ol
L&A Zhe AAE7] A8 L& (u, ppmy)

T




2349 ARAERDE o 43 THA A 199519964 FIZHEG 229 A7 e Y WY 34

50
45

40-/\4/4w
N e ey

30 1

3 4—\\}\4,__\__4\\4
20 :&2/2—’\

Altitude (km)

0 T T T T T T T
-80 -60 -40 -20 0 20 40 60 80
S Latitude N

(c) October 1995

50
2 D—
45 4 /
40 1
35

=)

25 1

20 1 L//}f\z\ 5

Altitude (km)

80 —60 —40 20 O 20 40 60 80
S Latitude N

279

(b) July 1995
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Fig. 3. Zonally-averaged ozone mixing ratio (ppm) from PTM for a) April, b) July, and ¢) October 1995 and d) January

1996.
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Fig. 4. Same as Fig. 3, except for UARS (Upper Atmosphere Research satellite).
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Table 3. Difference between calculated by PTM and
observed seasonal vertical profiles of ozone
concentration ( X 10'2 molecular cm™%) at Pohang
from 1995 to 1996.

RMBE RRMSE

Correlation

Time MBE RMSE

(%) (%) coefficient (R)
April =035 072 20 41 0.86
July 0.53  0.79 75 100 091
October  0.67 0.82 79 43 0.91
January  0.61  0.81 44 59 0.93

Ak 21 2] 2 2} (RMBE: Relative Mean Bias Error) 2
Ao s @A) 2 2 2 (RRMSE: Relative Root Mean
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cm™?) at Pohang from 1995 to 1996.
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Table 4. Difference between calculated by PTM and
observed monthly total ozone amount (DU) from
30°N to 60°N in 1995.

Time MBE RMSE RMBE (%) RRMSE (%)
Month 17.5 29.4 53 9.0
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