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TROPOSPHERIC OZONE VARIATIONS IN TWO-DIMENSIONAL
PHOTOCHEMICAL MODEL

ByKenjiro Tovota and Hisafumi MURAMATSU

Synopsis

A two-dimensional transport-chemistry model has been developed to access the
annual cycles of the tropospheric ozone and its precursors. The indirect effects on ozone
through wet removal of HO; and CH;0, radicals are of main interest.

HO, and CH;0, radicals are moderately soluble, and their wet removal depresses the
oxidation processes in the troposphere and may affect significantly in-situ photochemical
production of ozone.

To quantify the above effects by the two-dimensional model, temporal and spatial
distributions of wet removal intensity are estimated with the global database for clouds
and precipitation. Clouds are considered to serve as downward-only transport devices of
the soluble tracers.

The oxidizing capacity of the model troposphere is depressed by introducing washout
terms for HO, and CH3O, radicals, and the modeled mixing ratio of ozone is reduced
mainly at high latitudinal regions in Spring.
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0; + hv(A < 320nm) — O, + O('D)
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CH, + OH — CH; + H;,0
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_3__.



228

HABKHRFAESR $385B-2 F7. 4 (1995)

(R1) O('D)+ Oy — O 4 Oy (Ré4) Cl 4+ CH30 ~ HCl + CHO
(R2) O( D)+ Ny —s O 4 Nj Re5) HOCL + OH —— C10 + H 0
(R3) O+ 0z +M —~— Oy +M R68) HOCl+ O -.clo+o§-1
(R4) O + Oy —— 034 0g Re7) CIO 4 HO, —+ HOCI + 04
(R8) o('D)+ Oy s Og 4 Og (Ré8) CIONOg + O —— 010 + NOy
Rs) o(!D)+ Oy —— 03 + 20 R60) €10 $NO3 + M —— CIONOg + M
R7) 0+ 0+M —+ 034 M R70) CHyOy + CHyOq —— 3CH30 + Oy
R8) NO + Oy ——+NOj3 4 Og R71) HOg + NOg +M —+ HOgNOg + M
RO) NO 4+ 0+ M —NOj + M R73) HOaNO, £ M -—HO3 + NO3 + M
R10) NO + HOy ——NOj 4+ OH R73) OH} HO,NO, —+Hy0 + NO3 + O3
R11}NO + NOy ——2NO, R74) CHyCCly 4 OH — 3C1 + HyO 4 Products
R12) NOg + O — NO 0y R76) N+ NO, ——NgO +0
R13)N 4 Oq ——NO 40 R76) OH 4+ HOy +M ——H 0405 +M
R14)NOy + Oy ~=+NOy + Oy R77) OH4+ OH 4 M ~—Ha0, + M
RiB)NOy + O+M ——NOy +M R78) HOy 4+ HOy +M ~+Hg03 + 09 + M
R18)NOg + O — NOj + Oy R76) OH 4 CHyOpH —s CHyO04 4 Hy0
R17)NOy + NOg + M — N3Og + M R80) Cl 4 NOg —— CI0 4+ NO,
R18)NOg + M — NOjz +NOg + M R81) Cl4+Hy09 — HCl 4 HOg
Ri8) N'+ NO — ) R82) Cl4 HOq — OH  CIO
R30)NOj + OH4 M ~— HNOy + M R8s} Cl0 + OH — C1 4+ HOg
R31) HNOy + OH —+NOjy + Hz0 (R84) O1 4+ CH3C1 —+ HCI + HCI 4 Products
(R22) N3O ¢ O("D) -t INO (R85) CHF3Cl 4+ OH —t Cl 4+ Hy O 4 Products
(R23) NgO + O(}D) - N3+ 0, (R88) O('D) + CHFy0) — CIO 4 Products
(R34) Ny + O(!D) + M ——+ N30 + M (R87) C1+HOCI —— Cly + OH
R25) HOg + O — OH 4 0q (R8s} Cl 4 OCIO ~—+ CIO + €10
'R26) HO3 + Oy ~—+ OH + 203 R89) Cl 4 C100 —— Clg + O3
R27) OH + Oy ~—+HOg + O3 RO0) Cl+Cl100 s CIO ¢ C10
R28) OH 4 Hy O3 —=s HO3 4 H3O Re1) Ol 4 CIONOg ~—s Cl 4 C10 4 NOg
'R20) OH + O —H + 03 RO2) Cl14+ 03+ M —— Q10O + M
R30) OH + Hy ——H 4+ Hg0 Res) Cloo —+ Cl 4 Og
R31)H 4 Oy —— OH + Oq Ro4) CIO 4 CIO 4+ M — ClyOy + M
R32)H4+ 0z + M — HOz +M ROK) Cly04 —— €10 + C10
R33)HO, + OH —+H30 4 0y Ros} CI0 + ClO ~— Cl 4 OCI0
RS4)HO3 + H — Hy + Oy R97) CIO 4 ClO —— Cl 4 C100
R35)HOy + HOy ~—H303 + Og Res) OH+C) s HOOC! + CI
(R36) OH + OH — Ha 04+ 0 R$9} OCIO + O ~— C10 + Og
(R37) H; + O(!D) ——H+OH (R100) OCIO + OH — HOCI 4 Oy
R38)Hz0 + O(!D) —— OH+ OH (R101) 0CIO + NO —— NOj3 + CI0
R399} H302+ 0 -t KO3 + OH (R102) OH + CH4Br —— Br + HqO 4 Products
R40) CHy + OH ——+ CHy + H0 (R103) B:r 4 O3 -~ BrO + O3
R41)OH( + O('D) — CHy + OH R104) Br + OCIO —-+ BrO 4 C10
R42)CHy + O3 + M  ~ CH3Og + M R105) BrO + O —+Br+ 03
R43) OH3Oy +NO  —— OH,30 + NOg mos;n;o + 10 —— Br + 0010
tnu CH303 + HO3 ——+ CH3OgH 4 Oy R107) B:O 4 C10 ——Br 4 CIOO
R45) CHyO Oy —— CH,0'4 HOy R108) BrO 4+ NO —+ NOg 4 Br
(R48) CHy + O(}D)  —— CHq0 + Hy (R109) BrO + NOp + M ——+BrONOy + M
R47) CH30 + OH  —— CHO + H,0 mugo(‘n)q.nnr ~—+Br + OH
R48) CH,0 4 O —— CHO + OH R111) Br + CHa0 — HBr + CHO
R45) CHO 4 Oy —— CO + HO,y R112) Br + HOq —— HBr 4 Oy
RE0) CO + OH — C0g + OH R113) BrO 4 BrO ~ 2Br + Og
REL) Cl + Oy ——+ C10 + Oy R114) OH + HBr —+Hy0 + Br
R52) CIO + O ——Cl 40y R118) O + HBr — O0H + Br
RES) C10 4 NO ——+ Cl+ NOy R116) N3O + Ha O(L) — 2HNOy (s.1.)
(RB4) CF4Cly + O(1D) — C10 + Cl + Products  [(R117) CIONO, + HaO(L) —— HNOy 4 HOCI (8.A.)
(R&B) CRCly + O("D) ——+ CIO + 2C1 + Products (Rl.l.l) NaOg + HgO(S) — ZHNO’(S) (PSC)
(R66) CCly + O(!D) —— CIO 4 3C1 + Products |(R119) CIONO, 4 HyO(S —— HNO4(S) + HOCI (Psc
(R57) CHy Ol 4+ OH —~+Hy0 + HCl 4 Products [(R120) HCI 4 CIONG, — Cly + HNOy(5) (psc
(R88) HCI + OH —— ¢l + Hy0 (R121) HCl + N30y —— C1'4+ NO, + HNOy(S) (PSC
(RB9) HCI + O - Cl 4+ OH (R123) CHyCCly + O{1D) == 301 4 Products
(R80)HC) + O(}*D) -——~Cl4ORH (R123) CF5 CICFCly + O(1D) — 3C1 4 Products
(R81) Cl + CH, ——+HCl 4 CHy (R124) CF,CICF,C1 + O(1D) — 2C1 4 Products
(R82) Cl + Hy - HCI+ H (R128) CF3yCF;,Cl 4 O(lD) —+ Cl 4 Products
(R83) Cl + HO» ——+ HCl 4 Oq
Fig. 1. Photochemical reactions used in the model.
&n; Oq — 0 +0{'D) (.m; CFCly —— 3C1 4 Products
J2} Og — 04+ 0 (J24) cCl ——+ 4Cl 4 Producta
2“ Oy — 04+ 0('D) Jas) CH4CL ~—+ Cl 4 Products
J4) Oy — 03+ 0 J28) Hol - Cl+H
(38) NO -+ Nt 0 J27) CIONO, ~ ClO 4 NOy
(J8) NO, ~ NO 4 0(!D) J28) HOC! — Cl 4+ OH
J7) NOg — NO 40 J19} HO,NOg — HOg 4 NOy
Js) NOy — NO2 + 0O J3o) CH4CClg ~—+ 8Cl 4 Products
J§) NOg =+ NO § Og J31) CHF,Cl s Cl 4 Products
.no; Ny Og —s 2NO3 + O J33) CPyCICPCly; — 8Cl1 4+ Products
J11) NaOy  — NOj 4+ NOg J33) OFaCICF,Cl — 201 + Products
J12) NoO - Ny 4+ 0(lD) J34) CPgCICFCl — Ol 4 Products
J13) RBNOy —+ NOg +H 338) Cly — 201
Ji4) HNOy — NOy + OH Jas) Cly0q — CIOO 4 Q1
J18) H,a0 — OH 4O Ja7) €100 —— 0+ CI0
J18) Ha0y -~ OH+ OH J3s) oC10 — 0 + 010
J17) HO4 — OH4$O J39) Cl10 ~= 0140
J18) CH, —+ CHy +H J40) B:O — B1r40
.m; CHyOyH --+ CH30 4 OH J41) BrONO, ~— B0 + NOy
J20) CH30 ——+ CO + Hy J42) CFqCIBr —+ Cl 4 Br 4 Products
J21) CH4 0 - CHO + H J4s) CFyBr —=+ Br 4 Products
(J23) CPoCl;  —+ 2C] 4 Products [(J44) CFaBrCFaBr ——+ 2Br 4 Products

Fig. 2. Photolysis reactions used in the model.
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Fig. 3. Input data of surface mixing ratios for the model. (a) CH, mixing
ratio at surface level. WMOWDCGG CH; mothly data (from 1983
to 1991) are also Plotted.; {b) CO mixing ratio at surface level.
This profile is taken from Logan et al. (1981)7,

DLE2—HEBET 5,

% 7-AAME L3 HNO3, H, 02, HO,, CH; 0., HCHO, CH;3; OOH, HCl, HBr ofkicdd 3 KK HTD
FHfy (washout lifetime) % FEAB TE Z 7243, Giorgietal (1985)% % & Lic{L¥E & © Henry's
law constant RE/KEFE D RFZEHIZEE & Z & U /344175 washout parametrization 2B L = (8} 2
2R, AEIDNF A ¥ ) ¥— Y 3 Y TRINBEOERBOEKBICHAIT 2 LKEL, NEORESLUL
BoWMXIERTE DL L,

4. EFNERHREEE

HO; & CH;0, @ washout ZIROXKEA /' » ~OEEBLFHANL DI, LRoEFLVEHVWT2
DA DYIELBER EIT » 1.

« CASE 1 : HO;, CH30,; washout {7 L

« CASE 2 : HO,, CH3;0; washout i b

O EAROEV IRER TIPS VY, BRERTRERIRE V. 7, SREE T RXHE
TOAY v 5 hBOFEEHZEAL XY — v % Fig. 412777, HO2, CH3;0, @ washout ITHE A I & b FHiZ
{brs & — v MK D single maximum i 54 & E @ double maxima &7/ -4, THIZCASE 204
YV VIREHD CASE | KHEARTERER TIHGHREOEL SME I, TERMCRD U 2 & 2R
LTWw3 (Fig. 5B8M8), T OERIIR L THTJEARL DTS, washout TR AL & 3 HO; B
/DicEE LT OH DT 20T, NOLBRRIG

N02 + OH I HNO3

BHAZONTNO, BEIILTWwWa3LsTHb, L LESHEODES washout IHE AL X 5 HO, D KIS
DT, AV ORALEERIA

03 + H02—> OH + 202
bilflan 248, EROBEFERIR
NO + HO; — NO; + OH

MBS TVEIENRTH 3, FICEREBROFEL SHEIIH T TR, BEORALFAERIADIMEIA
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Fig. 4. Modeled seasonal variations of column integrated ozone in the
lower troposphere (1,000 ~600hPa) at high latitudinal regions
(55°N, 65°N, 75°N). Washout terms for HO; and CH;0, radicals

»
[~

have been introduced for CASE 2.

The seasonal variation of

column integrated ozone exhibts a double maxima profile for
CASE 2, while a single maximum profile was shown for CASE 1.
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Fig. 5. The differences between the model distributions of four species
(03, NO, HQ,, CH3;0;) for CASE 1 and those for CASE 2 in
April. Units in percent. Positive values (solid line) indicate that
the mixing ratios are higher for CASE 2, while negative values
(dashed line) indicate that they are higher for CASE 1.
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Table 1. The photochemical budgets for ozone in April at 65°N latitude and 2
km height for two model run cases. All values are in 10° molecules
c¢m™? day™' production of ozone. Only major terms are calculated.
Net photochemical production of ozone is depressed by introducing
the washout terms for HO, and CH;O;radicals (CASE 2).

CASE 1 CASE 2
o(D) + H,0 - 153 -~ 11.3
0; + OH —15.1 —2.95
03 + HO; — 55.6 — 3.95
HO, + NO 244.0 70.5
CH;0; + NO 17.8 448
Net photochemical production 166.0 40.8

CASE 1 : HO,, CH;0, washout terms are not included
CASE 2 : HO., CH30; washout terms are included

B L R4 v EWUERERIASTIAL S 3 BIFICii - TW3 (Table 1 2H1),

T, AREHTOM LAY VERIDSRBE N ZTIRHEE A VBSOS HZ 2 CASE 2
&S double maxima RIOFAMRE SN 30, SEOHEERIIC DAV vy BEHE{L/ 5 — v 5K
TEENTRE S RROB{EFET (peroxy radicals OF/D) Itk 3 E0HAFH L VATREEAER L TV 3,

5. ¥ &

Z 1 ¥ T global photochemical model TI3EME L TWIEH - 7z peroxy radicals HO,, CH;0, @
washout SR EEIE—BE 2IRTHF—MLE T VICBA L, S OI(EPEETE O Henry's  law
constant P Bk OB ZEHZE & E M L - F 78 washout parametrization 2 EH L - ¥E= 7
T, WRBA Y Y EFTY v IEFE 1

# washout THEAR| & KT 3 L THXMHEO 4 V Y IBALSEREOEL SME LT TERLIC
B Ll ZhicfEVEBBEICBI 3B A/ v iBEE&ROZHELHL O single maximum B 5K
L E D double maxima M & » 7o, SREBTOMLELY Y VBHI» SRS W3 THIKEL vV VES
HoZEHZEic i3 kLR double maxima ORI LIT LIZR OB, T hsBKiEENcE S K
K[OBEAETIC & 5 &0 S RS SR OHEER TRE N,

41, hourly ¥ 7/:13 daily @2 v VB R % 3 IRITTHAEFBET F VI L VRIS 254 M 0E
T3,

W
J[IRBFHF O A RKBRICHLFE 2R TEFVERB L THEE LA LEECRHRLET, K
AR KL O HPIEEENEER, PIEMETF, FRBK S SBAFEFROKBEFREZICIE
BEREUEBRLYWELHCAILERBAKLE T,
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1531, WERBEONRSASYE—- 3 /ICDNT

0;, HNO3, H,0; K2 W TIRHIBATOMREL EE L1, oo b ¥FBiIdiREm & OMHAEIERICELD
SR LRSS SH D B B, M FBEEEE F, 0B i3 Hough (199D @852 5 Yy ¥~ a v &H

Wi,

Fdzﬁ”i ................................................................................................ -

4z

f12L, Vo m, dz2 BEFRFNEFNTER Y 9 FOEM: Table 2. Dry deposition velocities V;
P& TEE (dry deposition velocity), {L3%E i O for various surface types.

All values (in em sec™!) are

E, %E7‘~ Y [‘@Eg (~4km) Td %, %ﬁdﬁ%ﬁﬁ—F taken from Hough (1991)6).

HEFIMEROBERIC L > TET 5DT (Table 2%

land ocean snow/ice

ﬁ.“é)y x ?}V—tm@@ / @ﬁ / %*Eﬁ?ﬁ?" 7 B%E Os 0.6 0.1 0.05
R, EEHBICELEREOME KD (Fig. 6 ), 1B HNO; 4.0 1.0 0.05
HIFE €T * 5 ORENT & BHLE(LIZISCCP C2 7 H.0; 1.0 1.0 0.05
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Ozone surface deposition velocity

90N
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EQ |-

Latitude
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I . ! i 1
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908 . !

deposition velocity ( cm sec™)

Compiled from ISCCP C2 data set ( Jul 1983 - Jun 1988 )

Fig. 6. Monthly zonal-mean surface deposition veloci-
ties for ozone estimated from the ISCCP C2
data of the global distributions of surface type
and snow/ice cover.

SDI9834FET Ao 19884E6 B COSENOAMFT— 4 2H Wi, £/ Table 20ULEEE V, 3E
Bilm TOBBOTINEEFATERIY » FODRIERE (Jz2/2~2km) TOM V, kEBREHIENS
LA, Thici

V___V;_.._ .................................................................................... F-(2)

C 1+Vl(d]2{52>

ZHEOVED, K, O3 ® F VIS AN S h 5 IR T OMERLBHRM K., (~5misec') ZHAL

58 2. washout /XS X9 Y~ 3 /(DT

washout £ 12 HNO, 72 CAAMLFBON KB TORALIEICKE (BT 3, Y VHREK
BEEROATNE I EIZREALRVA, &V VERFBWELE L COMBENEELEZT 5,

A FNTREIEELF¥EE LT HNOs, H,04,HO,, CH; 0, HCHO, CH;O0H, HCL HBr ® 8 2 %%
B L, washout lifetime tun 2 THWHETEAL TV 5,

(EFEIC L 3 BREDEVPHRKBECEHICEEC L IEEZE LML XA E—Ya vy
B -TVWES, FREOVTUTTEL (BN S,

JKFEZLD rainout lifetime % o &3 5 EKARKOHEFERIC BT 5 rainout removal rate

nu,0
Rt - (3)

TH,0

_9_



234 FABKHSFER B8 B B-2 T 4 (1995)

MERTE B, Giorgi et al. (1985)¥ II$/H 1 IKILE F MKV o RFEL T, XWHENT—HKIC 10 H
THBEBRTVE, COBEABIOBBENML EMAEDENIEERE YD Wao ARB BT ENT
%5, |

S THAHEAL¥RE | © removal rate W, RRITO & S ic&BHTE 3,

2 LCdeg st senne -
W= 55 6 Wi,o -4

fetil, [Cile 3AL¥RE | OB OBE THALIE mol ™, Wyo OBALIZ molecules cm™3sec™!, 55.6 (=
1000/ 18) i3 H.O OBAIZ % mol 0 5 | ~EEHT BEHTH 5,
[Ca 12 Henry OHERIL D IROBICRES 015,

[Cilag=REHRT woveeveressssesmnisisiiiiniet it s K- (5)

2120, n# HLERE 1 OVEEREI BT A25ETOREE, R T RSB EKP LUKE, H: 3 effective
Henry's law coefficient T—f}ic ZGRE OB cEE s h, {LFEIc L D ESENR 2, (Table 3 2H),
S AP BT BLEB I OBE L ]

7= [Cileg AL X T0TIF AT crvvviemmietniiiiiiii -6

#2120, ARTESNFol, LIi3EKE (liquid water content) THifiilzgm 2 Th s, LlLAE T LB 3
&

p— n’ ------------------------------------------------------------------ S —
[C"]""_AL X10~°+ (H;RT) ! =

L1, {b¥%i © removal rate W; i3

W H,0 n;
= o U PO S
55.6 AL X10 %+ (H;RT)" - (®

washout lifetime 7; {3

/7= Wi % L e - (9)
“T55.6 AL x10 °+ (H.RT)

EBB, TONS Y=Y avERVLEIEICL > TIEFEOEMBEIC L 2 washout lifetime D&V %
EFBTX3,

A2 FLTHHAOHER 7 » 741 HEOT, HNO; O & 5 i TRISHT 2T VLRI 5L T
o &n toMEETSEELAIDREILSH L,

Table 3. Effective Henry's law coefficients are listed in mol "' atm~'. H9l
refers to Hough (1991)®, and L 91 to Lelieveld et al. (1991)™®,

H;, (mollatm™ 1) reference
HCHO 6.3 X 10°exp [6485 (1/T—1/298)] HS1
CH30.H 2.21 X 10%exp [5607 (1/T—1/298)] H9l
CH;0, 2.0 X 10% exp [6600 (1/T—1/298)] Lg1
H.0, 7.36 X 10t exp [6621 (1/T—1/298)] H91
HNQO; 3.3 X 10%exp [8700 (1/T—1/298)] H91
HO, 2.0 X 10 exp [6600 (1/T—1/298)] Lol




B . R ORMEE 2R EF IS L ANREEA Y VEH 935

washout removal Itk 2 n; OEFENS 1 HOS BIEBHTE R VWRICET 3729, BKkoOEIRHE (tra-
nsient effects) %ZE3 3 LW « OEB & OB L Y, n & 1/t OFEFRSORY HESED
BICILERT 270 Th %, 2T W EVEREEE bR LT @XEZ0E $HAHI 3 & washout
RABATMS 5 L2 B, Giorgietal. (1985)Y 13 OBKORIRMEAZEE T &ickh LR%E
X 512 modify L T

-yl oo(-

)} O reernereenins - (10)

il

Qi=1—f+ Tsf/z,- [1~ exp (— Z

)

BB, TTT, To=Ta+ T, 3BKOBEEE « T LU TIRICBIREY 5 % TORMRANT, T, T 32 h
Fh “HRE L Bk oM, FLTf=T./T:Td3, uiz QOR»SRDSN3B, HNO;,
H,0, 75 & effective Henry's law coefficients DfEBAZ WLERBIIH LTI (OREFHIT RETH
%,

Plb% % &9 5 L aEt LR O washout removal rate W; 38 4 % O Ic HLEZIEHIZ

« {LHEYE T & D effective Henry’s law coefficients

« /K#&SLD rainout removal rate Wy,

« SRFNRYE (KR » 2KE « BKY A7)
TH 3,

L& L Giorgi et al. (1985)9 @ 1 RICEFATIRHBBLHRER A —EHEICEHEL BB EFLVTOD
Wyo 2HEL TV R IGHEES, AEAROBEMZEZERL TV R EREAARL,

Z2 2T, EOLERENEKE (liquid water content) WHFIL TV 3 LRETHIEILI TOREIR LD
Wuo BHHETE 5,

ZKREL OBRE—SEAR LG & ¥oarNINBORE—SESHD6G O i3

D(@, E) =@ XL (@, E) weererrerererenerntessiuisinniie ittt sttt -G
EHETE D, 7272 a RUPIEHTS 2, MEMRERE Dow %

Erop Eiop
Dot (8) = fo D9, E)dE=aX fo L($, ©)dE=aX Luar($)
LEET AL, BEBKRP OBENT P(@) » 5D rainout lifetime 74, i3

Tarop (@) = D}‘;“&g}) .................................................................................... -2

DT, WO rainout removal rate Wy, 3

D(¢, & _ L(g, H)XP($)

Warep (8, £) = Tarop (D) - Luotar($)

...................................................... -(13)

L5505, S DHE, AROKERD rainout removal rate Wi,o 2F# D rainout removal rate W, &
FMTH 5o
PlEZ2bLicEEF VD washout X5 2 ¥ Y ¥ — v 3 YTREKBEBKBOF — 95 Wyo O



936 FAPI KA TR H8FB-2 F7. 4 (199%)

B E BB ETE L TE FANABIC AT, effective Henry's law coefficient (Table 3 B12) &
SEoF— 7 BB L T/LH¥E T & © washout lifetime ; #HELTWVW3, EBABBLUBAY 1 71
DEE—EENTOEHZ(LIZ Lelieveld et al. (1989 2EEH L 12, 7242 L ice cloud 2>\ Cid wash-
out SIB~NOFEHBDEV D EFEL TRHAL k. BKBOBESHOFHZ(LIE Susskind  TOVS
Gridded Fields ¥— %, effective Henry’s law coefficient {3 Hough (1991)® ¥ & ¢ Lelieveld et al.
199D 2 £ W NBR L 12, & 72, HCL HBr i 2 W T3 HEELEEESH N OFE5H8/NE VDT, was-
hout lifetime Tq» i3 effective Henry’s law coefficient 2D Z % L7\ Logan et al. (1981)7 DBk
NGSGAG YV~ a v THLT,



