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Chemistry of the Reactive Nitrogen in
the Antarctic Stratosphere

Yutaka KoNDO* and Makoto KOIKE*

Abstract: Low levels of reactive nitrogen species are essential for large strato-
spheric ozone (O,) depletion over the Antarctic continent in the austral spring
(Antarctic ozone hole), because CIO is sequestered by a reaction with NO, to form
a quasi-stable molecule CIONO,. The column amounts of NO, have been
measured using a visible spectrometer at Syowa Station, Antarctica (69°S) since
March 1990. The NO, column exhibits a large seasonal variation with a maxi-
mum in summer and a minimum in winter. The recovery of NO, in spring is 2-
3 times slower than the fall decay. The low NO, level in mid-winter to early
spring is considered to be due to a conversion into HNO; on PSCs and due to the
denitrification by gravitational sedimentation of PSC particles. Results from a
chemical box model agreed well with this slow rate of NO, increase in spring
when heterogeneous chemistry on PSCs was included. The reduction of NO, by
30% was found after the breakup of the austral polar vortex in 1992. This is
probably due to the transport of air from lower latitudes, where NO, is reduced by
heterogeneous conversion into HNO; on the surface of sulfate aerosols increased
by the Pinatubo volcanic eruption.

BE: EHEOBLCHEBEA YV VBBV T S AV HR—L OBRICB
T, E2ZBEMOZH LR BEELBREEZ R L THE, 4V 2T 2R
B{E® (CL CIO 2 &) 13, ZBEEFR (NO,) LRIGT 2 LAV ¥ EEHE
LRWHEREME THS CIONO, KEBEANTLE D, Z00%ro5HFEEA
1T D NO, DAFEMAL (HNO, ~DZEH#) &, HNO, ZEUD AA 7 EREEE
E (PSCs) DENETR LI I2Z2XRBEYOKBEE» o OREAE KE
denitrification) 234 Y v R — VIO DI ARAIRZEELR>TWE, 20
& > RBEEBRIYOEHETLE TS 12012, KIEE NO, OEFEH % ik
FIEHIC BT 1990 £ 3 B & a2 > THad7z. ZORKER, Bk
K, Z/NDBERN, FEXLIZIE NO, OREMEL L BZEIZ & D ENL5HE 8
EMEBBSNT, ZDOELED NO, DW - Y & LM, PSCs ETOTR
B—RISERD AN ETNVEE LR B L, I 0BRIZ, &V v ik—
NRATOLY > ORD 2 EBICEETZ FTE 2% NO, B%, BHll» 58
HIZL, EFNVORTHRTEA2BRELDIL LW HATEETHD., —A,
1991 FEDFEROEIBOFEFEL 5 1992 EXD DFKIZ 01 Tid, €+ Y R KILE
Kzt o TWRLUI-FBZ— o VYV ETORE—RKiEiZ X D, NO, #330% < &
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WIRD LTERBE s, IO —RIGIZEEICERT 5 N,O;, ¥ HE &
T 208, —HBHOH: 2EBOEICE T2 NO, DEAIZ, TEEICBWLT
NO, BBLCHD L S0 R I N TS EREELOND,

. MR EE DL FERE OFMET

1985 20D FARMAN DA V' >k — )V DFERIZ LD (FARMAN et al., 1985), Hiso /S &
W3, KIIPEBEORRLIFLALRELZWINILT, KDY 640, BEBORK
FTOEERIGRIC DOV TOIEDIIEFICERAITON:, ZOFR, &V Rk—VOFEE
SEEREHETH D, BRICAH YV VST LS Tk, # LT 1980 FERLIGE R # D53
KEL > T L) I ki, ALREOERRRNIC L 54 Y U IBRIGIC & - THEAT
BETH D Z L DMEEHINT X 7> (SoLOMON et al., 1986; McELROY et al., 1986), ERRIZFEEMmD
BRI 8T, | ppbv L EDIERE ICEREO—HE{LER (CIO) MERPATHE» S
BHIX T3 (ANDERSON et al., 1989; WATERs et al., 1993), Zh & DIEFZEMLYI, iR
DEDKERE L9 FiE 195 K LUFOKIR T DO A THER T 2HBKEEIZE (Polar Stratospheric
Clouds, PSCs) ETOA—RIGIC LD, BELEMST TH S HCI X CIONO, 25 RD & 5 7%
Rigic & iEEEI b DTH 5.

HCI1+ CIONO,— Cl,+HNQO;, (R1)
CIONO, +H,0 — HOCl+HNO;,, (R2)
HOCI+HCI — Cl,+H,0. (R3)

PSCs 12 I3 KR AY 195 K LAF THERR T 5 iHEE (HNO;) L K» oL K F (54 71D
PSCs, 7z & z i nitric acid trihydrate, NAT, = nitric acid dihydrate, NAD), #J 188 K T4
T HKROKL (A4 7 N D PSCs), S SICHE (H,S0,), &K (HO) LIHERD =K 5% 518
¥EIMERE (super cooled ternary solution, STS) 2 EWNFET 5, FNFND PSCs iIZDW T
ZOEKT 02 A H 5V E % DORE L TORNH—RIGO RIGEE I DW HEFEH L W%
HEDHINTWS (eg., WMO, 1994; HANSON and RAVISHANKARA, 1993; TOLBERT, 1994), —
75, EWRIERRIE, RO LS 2"RRILER (NO,) LORIGIC LY, EEZEWENLR
| =P (-

CIO+NO,+M — CIONO,+ M, (R4)

ZITME, EERIGD X —{RFH| L EEEFEFR R R Tt hBEE S h
%, RIGICEERS L 2 WERSTPEBETH 5. REDRIGITA V' v Rk — VB TOEHREE Y
WX 24V REEENIHEIL S 2, ERECEELKIGTH S, PSCs ETD RI 25 R3 DOARE—
KItiE, EEED & 5 iR 2EMLT % & ErREC, CIONO, OFIc& £ N TWhW AR NO, ¥
TEMEZEE (HNO;) AT % L\, &V U R—IV R -5 & € 3 Z > ORBER 20
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BEREZERFICEOHLTWEDOTH S, £/ 5 —>DD PSCs L TORY—KIG,
N,O;+ H,0 — 2HNO,, (R5)

b, N,O; XM ULERRS TH D HNO, IEH T 5, BB TER~5 & 52, H
SEIZT T NO, iE N,Oy WKEAEHEND 120, ZORGIEZERIEYEIERLT 2
TEHOH 2IEHCEELRIGTHS (SoLomoN and KEeys, 1992), ZH oS DRH—KGC & D
ERE N7z HNO; iX, #0D % £ PSCs DREA LIS £FEZ 5T, PSCs DD bERIZY
A 7N OKDKIFIE, 10 270 P EOKEXICETREL, BHOENIC L - THEED S
HILTLED, #E- T, 2D PSCs D% FidpkfEB DMK (dehydration) &3z, BJEEH»
SEFBEY EYHERICEREL TL % 5% (denitrification) 2 b 7253, ZOMEDRETF
3, MBS L > THEESN T3 (FaEY et al., 1989, 1990),

xR S AT R BE DL ERBEOEHETIIRD L Dk 5, M 5Z T T
BEBER I NS EBRIBEOARIZFEEDORTL 51T L A CBEK SN THNLL, BEHEEIC X
DRUROMET LT, ZORRE S ICERIEBIED S5 7 4 — NNy 70N %, F7-MiaN
DORL[OFEMBBENSENC L D ZOHEABU CTFRET 2. ZOERTTPSCs SRS
%, 25D PSCs T EED RI-R3 B & UF RS ORIGHHE Z D IEEBIEBERIL S h, &
FRRADOREEE ST 5, S5 PSCs DENE TICL VBHENT T, I 2 TREDMIZ
HITT 5, —H, AV EBEET 2 —EZORGTIRABI & 2 BN EE N T Do,
AV DY BEBNEIC R > TRBEBRE-> TELKRICE I EB I &S, ZORETRIEY
F 12{E < PSCs BSTEET 5 &, RADRIGIZ & - THERE L7z CIONO,, H 35\ i3,

Cl+CH,— HCl+CHj,, (R6)

IZ & o> TERE NI HCl S B U —RIGIC L D EH L a3, 72 N,0; ® HNO, DY:f#
B & > TERENT NO, B RADKILEBEL TRESEILE NS, &5 HENZDMICE
ETWw3 L, PSCs BMERM SN WIRE F TR LA L T b ITPHBEF I B8RRI H
Wiz, RADRIGIEZ &1, s i L CTHREDER LBET 5 £ TA VYV VHIEIIHK
B9 5, BBOBEHR T, BRUEELERREYS, BaosMlicBEICH2 NO, & R4
DRI & D % 8D CIONO, 24k L, CIONO, DEWA 7 —fEE (K —+ Y EofEgor%
Y vV REDHT—IZRES IR 23 %5 (RocHE et al., 1993,1994), Z D
CIONO, DB # S —EORIGIC & D, &5V v OB\ OIMITETT 5
(Toumr et al., 1993),

2. NO, O&H#I
INE TR & D, ERBILY, BiC NO, IR EEOLYBE A% 2 5 F TR
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HELRSTH D, B2 IIEBIBRIERIC BT, 19904 3 H X D ajfsEsic L 3 NO, &
AV DEAELROESEER B L7 (Konbo et al., 1994), ZHIZKIEHFEID S DARBGD
AR OBELEZREL, FOARZ Mdid NO, &4 V' ORIESED S RINVE R % E
BET5HETH D, KPR TCIIHE E HEDABERIEA 90 EORONE FRiEL2E (X7~
FaFL) DEERAV. P LE RO BWTIE, KBS ELRy (BRAKBKIEA
87°-89°) & 2 W IR b v (RIEKBEKRIEA 91°-93) HARID H 5. Z DM 90
IS W B ITAEWERNES, 2T > b3 J A0OKBRIEAKEEDS 90 EOMEICEBRL 78
Rz,

NO, DEREID 7 > ¥ LREE L RHEEIR R L, 02X10%cm™2, HEHWVIE 5% S HWTH
3. 90 ELAOKGKIEAD S D 90 EOE~NDOEEIIH S BEILOPETKRE L, &K
20% S HLNWTH A,

la-1c 213, 1990 FE-19NFEDFET L IWINO,DEHDA T a7 &%, HHE
(AM), H& (PM) Jllzw7ay N LIz bDThH D, BRIFEMD N7V v oXet e ATHE
TOMS (Total Ozone Mapping Spectrometer) 2 & - TiF S ICHESMHEEEA YV > DED —
BRLThD, B2a-2c 2 3KESE 70hPa (K7 17km) & 20hPa (#) 24 km) BT B
BARL, £ 20K IS L7 0OKERE BT 5 NAT OAKAEREDHE &
LT-76CE-8CDITA > RRLTHBH., ZOREIT45ppmv DAKRIER & 8 ppbv D
HNO, #1K%E L T HANsON and MAUERSBERGER (1988) L DEE L7 DTH 2., ZOKLD,
1990 FEIZIEEEH 157-275 HIZHB T 70 hPa Tld NAT BERARERE £ T8> Twiz 2
EWGrn D, 20hPa Tk Z OIS T o LM, T TEFHERKRED 1A I HEZE 1 HE
L, 12HA31H%365H @EFix366H) £ LB TDZ LT, $%BMNELTIDOERKAH
W5, K 1iI2iZZD T0hPa BT NAT BERKATRERRHRD R L TH 5. K 3a-3bi2id, H
HE A& EI2DWT 1990 5E-1992 £ NO, DfizERT7ay b L7z,

1EH3IRonbE8D, NO, DEIIEDOKDLY »oZDIIUDErTTEAL T
. ZOWPIIKBEDHBRRREIE L 2> T Z LI X 5 NO, DFDEKSI~DECHE
L7z ek s, 3bbEBIIBNTIENO, ZUTORIGI L VEBLEI N T N,O, & 7%
3.

NO-+0,— NO,+0,, (R7)
NO,+0,— NO,+0,, (RB)
NO,+NO,;+M — N,O,+M. (R9)

—7F, BREORIZIZ N,Os XA TOXNERIC L D, NO, IZFRE 3,

N,O,+hv — NO,+NO,, (R10)
NO,+hv — NO,+O. (R11)
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Fig. 1.

AHABE TOMS WKL > THONIA YV OMET 5 LB O TR LTH S, $72 710hPa DS
& 5 NAT »SHEFIEM R CER S NI L EL SN RLTH 5,
NO, slant column amounts observed by a visible spectrometer at Syowa Station in (a) 1990,
(b) 1991 and (c) 1992. Total O, amounts observed by a Dobson spectrometer and total ozone
mapping spectrometer (TOMS) over Syowa are also shown. The period when polar stratospheric
clouds (PSCs) are expected from the 70 hPa temperature over Syowa is indicated by bars.
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Fig. 2.
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model with the following conditions: (1) considering only gas phase chemistry (Gas

Phase), (2) adding a heterogeneous reaction on background sulfuric acid aerosols

(Bkg Aer), and (3) taking into account heterogeneous reactions on the surface of

sulfuric acid aerosols and PSC (Bkg Aer+ PSC). The observed NO, amounts

from 1990 to 1992 are shown for comparison.
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o T, ELoXir i} THERMMEL 23 ZLI2X D, NO, BB L, N,O, sHEiNL
lreEzond, ¥, FBI—u VLV EZBWTY RSO —RIGHBET 3. ZOBE,
N,O; 238 SIZHFAEHE L 12 < s HNO, KR & 13—, WEEB D LAZEHEHS HIRREEIOYE < 2
WONTHEATEZLH NO, 2351V S IBRERS,
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SFD1IEHVEFECWSDELTWS, EBICXEDRZSOHHD T —7 2HEL TA
2L, KT 7.5X108em™2 TH B DI LFIZIE 28X 108 ecm2 TH 5, ZHd D X 5
ZDENC PSCs DFEH L TOATE—RIGIZ L D, N,Op 25& 0 AR L 12 < > HNO; I X
N, HEORRECL VERERBIEMZOLOBRBE»SFEFLTLE-IFEREEZON
3, ¥ @EH22ISHDD £ TIZEE NAT RS> T ALY, —E NO,{LLz b Db HY
N,O; #1B U T HNO, KEI N 2R b b D EFEZ oM 5,

1990 4F & 1991 iz id 270 HLARE, HREOSERFERNC AL T &, pBEOZBRARIC L b
o THEED NO, L 4V VY OBEDOEVWEREREL, 2037 AEBMEIMLTW5, 20
BEHAICIZ, 1990 EDWMEH 2I0HD L D1, NO, A VD 4-5SHSH DK ER Y — 7 H3E
n3, ZOE—27 3 EBEOE -7 L MG L TWwb, ITHIIERAOE R oIEHIE 22
PEBL, —FCERROMIDORK[EBRAIL - ZEick s eFEzons,

EORBHTH 2 EBEH 316 HRSRDED 0 H S SV E TiE, HE & HED NO, DEHNIZ
ZEEICTZDOBBEEMIEE A LR\, ZHILEGER L KBEREC L Y N,O, 3 R7-R9 DK
WEDERTERN EIZL B,

3. EFVEREKT—aY)VORE

1916 BOEFY RAKIEKIZELY, REBEREBEL -0 VOEMSERLL., ZOmE
T—aYNWVOFKHELT RS ORIEVE Z 0 FEILHEFEERO P EE I BT NO, DR EH X
172 (JOHNSTON et al., 1992; KOIKE et al., 1993; MILLS et al., 1993), BEFIEMIZ B WL TIZE] 3
RN EBY, 191 F0D b —F V71 300 BEOREREEE, ©F Y R REAKOL—aY
WOSEERRICTRA L7 DI & b 72> T, 1990 FED B DFEIZ HLR T 25-40% < & WEV> NO, 238
H2xntz, ZOBPIFT 192 FDOKICHBFFICASNTVLS,

4a & 4b iz iE, BEFOIEMD R22 SO hPa % {HiFE A & Lo ZESBRD 30 HE OEB O #EF %,
191 FEDFWEEF 3073 (11H3H) £343H (1289H) 2w TmRLE, 3258 (11821
H) 70 £ TidK4a D & 52, RRUIBEBRICIZIZEAC 2D 60 Tw 58, ZURIZK
4b D & 5 WL RIBHHAE U R 0 5 BAMBTNIAA TE T3, ko X 5 2B
E ORI I3ER L 72 KB D728, RT-RIIWZ L % N,O; DAERIZIFEA LRI SRV EHE
Zohd, o TZOERTOREL—o Y LVEELETOD RSIZLS NO, DR IFDHnE
Ez ob, 2O DIBHEICB WL TEEIE N NO, DR, FEECBLTE Y Rid
FEOBmE =~ — 1 YV )VEE ETO RS DRIGIZ X D NO, 53 HNO, IZE# & h iz KOS FERE I i
EENFEREFEZ 505, S0hPa THD HNO, ORBEDKERIZHI | ¥ BTH 5. EIE,
b izRonsd LBy, BIOEM E23 2-3 BN IIER 60 B L 0 EERE I H 5 722508
BEINTETWVSE, 35, IR TORI-RI CORIGLHABEXZVLTWLEEEZ SN

(SoLoMON et al., 1994),
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13 November 1991 50 hPa

(a)

f
90°W

9 December 1991 50 hPa

(b)

B da-b HAFOEEM £22 SOhPa 2P L L7 S
ZEROEE OB, BEH 317 H /
(11HI13H) £343 (12A9H) %
BOBOEAELTWS,

Fig. 4. The 30-day isentropic back trajectory L
calculated for the air mass that rea- ,D%

ched 50 hPa over Syowa on (a) day >
\

317 (November 13) and (b) day 343
(December 9) in 1992. The solid
circles indicate the position of air \
mass every 24 hours. The open circle
denotes the position of Syowa. }

1992 EDFKD HZIZIIBBACEAL 2 o /- EF Y KB KT —a V)L L& B BRI
L OINL72 NyOs i & D, NO, DR B & ERRINCE Z > eF 260 b, ZOFE
T —aY )V ETOFRE—KIG RS ORIGEEIITEICEKEL 0D, bI)—DODmET—a
W ETORIG R2 ORIGEE 12 FIRICTHE  FET % (HansoN and RAVISHANKARA, 1991). K&
METLTL B2o0T, BT —oVYLBLDHL OKEGUER, ZORIGEENSFEL &2
3, ZORER, £77 PSCs DA T A LIEID 1992 £0@BEH 100 B, B h/-EER
LI OIS EERR = 27 < — F &> OCIO OERI THER X LT 5 (SoLoMoN et al., 1994),
¥ OB THREBE AV VBB Lz wIHES H S (HormaNn  and  OLTMANS,
1993),

ZOBIZEF Y KK —a YV VEIE, BEREEINC LIV EE 20km LT IC LT AAE, 20D
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October 1992

SOE

180

H5a-¢ ALHETOMS IZ&->THSNT 1990-1992 4 10 HOAFH D4 YV > D$E 2
7 L8, BILEAEMOMNE R T.

Fig. 5. Maps of monthly mean total ozone amount observed by TOMS for October (a)
1990, (b) 1991, and (c) 1992. The numbers are in Dobson Units (DU). The
closed circle denotes the position of Syowa.

BE LD L BEICBVLTIE, PSCs ETORNY—RIGHEBET 2720, EF YV REKT—O
VIVDRRIZNEWEEZ SND,

3ak3biRoNB EBY, 1992 F0OEFEH 270 H-300 HiZ 812 NO, DfEIL, 1990 4
E 191 FZHATEN, Milck DAV VB ZOHBIZIZ—E THOED X 5 2BINZRS
g, L L 2 OIFMEM TORRIZ, EF Y RKIUDOEETII R KRR EY
Fzond, H5a-5c il TOMS KX > THRONIRED I0FDA Y 28 TH5, ZDK
»SEL X ST, 19920 10 B IZREAEMIIMOF I AT X D ERIHO L < 2L
BLTWZ L0055, BBOHTIZA YV OBV BKE W EHTE L HERE L TV &
EZoND, 19N EBORENELC Tz Z 213, ALHEE UARS (Upper Atmosphere
Research Satellite) ¢ CLAES (Cryogenic Array Etalon Spectrometer) ¢ HNO, 8#iZ 3T
bRONTWS (RocHE et al., 1993,1994), Z DOFSE 1992 F0 10 Hizix, HBHEtOEHE T
v NO, BSEREl S Wiz e EZ o5,
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4. ETFTINEOHBE

3a-3b I3 FMERTE € TV OFR %, NO, DBIHIfE L L 7-, ZDE7)/ViE, SoLoMoN
and Kevs (1992), LIZZRIUAR Y 7 R <7V T, BREMOBETOL Y v L RRE %o
T, SHRIEDHE VLIS (Gas Phase), BT —o VL ETORY—RIGEVORIZEE
(Bkg Aer), #L T& 5 IZ PSCs ETORE—RIGEID Alz35E (Bkg+PSC) DHED 3
DD —AZDOWTEHERIT> T 5, BITBWLTIE 1990 £ L 1991 FEDOEENE I SHIRED
AEODNIERLEDLABLHH>TWEH, INEDEFYRBEKI—aY VL EKEk
NO, DD 55, HEL—0 V)V ETOREG—RIGED RS DFELEZTH5EHEZ 5
na, '

FEDOWEFEH 210 H-275 HTW, NO, DBEIEIX PSCs ETORE—RIGEED A 7z#ER
ERLSHLTWE, ZOETNIBWTE, TEHEREED NO, IZ5E21C HNO, IE#E 1L
TEY, ZOFHO®W > < Y & L7z NO, DIEMIE, PSCs 234K 37 % O _E TORE—RIGH
R opo/-mE 28km L EOEEETO N,O; ONFHIC L 26D TH 5,
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