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Abstract. Theimpactof the 1997-1998EI Nifio eventon the tropospheri®mzone
distribution and relatedprocessess assessety a simulationusing a global
chemicalmodel. The changesn tropospherimzoneobsered during the 1997-
1998El Nifio areconsideredo have beencausedy large-scaleprocesseslueto
the shift in the tropical corvectionpatternassociatedavith seasurfacetemperature
(SST) changesandby large emissionsof ozoneprecursorsdueto pronounced
biomassburningin the Indonesiarregion (mainly in SumatraandBorneo). This
simulationstudyis focusedon the effectsof meteorologicathangesausedy the
El Nifo, asidefrom the effectsof the Indonesiarbiomassburning. Our simulation
resultsshav that abouthalf of the ozoneincreaseobsered over the equatorial
westernPacific andIndonesiga6-12 Dobsonunitsin troposphericcolumnozone)
canbe explainedby the meteorologicakffectsof the El Nifio with the remainder
attributedto the Indonesiarbiomassburning, whereaghe ozonedecreasever the
easterrPacific (4-8 Dobsonunits) canbe attributedto the meteorologicakffects
alone. Moreover, our study suggestghat a changein photochemicaprocesses
(e.g.,watervaporconcentratiortontrollingthelifetimesof ozoneandotherrelated
speciesandwetscarengingassociatetvith corvective precipitation)alsoplaysan
importantrolein thetropicalozonedistribution duringthe courseof the 1997-1998

El Nifio event.

1. Intr oduction

It hasbeenfound that the tropical troposphericozone
(O3) distribution characterizedby a zonal wavenumberl
patterne.g.,Fishman and Larsen, 1987;Ziemkeet al., 1998]
fluctuatesstrongly correlatedwith the El Nifio Southern
Oscillation (ENSO) [Shiotani and Hasebe, 1994; Chandra
et al., 1998; Ziemke and Chandra, 1999; Thompson and
Hudson, 1999]. In El Nifio events,changesn seasurface
temperaturgSST) causea shift in the corvection pattern
of the equatorialPacific, leadingto an increasein rainfall
and water vapor (H20) over the easternPacific and a de-
creaseover the westernPacific and Indonesia. During the
1997-1998ENSO, positive anomaliesin troposphericcol-
umnozone(10-20Dobsonunits, DU) wereobseredin the
tropical westernPacific and Indonesiaby ozonesoundings
[Fujiwara et al., 1999, 2000] and satellite-basednethods
[Chandra et al., 1998;Ziemke and Chandra, 1999],whereas
anomaliesobsenred in the easterrPacific are negative (4-8

DU) [Chandra et al., 1998],in a phaseasappearediuring
otherENSOeventsin the past[Ziemke and Chandra, 1999].
In Indonesiatheobseredpositive anomalieqi.e.,increase)
in troposphericolumnozoneduring the 1997-1998ENSO
may be primarily attributedto photochemicabzoneproduc-
tion associatedvith the large emissionof ozoneprecursors
by the extensve forestfires in Sumatraand Borneoduring
Augustto October1997[Sawa et al., 1998;Fujiwara et al .,
1999; Thompson et al., 2001]. However, changesn mete-
orological conditionsin Indonesiaduring this ENSO event
(downwardmotion,suppressedonvection,anddrynesstan
alsobe significantcontritutorsto the large-scaleozonein-
creasen Indonesiaandthe westernPacific assuggestedby
Chandra et al. [1998].

In this study we have evaluatedthe meteorologicaim-
pactof the 1997-1998E| Nifio on the tropicaltropospheric
ozonedistribution, using a global chemicalmodel. The
1997-1998EI Nifio , the strongesENSO event of the cen-
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tury, providedusagoodopportunityto studytherelationship
betweertropical meteorologicatonditionsandthetropical
ozonedistribution throughthe corvection patternchanges.
Furthermore this El Nifio event was also a good chance
to evaluatethe model capabilityto simulatechangesn the
ozonedistribution andrelatedphotochemistrylueto natural
meteorologicathangesHauglustaine et al. [1999]assessed
theeffectof the1997Indonesiarfire emission®ontheozone
increasen Indonesiaduringthe 1997-1998ENSO, usinga
globalchemicalmodel. Thoughtheir simulationreproduces
the ozoneincreasdn thevicinity of the emissionsourcere-
gionin Indonesiaasobsered,thelarge-scal®zoneincrease
extendingoutsidethe Indonesiarnregion andthe large-scale
ozonedecreasén the easterrPacific are not simulatedbe-
causetheir simulationdoesnotaccountor the meteorologi-
calchange®f the1997-199&I Nifio.

2. Globhal chemicalmodel

In this study athree-dimensionajlobal chemicalmodel
named CHASER (CHemical AGCM for Study of atmo-
sphericErvironmentand Radiatve forcing) is used. This
model, developedon the framenork of the Centerfor Cli-
mate SystemResearch/Nationdhstitute for Environmen-
tal Studies(CCSR/NIES)atmosphericgeneralcirculation
model(AGCM), is aimedat studyingthe tropospherig@ho-
tochemistryand its influenceson climate. Detailed de-
scriptionandevaluationof CHASER arepresentedn Sudo
et al. [2001a,b]. Information on this model can be also
obtainedvia the CHASER web site (http://atmos.ccsu-
tokyo.ac.jp/’kengo/chaser).

In CHASER, meteorologicalprocessessuch as trans-
port due to adwection, corvection, and subgrid-scalemix-
ing are simulatedon-line by the dynamicalcomponentof
the AGCM. The model accountsfor emissionsourcesfor
10 speciesncludingNOy (43.8 TgN/yr including5 TgN/yr
from lightning), CO (1227 Tg/yr), and nonmethandaydro-
carbons(ethane,propane,ethene,propene,acetone,iso-
prene,terpenesanda lumpedspecies).Lightning NOy is
calculatedn the corvectionschemeof the AGCM, accord-
ing to Price and Rind [1992]. CHASERconsiderswvet de-
positiondueto cornvective precipitationandlarge-scalepre-
cipitation aswell asdry deposition.In the model,in-cloud
andbelow-cloud scavengingprocessesreconsideredgepa-
rately The chemicalcomponenbf the modelsimulateghe
03-HO-NOx-CH4-CO photochemicadystemandoxidation
of nonmethanéwydrocarbonghrough88 chemicaland 25
photolytic reactionswith 47 chemicalspeciedn its present
configuration.

For this simulation,we adopteda horizontalresolutionof
T21 (5.6° longitude x 5.6° latitude),and a relatively high
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vertical resolutionwith 32 layers from the surfaceup to
about40 km altitude. The modelusesa o coordinatesys-
temin the vertical and hasa vertical resolutionof 1 km in
thefreetropospherandmuchof thelower stratosphere.

An evaluation of the model suggestghat it is able to
simulatethe obsenedtropospheri@mzonedistribution [Sudo
et al., 2001b]. The modelreproduceghe zonalwavenum-
ber 1 structurein tropical troposphericcolumnozone,cal-
culating an ozonepeakin the Atlantic (40-48 DU) and a
minimumin the westernPacific (15-20DU) in Octoberas
shawvn in Figure 1. In a climatologicalsimulationby the
model,the photochemicaproductionand destructiorof Os
in theglobaltropospherareestimatedat 4895TgOs/yr and
4498TgOslyr, respectiely (leadingto netO3 productionof
397 TgOslyr). The stratospheridnflux of Oz is estimated
at593TgOs/yr, in themiddle of the rangeof previous stud-
ies(391TgOs/yr [Hauglustaine et al., 1998]to 846 TgOs/yr
[Berntsen and Isaksen, 1997]).

3. Simulation method

In this study our simulation resultsare evaluated, us-
ing tropicalanomalieqOctober1997 minusOctober1996)
in troposphericcolumnozone(TCO) derived by a satellite-
basednethod(convective-clouddifferential, CCDtechnique)
[Chandra et al., 1998]. We have setup a simulationfor 2
years,1996and1997,for adirectcomparisorwith Chandra
et al. [1998]. To reproducethe meteorologicakconditions
in 1996 and 1997, we usedanalyzeddataof wind veloci-
tiesandtemperaturérom the EuropearCenterfor Medium-
RangeWeatherForecast{ECMWF) as a constraintto the
dynamicalcomponenbf the model,in additionto seasur
facetemperaturéSST)datafor 1996and1997. The model
is nudgedby usingthe daily ECMWF datawith a relaxation
time of 1 day The nudgedmodelgenerallywell reproduces
thetropicalwatervapordistributionsin 1996and1997from
the ECMWF obsenations. To evaluatethe meteorological
impactof the El Nifio only, the effect of the 1997 Indone-
sianfiresis nottakeninto accountin this simulation,andthe
samesurfaceemissionratesin Indonesiaareusedfor 1996
and1997in themodel.

4. Resultsand discussion

4.1. Impact on troposphericozone

Figure2 shavs acomparisorbetweerobseredandsim-
ulated anomalies(October 1997 minus October 1996) in
TCO (DU). The obseredanomaliesarederived from Earth
Probe(EP) Total OzoneMappingSpectrometefTOMS) us-
ing thecorvective-clouddifferential(CCD)techniqug Chan-
dra et al., 1998]. TCO calculatedby the model shaws the
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O3 columnintegratedfrom the surfaceto thetropopausele-
fined asthe lowest altitude at which the vertical tempera-
ture gradientis greaterthan —2 K/km in the model. The
simulatedTCO anomaliesn Octobershov anasymmetrical
dipole structurecenteredaroundthe dateline with positive
anomaliesin the westernPacific and Indonesiaand nega-
tive anomaliesn the easternPacific, well reproducingthe
obsened changesn TCO in October1997. The simulated
negative anomaly(decreaseln TCO rangesrom 2 DU to 8
DU throughmuchof the easterrPacific, in goodagreement
with theobsenedvalues.Thesimulationalsoshovspositive
TCOanomaliegincreasepf 10-12DU in Indonesiaandthe
Indian Ocean.The peakvaluesof the obsered O; increase
(16-20DU) arehigherthanthe simulatedvalues(10-12DU)
by 6-8 DU. This underestimatiomf the simulationmay be
attributedto the effect of the Indonesiarfire emissiong Fu-
jiwara et al., 1999; Hauglustaine et al., 1999; Thompson
et al., 2001]. However, it is interestingto notethatboththe
obsenationsandthe simulationshov a peakover the east-
ern Indian Oceanand the edgeof Sumatra,demonstrating
the considerablémportanceof the El Nifio inducedmete-
orological changedor the obsened O3 increaseover this
region. The obsenationsalsoshav positive anomalieq2-4
DU) over SouthAmerica, probablyreflectingthe effect of
changesn the zonal circulation (Walker circulation). Al-
thoughtheseobsened positive anomaliesn SouthAmerica
arenot clearly seenin the modelresultsfor Octobey simi-
lar positive anomalieg4-8 DU) arecalculatecby the model
over SouthAmericain November(not shovn).

4.2. Implications from simulation

Figure 3(a) shavs the simulatedchangegOctober1997
minusOctober1996)in the vertical distribution of O3 aver-
agedover 10°S-10N. As expectedrom Figure2, anasym-
metricaldipole structurels seenover 60°E-100°'W, strongly
anti-correlatedwith the changesin vertical wind velocity
andcornvective cloud massflux computedn the modelwith
the Arakava-SchubertonvectionschemgFigure3(b)). 70-
90% of the simulated TCO changes(Figure 2, bottom)
comesfrom Oz changesbelov 10 km as shavn in Fig-
ure 3(a). Theimportantfactorscontrolling the Oz increase
overthelndonesiamegion (70°E-170°E) aredovnwardmo-
tion, suppressedaonvection, and drynessas suggestedy
Chandra et al. [1998]. Downward motion, togetherwith
suppressedonvection,bringsO3z producedn theuppertro-
pospheralownn, causingOs in thelowermiddletroposphere
to increase. Additionally, the dryness leadingto a longer
lifetime for O3, seemdo contritute to the simulatedO3 in-
creaseover this region. Since H,O is the main causeof
O3 lossin the low to middle tropospherde.g.,Kley et al.,
1996], the simulatedchemicallifetime of ozoneincreases
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by 60-100%in the middletropospherever 70°E-170E as
shavn in Figure 3(d), anti-correlatedwith the specifichu-
midity change®f Figure3(c). In the Indonesiarregion, the
chemicallifetime of ozoneat5 km altitudeis prolongedyp-
ically from ~10 daysin October1996to ~25 daysin Oc-
tober 1997in the model. The Oz increase(>20 pphv) in
the uppertropospherghigherthan12 km) over the Indone-
sianregion appeardo bealsoassociateavith the downward
motion and suppressedorvection leadingto lessefficient
verticaltransporof low O3 air masse$rom thesurfaceand
possiblyto subsidencef stratospheri©s. Theseprocesses
arereversedwherethereis upwardmotion, enhanceaton-
vection,andH,0 increaseg(170°E-90°W). Upward motion
andenhancedonvectionadwect low Oz andhigh H,O up-
ward, resultingin lower O3 (—5 to —15 pphbv) over thisre-
gion (Figure3(a)).

Moreover, the simulationindicatesthat the photochem-
ical O3 productionprocesss also affectedby the El Nifio
. Here,we focusour attentionon the peakregion of ozone
increaseover 10°S-0°. Figure4(a)and(b) shav longitude-
altitudecrosssectiong10°S-C) of thenetchemicalproduc-
tion (P-L) of O3 (pphbv/day) simulatedfor Octoberl996and
1997, respectiely. In 1997 ,the Oz-producingarea(P-L>0)
is enlaged downwardto 3-4 km over Indonesia. The net
O3 productionat ~5 km over Indonesiaincreasedy 1-1.5
pphv/day changingirom negative (sink) in 1996to positive
(source)n 1997. Thisenhancemernh thenetOs production
in themiddletropospherés dueto theH,O decreasasdis-
cussedabove andalsoto increasesn O3 precursorsuchas
nitrogenoxidesNOy (NO+NO,) andcarbonmonoxideCO
(Figure4(c) and(d)) in thelow to middle troposphereThe
NOx changedelon 8 km appeato be causedy changesn
the efficiency of wet depositionof HNOs associatedvith
precipitationpatternchanges,and also by changesn the
NOx remaoval by OH (hydroxylradical)dueto H,O changes.
The HNOj3 lifetime againstwet depositionaveragedover
the Indonesiarregion is prolongedfrom ~1 day in October
1996to 3-5daysin 1997 ,leadingto anincreasen HNOs by
200-500%.NOy increasesn the uppertropospherdabove
12km) over 70°E-170°E maybedueto subsidencef strato-
sphericNOy. A slight NOy decreas€5-10pptv) at6-12km
over ~110°E may be attributed to a decreasen lightning
NOy productionover Indonesiadue to suppressedonvec-
tion in themodel.In the caseof CO, the simulatedncreases
(>10 ppbv) in the lower troposphereover 70°E-170E ap-
pearto be dueto suppressedonvectionanddownwardmo-
tion (Figure 3(b)). Figure 4(d) also shavs CO increases
in the middle troposphereover 60°E-120°E. TheseCO in-
creasegppeato beassociateavith alongerlifetime for CO
dueto reducedOH levels, andalsowith enhancedransport
from South Africa owing to the changesn the circulation
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patternin thetropicsasillustratedin Figure 3(b). It should
alsobe notedthatthe net O3 productionin the uppertropo-
sphere(>12 km) over Indonesias weakenin Octoberl997
by 20-40%(Figure4(b)) in spiteof the NOy increasen this
region (c). This arisesfrom decreasef other O3 precur
sorssuchasHO (OH+HQ,), CO, andhydrocarbonsn the
modelas shovn in Figure4(d). In October1997, upward
transportof CO, hydrocarbonsandHOy precursorsuchas
formaldehyde,acetone,and peroxidesto the uppertropo-
sphereoverthelndonesiamregion is not efficient dueto sup-
pressedtornvectionanddowvnwardmotionin this region. In
the model,HOy decreaseby 50-70%in the Indonesiarup-
pertropospherén Octoberl997.

5. Summary and conclusions

In this study the meteorologicaimpactof the1997-1998
El Nifio on the tropical tropospherimzonedistribution has
beeninvestigatedusing a global chemicalmodel. To eval-
uatethe El Nifo inducedmeteorologicaimpactalone,the
effect of the 1997 Indonesiarfires is ignoredintentionally
in thissimulation. Thesimulationgenerallywell reproduces
theobsenedozoneanomaliegincreaseinddecreasen Oc-
tober 1997, thoughthe peakvaluesin the ozoneanomaly
over thelndonesiarregion areunderestimately the model
due to lack of considerationof the 1997 Indonesianfire
emissions.The key factorscontrolling the simulatedozone
changesare(1) the downward/upwardnotions,(2) the sup-
pressed/enhancembrvection, and (3) the associatedvater
vapor(H20) changesn thetropics.

In thesimulation,70-90%of thecalculatecthangen tro-
posphericcolumnozoneis causedy O3z changedelov 10
km altitude. The simulationshavs thatthe Oz increasede-
low 10 km over the Indonesiarregion arerelatedalsoto en-
hancedO3 productionin the middle tropospheralueto in-
creasen NOy andotherOs precursorsassociatedvith me-
teorologicalchangesuchassuppressedorvection,down-
ward motion, dryness.and reducedprecipitationin this re-
gion. As Chandra et al. [1998] suggestsQ3-producingair
massappeargo increasein this region in the model. On
the contrary in theuppertropospherever Indonesiasimu-
lated O3 productiondecreaseby 20-40%owing to reduced
injection of O3 precursorsassociatedvith suppressedon-
vectionand downwardmotionin the region. Consequently
this model simulation suggestghat the effect of the 1997
Indonesiarfire (not consideredn this study)on O3z produc-
tion is mostsignificantin the lower tropospherdespecially
in the boundarylayer), andis lesssignificantin the upper
troposphere.
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Figure 1. Troposphericolumnozone(TCO) simulatedby CHASERfor October(DobsonUnits, DU).
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Figure 2. Obsened and calculatedtropical anomalieg1997 minus 1996)in TCO shawing the effects of EI Nifio (1997).
(Top) EPTOMS CCD TCOfor October(DU) [Chandra et al., 1998],(bottom)modelresultsfor October The modelresults
shav TCO anomalieglueto meteorologicaéffectsonly.
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Figure 3. Longitude-altitudecrosssectionof simulatedanomaliesn (a) ozone(ppbv), (b) corvective cloudmassflux (g m—2
s~1) andwind vectorof zonalandvertical velocity (vertical velocity is scaledup by afactorof 1000),(c) specifichumidity (g
kg~1), and(d) chemicallifetime of 0zone(%) averagedover 10°S-10°N. The differencesareshavn asOctober1997 minus
October1996.
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Figure 4. Longitude-altitudecrosssection(10°S-0°) of netchemicalozoneproduction(ppbv/day) simulated(a) for October
1996 and (b) for October1997,and simulatedanomaliesn (c) NOy, andin (d) CO. The anomaliesare shavn as October
1997minusOctober1996.



