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Abstract. The impactof the1997-1998El Niño eventon thetroposphericozone
distribution and relatedprocessesis assessedby a simulationusing a global
chemicalmodel. Thechangesin troposphericozoneobserved during the 1997-
1998El Niño areconsideredto have beencausedby large-scaleprocessesdueto
theshift in thetropicalconvectionpatternassociatedwith seasurfacetemperature
(SST)changesandby large emissionsof ozoneprecursorsdueto pronounced
biomassburning in theIndonesianregion (mainly in SumatraandBorneo).This
simulationstudyis focusedon theeffectsof meteorologicalchangescausedby the
El Niño,asidefrom theeffectsof theIndonesianbiomassburning.Our simulation
resultsshow that abouthalf of the ozoneincreaseobserved over the equatorial
westernPacific andIndonesia(6-12Dobsonunits in troposphericcolumnozone)
canbeexplainedby themeteorologicaleffectsof theEl Niño with theremainder
attributedto theIndonesianbiomassburning,whereastheozonedecreaseover the
easternPacific (4-8 Dobsonunits)canbeattributedto themeteorologicaleffects
alone. Moreover, our studysuggeststhat a changein photochemicalprocesses
(e.g.,watervaporconcentrationcontrollingthelifetimesof ozoneandotherrelated
species,andwetscavengingassociatedwith convectiveprecipitation)alsoplaysan
importantrole in thetropicalozonedistributionduringthecourseof the1997-1998
El Niño event.

1. Intr oduction

It has beenfound that the tropical troposphericozone
(O3) distribution characterizedby a zonal wavenumber1
pattern[e.g.,Fishman and Larsen, 1987;Ziemke et al., 1998]
fluctuatesstrongly correlatedwith the El Niño Southern
Oscillation (ENSO)[Shiotani and Hasebe, 1994;Chandra
et al., 1998; Ziemke and Chandra, 1999; Thompson and
Hudson, 1999]. In El Niño events,changesin seasurface
temperature(SST) causea shift in the convection pattern
of the equatorialPacific, leadingto an increasein rainfall
and water vapor (H2O) over the easternPacific and a de-
creaseover the westernPacific and Indonesia.During the
1997-1998ENSO,positive anomaliesin troposphericcol-
umnozone(10-20Dobsonunits,DU) wereobserved in the
tropical westernPacific andIndonesiaby ozonesoundings
[Fujiwara et al., 1999, 2000] and satellite-basedmethods
[Chandra et al., 1998;Ziemke and Chandra, 1999],whereas
anomaliesobserved in the easternPacific arenegative (4-8

DU) [Chandra et al., 1998], in a phaseasappearedduring
otherENSOeventsin thepast[Ziemke and Chandra, 1999].
In Indonesia,theobservedpositive anomalies(i.e.,increase)
in troposphericcolumnozoneduring the1997-1998ENSO
maybeprimarily attributedto photochemicalozoneproduc-
tion associatedwith thelargeemissionsof ozoneprecursors
by the extensive forestfires in SumatraandBorneoduring
Augustto October1997[Sawa et al., 1998;Fujiwara et al.,
1999;Thompson et al., 2001]. However, changesin mete-
orologicalconditionsin Indonesiaduring this ENSOevent
(downwardmotion,suppressedconvection,anddryness)can
alsobe significantcontributors to the large-scaleozonein-
creasein IndonesiaandthewesternPacific assuggestedby
Chandra et al. [1998].

In this study, we have evaluatedthe meteorologicalim-
pactof the 1997-1998El Niño on the tropical tropospheric
ozonedistribution, using a global chemicalmodel. The
1997-1998El Niño , the strongestENSOevent of the cen-
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tury, providedusagoodopportunitytostudytherelationship
betweentropicalmeteorologicalconditionsandthetropical
ozonedistribution throughthe convectionpatternchanges.
Furthermore,this El Niño event was also a good chance
to evaluatethe modelcapabilityto simulatechangesin the
ozonedistributionandrelatedphotochemistrydueto natural
meteorologicalchanges.Hauglustaine et al. [1999]assessed
theeffectof the1997Indonesianfire emissionsontheozone
increasein Indonesiaduring the1997-1998ENSO,usinga
globalchemicalmodel.Thoughtheirsimulationreproduces
theozoneincreasein thevicinity of theemissionsourcere-
gionin Indonesiaasobserved,thelarge-scaleozoneincrease
extendingoutsidethe Indonesianregion andthe large-scale
ozonedecreasein the easternPacific arenot simulatedbe-
causetheirsimulationdoesnotaccountfor themeteorologi-
cal changesof the1997-1998El Niño .

2. Global chemicalmodel

In this study, a three-dimensionalglobalchemicalmodel
namedCHASER (CHemical AGCM for Study of atmo-
sphericEnvironmentand Radiative forcing) is used. This
model,developedon the framework of the Centerfor Cli-
mateSystemResearch/NationalInstitute for Environmen-
tal Studies(CCSR/NIES)atmosphericgeneralcirculation
model(AGCM), is aimedat studyingthe troposphericpho-
tochemistryand its influenceson climate. Detailed de-
scriptionandevaluationof CHASERarepresentedin Sudo
et al. [2001a,b]. Information on this model can be also
obtainedvia the CHASER web site (http://atmos.ccsr.u-
tokyo.ac.jp/

�
kengo/chaser).

In CHASER, meteorologicalprocessessuch as trans-
port due to advection, convection, and subgrid-scalemix-
ing are simulatedon-line by the dynamicalcomponentof
the AGCM. The model accountsfor emissionsourcesfor
10 speciesincludingNOx (43.8TgN/yr including5 TgN/yr
from lightning), CO (1227Tg/yr), andnonmethanehydro-
carbons(ethane,propane,ethene,propene,acetone,iso-
prene,terpenes,anda lumpedspecies).Lightning NOx is
calculatedin theconvectionschemeof theAGCM, accord-
ing to Price and Rind [1992]. CHASERconsiderswet de-
positiondueto convective precipitationandlarge-scalepre-
cipitation aswell asdry deposition.In themodel,in-cloud
andbelow-cloudscavengingprocessesareconsideredsepa-
rately. Thechemicalcomponentof themodelsimulatesthe
O3-HOx-NOx-CH4-COphotochemicalsystemandoxidation
of nonmethanehydrocarbonsthrough88 chemicaland25
photolytic reactionswith 47 chemicalspeciesin its present
configuration.

For thissimulation,weadoptedahorizontalresolutionof
T21 (5.6

�
longitude � 5.6

�
latitude),anda relatively high

vertical resolutionwith 32 layers from the surfaceup to
about40 km altitude. The modelusesa σ coordinatesys-
tem in the vertical andhasa vertical resolutionof 1 km in
thefreetroposphereandmuchof thelower stratosphere.

An evaluationof the model suggeststhat it is able to
simulatetheobservedtroposphericozonedistribution [Sudo
et al., 2001b]. The modelreproducesthe zonalwavenum-
ber 1 structurein tropical troposphericcolumnozone,cal-
culating an ozonepeak in the Atlantic (40-48 DU) and a
minimum in the westernPacific (15-20DU) in Octoberas
shown in Figure 1. In a climatologicalsimulationby the
model,thephotochemicalproductionanddestructionof O3

in theglobaltroposphereareestimatedat4895TgO3/yr and
4498TgO3/yr, respectively (leadingto netO3 productionof
397 TgO3/yr). The stratosphericinflux of O3 is estimated
at 593TgO3/yr, in themiddleof therangeof previousstud-
ies(391TgO3/yr [Hauglustaine et al., 1998]to 846TgO3/yr
[Berntsen and Isaksen, 1997]).

3. Simulation method

In this study, our simulation resultsare evaluated,us-
ing tropicalanomalies(October1997minusOctober1996)
in troposphericcolumnozone(TCO) derivedby a satellite-
basedmethod(convective-clouddifferential,CCDtechnique)
[Chandra et al., 1998]. We have setup a simulationfor 2
years,1996and1997,for adirectcomparisonwith Chandra
et al. [1998]. To reproducethe meteorologicalconditions
in 1996and1997, we usedanalyzeddataof wind veloci-
tiesandtemperaturefrom theEuropeanCenterfor Medium-
RangeWeatherForecasts(ECMWF) asa constraintto the
dynamicalcomponentof the model, in additionto seasur-
facetemperature(SST)datafor 1996and1997.Themodel
is nudgedby usingthedaily ECMWFdatawith a relaxation
time of 1 day. Thenudgedmodelgenerallywell reproduces
thetropicalwatervapordistributions in 1996and1997from
the ECMWF observations. To evaluatethe meteorological
impactof the El Niño only, the effect of the 1997Indone-
sianfiresis not takeninto accountin thissimulation,andthe
samesurfaceemissionratesin Indonesiaareusedfor 1996
and1997in themodel.

4. Resultsand discussion

4.1. Impact on tr oposphericozone

Figure2 showsa comparisonbetweenobservedandsim-
ulated anomalies(October1997 minus October1996) in
TCO (DU). Theobservedanomaliesarederivedfrom Earth
Probe(EP)TotalOzoneMappingSpectrometer(TOMS)us-
ing theconvective-clouddifferential(CCD)technique[Chan-
dra et al., 1998]. TCO calculatedby the modelshows the
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O3 columnintegratedfrom thesurfaceto thetropopausede-
fined as the lowest altitude at which the vertical tempera-
ture gradientis greaterthan � 2 K/km in the model. The
simulatedTCOanomaliesin Octobershow anasymmetrical
dipole structurecenteredaroundthedateline with positive
anomaliesin the westernPacific and Indonesiaand nega-
tive anomaliesin the easternPacific, well reproducingthe
observed changesin TCO in October1997. The simulated
negative anomaly(decrease)in TCO rangesfrom 2 DU to 8
DU throughmuchof theeasternPacific, in goodagreement
with theobservedvalues.Thesimulationalsoshowspositive
TCOanomalies(increase)of 10-12DU in Indonesiaandthe
IndianOcean.Thepeakvaluesof theobservedO3 increase
(16-20DU) arehigherthanthesimulatedvalues(10-12DU)
by 6-8 DU. This underestimationof thesimulationmay be
attributedto theeffect of theIndonesianfire emissions[Fu-
jiwara et al., 1999; Hauglustaine et al., 1999; Thompson
et al., 2001]. However, it is interestingto notethatboththe
observationsandthesimulationshow a peakover the east-
ern Indian Oceanand the edgeof Sumatra,demonstrating
the considerableimportanceof the El Niño inducedmete-
orological changesfor the observed O3 increaseover this
region. Theobservationsalsoshow positive anomalies(2-4
DU) over SouthAmerica,probablyreflectingthe effect of
changesin the zonal circulation (Walker circulation). Al-
thoughtheseobservedpositive anomaliesin SouthAmerica
arenot clearly seenin the modelresultsfor October, simi-
lar positive anomalies(4-8 DU) arecalculatedby themodel
over SouthAmericain November(not shown).

4.2. Implications fr om simulation

Figure3(a) shows the simulatedchanges(October1997
minusOctober1996)in theverticaldistribution of O3 aver-
agedover 10

�
S-10

�
N. As expectedfrom Figure2, anasym-

metricaldipolestructureis seenover 60
�
E-100

�
W, strongly

anti-correlatedwith the changesin vertical wind velocity
andconvective cloudmassflux computedin themodelwith
theArakawa-Schubertconvectionscheme(Figure3(b)). 70-
90% of the simulatedTCO changes(Figure 2, bottom)
comesfrom O3 changesbelow 10 km as shown in Fig-
ure 3(a). The importantfactorscontrolling the O3 increase
over theIndonesianregion (70

�
E-170

�
E) aredownwardmo-

tion, suppressedconvection, and drynessas suggestedby
Chandra et al. [1998]. Downward motion, togetherwith
suppressedconvection,bringsO3 producedin theuppertro-
pospheredown, causingO3 in thelower-middletroposphere
to increase.Additionally, the dryness,leadingto a longer
lifetime for O3, seemsto contribute to thesimulatedO3 in-
creaseover this region. SinceH2O is the main causeof
O3 loss in the low to middle troposphere[e.g., Kley et al.,
1996], the simulatedchemicallifetime of ozoneincreases

by 60-100%in themiddle troposphereover 70
�
E-170

�
E as

shown in Figure 3(d), anti-correlatedwith the specifichu-
midity changesof Figure3(c). In theIndonesianregion, the
chemicallifetime of ozoneat5 km altitudeis prolongedtyp-
ically from � 10 daysin October1996to � 25 daysin Oc-
tober 1997 in the model. The O3 increase( � 20 ppbv) in
theuppertroposphere(higherthan12 km) over theIndone-
sianregionappearsto bealsoassociatedwith thedownward
motion andsuppressedconvection leadingto lessefficient
verticaltransportof low O3 air massesfrom thesurface,and
possiblyto subsidenceof stratosphericO3. Theseprocesses
arereversedwherethereis upwardmotion, enhancedcon-
vection,andH2O increase(170

�
E-90

�
W). Upwardmotion

andenhancedconvectionadvect low O3 andhigh H2O up-
ward,resultingin lower O3 ( � 5 to � 15 ppbv) over this re-
gion (Figure3(a)).

Moreover, the simulationindicatesthat the photochem-
ical O3 productionprocessis alsoaffectedby the El Niño
. Here,we focusour attentionon the peakregion of ozone
increaseover 10

�
S-0

�
. Figure4(a)and(b) show longitude-

altitudecrosssections(10
�
S-0

�
) of thenetchemicalproduc-

tion (P-L) of O3 (ppbv/day)simulatedfor October1996and
1997,respectively. In 1997,theO3-producingarea(P-L� 0)
is enlarged downward to 3-4 km over Indonesia. The net
O3 productionat � 5 km over Indonesiaincreasesby 1-1.5
ppbv/day, changingfrom negative (sink) in 1996to positive
(source)in 1997.Thisenhancementin thenetO3 production
in themiddletroposphereis dueto theH2O decreaseasdis-
cussedabove andalsoto increasesin O3 precursorssuchas
nitrogenoxidesNOx (NO� NO2) andcarbonmonoxideCO
(Figure4(c) and(d)) in thelow to middle troposphere.The
NOx changesbelow 8 km appearto becausedby changesin
the efficiency of wet depositionof HNO3 associatedwith
precipitationpatternchanges,and also by changesin the
NOx removal by OH (hydroxyl radical)dueto H2O changes.
The HNO3 lifetime againstwet depositionaveragedover
theIndonesianregion is prolongedfrom � 1 day in October
1996to 3-5daysin 1997,leadingto anincreasein HNO3 by
200-500%.NOx increasesin the uppertroposphere(above
12km) over70

�
E-170

�
E maybedueto subsidenceof strato-

sphericNOx. A slight NOx decrease(5-10pptv)at 6-12km
over � 110

�
E may be attributed to a decreasein lightning

NOx productionover Indonesiadue to suppressedconvec-
tion in themodel.In thecaseof CO,thesimulatedincreases
( � 10 ppbv) in the lower troposphereover 70

�
E-170

�
E ap-

pearto bedueto suppressedconvectionanddownwardmo-
tion (Figure 3(b)). Figure 4(d) also shows CO increases
in the middle troposphereover 60

�
E-120

�
E. TheseCO in-

creasesappearto beassociatedwith a longerlifetime for CO
dueto reducedOH levels,andalsowith enhancedtransport
from SouthAfrica owing to the changesin the circulation
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patternin the tropicsasillustratedin Figure3(b). It should
alsobenotedthat thenetO3 productionin theuppertropo-
sphere( � 12km) over Indonesiais weakenin October1997
by 20-40%(Figure4(b)) in spiteof theNOx increasein this
region (c). This arisesfrom decreasesin otherO3 precur-
sorssuchasHOx (OH+HO2), CO, andhydrocarbonsin the
modelas shown in Figure4(d). In October1997,upward
transportof CO,hydrocarbons,andHOx precursorssuchas
formaldehyde,acetone,and peroxidesto the upper tropo-
sphereover theIndonesianregion is notefficientdueto sup-
pressedconvectionanddownwardmotion in this region. In
themodel,HOx decreasesby 50-70%in theIndonesianup-
pertropospherein October1997.

5. Summary and conclusions

In thisstudy, themeteorologicalimpactof the1997-1998
El Niño on the tropical troposphericozonedistribution has
beeninvestigatedusinga global chemicalmodel. To eval-
uatethe El Niño inducedmeteorologicalimpactalone,the
effect of the 1997 Indonesianfires is ignoredintentionally
in thissimulation.Thesimulationgenerallywell reproduces
theobservedozoneanomalies(increaseanddecrease)in Oc-
tober 1997, thoughthe peakvaluesin the ozoneanomaly
over theIndonesianregion areunderestimatedby themodel
due to lack of considerationof the 1997 Indonesianfire
emissions.Thekey factorscontrolling thesimulatedozone
changesare(1) thedownward/upwardmotions,(2) thesup-
pressed/enhancedconvection, and (3) the associatedwater
vapor(H2O) changesin thetropics.

In thesimulation,70-90%of thecalculatedchangein tro-
posphericcolumnozoneis causedby O3 changesbelow 10
km altitude.Thesimulationshows thattheO3 increasesbe-
low 10km over theIndonesianregion arerelatedalsoto en-
hancedO3 productionin the middle tropospheredueto in-
creasein NOx andotherO3 precursorsassociatedwith me-
teorologicalchangessuchassuppressedconvection,down-
ward motion, dryness,andreducedprecipitationin this re-
gion. As Chandra et al. [1998] suggests,O3-producingair
massappearsto increasein this region in the model. On
thecontrary, in theuppertroposphereover Indonesia,simu-
latedO3 productiondecreasesby 20-40%owing to reduced
injection of O3 precursorsassociatedwith suppressedcon-
vectionanddownwardmotion in the region. Consequently
this model simulationsuggeststhat the effect of the 1997
Indonesianfire (not consideredin this study)on O3 produc-
tion is mostsignificantin the lower troposphere(especially
in the boundarylayer), and is lesssignificantin the upper
troposphere.
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Figure1. Troposphericcolumnozone(TCO)simulatedby CHASERfor October(DobsonUnits,DU).

Figure 2. Observed andcalculatedtropical anomalies(1997minus1996)in TCO showing the effectsof El Niño (1997).
(Top) EPTOMS CCD TCOfor October(DU) [Chandra et al., 1998],(bottom)modelresultsfor October. Themodelresults
show TCOanomaliesdueto meteorologicaleffectsonly.
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Figure3. Longitude-altitudecrosssectionof simulatedanomaliesin (a)ozone(ppbv), (b) convective cloudmassflux (g m	 2

s	 1) andwind vectorof zonalandverticalvelocity(verticalvelocity is scaledupby afactorof 1000),(c) specifichumidity(g
kg 	 1), and(d) chemicallifetime of ozone(%) averagedover 10

�
S-10

�
N. Thedifferencesareshown asOctober1997minus

October1996.
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Figure 4. Longitude-altitudecrosssection(10
�
S-0

�
) of netchemicalozoneproduction(ppbv/day)simulated(a) for October

1996and(b) for October1997,andsimulatedanomaliesin (c) NOx, and in (d) CO. The anomaliesareshown asOctober
1997minusOctober1996.


