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Abstract:

The 1997-99ENSO cyclewasvery powerful, but also well observed. Thebest

satelliterainfall estimatescombinedwith gaugeobservationsallow for a global analysis

of precipitationanomaliesaccompanyingthe 1997-98E1Nifio andinitiation of the 1998-

99 La Nifia. For the period April 1997to March 1998the central to easternPacific,

southeasternand westernU.S., Argentina,easternAfrica, SouthChina,easternRussia,

and North Atlantic were all more than two standarddeviations wetter than normal.

During the sameyear the Maritime Continent,easternIndian Ocean,subtropicalNorth

Pacific,northeasternSouthAmerica,andmuchof themid- latitudesouthernoceanswere

morethantwo standarddeviationsdrier thannormal. An analysisof theevolution of the

E1 Nifio and accompanyingprecipitation anomalies revealed that a dry Maritime

Continentled theformationof theE1Nifio SST,while in thecentralPacific,precipitation

anomalieslaggedthe E1Nifio SSTby a season.A rapid transitionfrom E1Nifio to La

Nifia occurredin May 1998,but asearly asOctober-November1997precipitationindices

captured precursor changesin Pacific rainfall afiomalies. Differences were found

betweenobservedand modeled(NCEPfNCAR reanalysis)precipitation anomaliesfor

1997and98. In particular,themodelhadabiastowardspositiveprecipitationanomalies

andthemagnitudesof the anomaliesin theequatorialPacificweresmallcomparedto the

observations.Also, the evolution of the precipitationfield, including the drying of the

Maritime Continentand eastwardprogressionof rainfall in the equatorialPacific, was

lesspronouncedfor the modelcomparedto the observations.Onedegreedaily estimates

of rainfall show clearly the MaddenJulian Oscillation and relatedwesterly wind burst

eventsovertheMaritime Continent,which arekey indicatorsfor theonsetof E1Nifio.



1. Introduction

It can be argued that the 1997-98E1Nifio was the strongestENSO eventever

recorded. The unusually warm watersof the equatorialPacific wereaccompaniedby

changesin the largescalecirculation, followed by precipitationanomaliesrangingfrom

severedrought to floods. The Maritime Continent, Amazon and Congobasins, and

Central America experienced drought during somepart of 1997 and 1998, while

Argentina,Peru,andEast Africa were hardesthit by flooding:.,__Infact, therehavebeen

manystudiesdocumentingthevariability of regionalprecipitationduring the97-98event

(Montroyet al. 1998,Bell andHalpert 1998,Bell et al. 1999,Jaksic1998,Mullen 1998,

Pavia and Badan 1998, Harrison and Larkin 1998,Kogan 1998,Jensenet al. 1998,

McPhadden1999). The E1Nifio was followed by a persistentLa Nifia. The regional

precipitation anomalies for this phase of the ENSO cycle have been less well

documented.In this study satelliteobservationsandgaugesareusedto examine global

precipitation anomalies associated with the 1997-98 El Nifio and 1998-99 La Nifia.

Another focus is the timing of the onset and decay of precipitation anomalies over the

Maritime Continent and East Pacific associated with the evolution of ENSO. Finally, the

observations will be compared to model generated precipitation during this period.

An experimental version of the Global Precipitation Climatology Project's

(GPCP) community data set (reference section 2) was used to construct precipitation

anomalies for the year average April 1997 to March 1998 (Fig. 1). Overlain is

Ropelewski and Halpert's (1987) (hereafter RH) schematic figure showing areas typically

dry and wet during an E1 Nifio. Ropelewski and Halpert's pioneering work was a

compilation of regional studies of precipitation during ENSO. The paucity of surface
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observationsrestricteda globalanalysis. Recentdataproductsbasedon remotely sensed

precipitationestimatesinvited arevisitationof global precipitationanomaliesassociated

with ENSOevents,in particularthepowerful97-98event.

2. DataandIndices

The primary datasourcefor this study is anexperimentalversionof the Global

PrecipitationClimatology Project's (GPCP;Huffman et al. i997) community dataset,
a

hereafter referred to as GPCPx. This data set is like Huffman et al. (1997) except there

has been a slight modification in the merger technique; it uses TOVS data (Susskind et al.

1997) to fill in missing or uncertain data in the high latitudes, and the record extends

from January 1979 to July 1999.

GPCPx is compared with NCEP/NCAR's reanalysis product (Kalnay et al. 1996).

Precipitation is computed from a 62 wave triangular, 28 layer spectral model "Medium

Range Forecast" run.

For the examination of smaller time and sl_ace scales, an experimental one degree

daily (1DD; Huffman et al. 1999) precipitation analysis_was used. !DD includes

precipitation estimates from geosynchonous IR, and TOVS. Each day of the daily

combination is scaled such that each month of data sums to the corresponding GPCPx

month of data. This is done to ensure consistency between GPCP products and introduce

gauge data as a constraint on 1DD. The product currently extends from January 1997 to

December 1998. NCEP/NCAR also produces a daily reanalysis precipitation data set,

with zonal grid spacing of 1.875 °, and this was used to compare with 1DD.



Finally, the ENSO wastrackedusing anobservedSSTanomalydataset at 0.5°

resolution(ReynoldsandSmith 1995).

Several indices were used to monitor monthly temperatureand precipitation

anomaliesin thePacificbasinandMaritime Continent.Following theClimatePrediction

Center'sanalysis,SSTandprecipitationwere computedwithin thecoreof theMaritime

Continent (INDO; Fig. 2). Nino 3.4 (Fig. 2) waschosento quantify SST in the East

Pacific. A precipitationindex wasalsoconstructedfor the Nino_3.4block. In addition,

areaaveragesof precipitation, the sizeof INDO and Nino3.4, weremoved throughout

largerdomainsencompassingtheMaritime Continent(mc) andEastPacific (p) (Fig. 2)

as described by Curtis and Adler (1999). Moving blocks are especially useful in

describingprecipitationbecauseof thespatiallyvaryingnatureof rainfall. Themc- value

denotestheminimumvaluein themovingblocks found within mc andp+ themaximum

valuefoundwithin p. Amc- andAp+ refer to theminimum andmaximumprecipitation

anomaliesrespectively. Thus, these indices capture the centersof action over the
Y

Maritime Continent and central Pacific and can often lead fixed indices in detecting

climate change. The normalized difference of Ap+ minus Amc- equals the E! Nifio Index

(EI), a measure of the westward gradient of rainfall anomalies. The normalized

difference of Amc+ minus Ap- equals the La Nifia Index (LI), a measure of the eastward

gradient of rainfall anomalies. The El Nifio Index minus the La Nifia Index yields the

ENSO Precipitation Index (ESPI). The normalized ESPI has been shown to be well

correlated with Nino 3.4 and Southern Oscillation Index (SOI) and a good measure of the

strength of the Walker circulation (Curtis and Adler 1999).
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3. Monthly SSTandPrecipitationfor 1996-99

This section usesmaps and indices of SST and precipitation to describethe

evolutionof the 1997-98E1Nifio andinitiation of the 1998-99La Nifia. In particular,the

tropicsareexaminedto identify SSTandprecipitationsignalswhich maybeprecursors

to theonsetor decayof ENSOevents.

3.1 Global Anomalies

Figs. 3 to 6 describe the evolution of the El Nifio and initiation of the La-Nifia in

terms of global GPCPx precipitation anomalies. Bimonthly averages remove the 30-60

day oscillations and are thus useful in analyzing interannual variability. The monthly

GPCPx fields for 1997-99 and climatologies were also used in the analysis, but not

shown here. 1995-96 was characterized by a mild La Nifia. It was the fourth strongest

according to 20 years of ESPI data, but relatively weak compared to long-term SST and

SOI records. In January-February 1997 (Fig. 3a,b), the La Nifia pattern was weak, with

negative SST and precipitation anomalies in the cenfral to east Pacific and wet conditions

straddling the equator over the Maritime Continent. A dry anomaly extended from the

eastern equatorial Indian Ocean to Indonesia. The relation between this feature and the

onset of the E1 Nifio will be described further in section 3.2.

In March-April 1997 a warm anomaly was located off the coast of Peru (Fig. 3c).

In the East Pacific the typical double Intertropical Convergence Zone (ITCZ) was absent,

while in the West Pacific the ITCZ and South Paciifc Convergence Zone (SPCZ) were

further apart than normal. This pattern of precipitation was consistent with negative

precipitation anomalies over the Maritime Continent, extending eastward in a band along



the equatorand positive rainfall anomalieslocatedimmediatelyto the north and south

(Fig. 3d).

In May-June1997(Fig. 3e,f) warmE1Nifio watershadextendedinto thecentral

Pacificandpositiveanomalieswerefoundoff thewestcoastof North America. Therain

bandaccompanyingthe ITCZ hadbegunto broaden,intensify, and migrate southward,

consistent with a weakening of the Walker circulation. Negative anomalies over

SoutheastAsiawereproducedby adelayin theonsetof the 1997summermonsoon.
.-,..v--

In July-August 1997 (Fig. 3g, h) the positive precipitation anomaiies'in the

equatorial Pacific continued to strengthen and the Asian monsoonal rainfall was heavier

than normal.

By September-October 1997 (Fig. 4a, b) the Indian Ocean had begun to warm

while rainfall increased over East Africa. At the same time there was a decrease in

convective precipitation over the Congo and Amazon basins.

The temperature anomalies in the East Pacific reached a maximum in

November-December 1997 (Fig. 4c). Precipitationwithin the SPCZ and Pacific ITCZ

merged, forming a region of positive precipitation anomaly east of the date line (Fig. 4d).

The Atlantic ITCZ was anomalously dry and northern Argentina and the Southeast U.S.

were anomalously wet during these months.

The largest precipitation anomalies in the Pacific occurred during

January-February 1998 (Fig. 4f) after the El Nifio (in terms of SST) had begun to

weaken (Fig. 4e). Anomalously dry regions straddled the wet equatorial Pacific,

providing evidence that during this stage of the ENSO an anomalous meridional, rather

than zonal, circulation was dominant (Curtis and Hastenrath 1997). This will be
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discussed in the context of the transition from El Nifio to La Nifia in section 3.2. The

North Pacific storm track crossed the west coast of North America further south than

normal bringing dry conditions to coastal Alaska and heavy rains to the Pacific

Northwest.

By March-April 1998 (Fig. 4g, h) positive precipitation anomalies in the eastern

Pacific had weakened. Northeast Brazil was anomalously dry but the Maritime Continent

drought had begun to end.

o

A weak E1 Nifio (in terms of SST) in May-June 1998 was accompanied by mostly

negative precipitation anomalies in the Pacific (Fig. 5a, b). However, rainfall anomalies

in excess of 10 mm day -_ remained off the coast of Peru. Positive precipitation anomalies

were replaced by negative anomalies in the Southeast U.S.

In July-August 1998 the SST pattern in the Pacific was more characteristic of a La

Nifia than an El Niho and the Walker circulation began to strengthen as positive

precipitation anomalies covered the East Indian Ocean and western Maritime Continent

and negative anomalies dominated the central equatorial Pacific (Fig. 5c, d).

September-October 1998 (Fig. 5e, f) was characterized by a strengthening La

Niha and cooling of the Indian Ocean. Heavy rains accompanied the North American

summer monsoon.

From November-December 1998 to March-April 1999 (Figs. 5g, h and 6) a steep

gradient of anomalous precipitation was formed in the western Pacific, as the convection

center of the Maritime Continent and SPCZ continued to intensify and the largest

negative precipitation anomalies shifted westward. In early 1999 (Fig. 6) enhanced

rainfall was observed over the Amazon basin and southeastern Africa, while the Indian
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Ocean ,,,,'as covered by dry anomalies.

pattern remained strong in terms of SST and precipitation, but with positive precipitation

anomalies located just south of the equator in the eastern Pacific. In fact, the La Nifia has

persisted through boreal summer 1999 (not shown here).

In summary, the dry anomalies over the Maritime Continent led the formation of

the E1 Nifio. However, the maximum precipitation anomalies over the central Pacific

lagged the peak in the E1 Nifio SSTs by a season. The largest tprecipitation anomalies
o? ,

were confined to the equatorial Pacific basin and Maritime Continent from April to

September 1997; were found throughout the global tropics and subtropics at the end of

1997; and extended as far poleward as Alaska by the beginning of 1998. Whether or not

these precipitation anomalies were forced solely by the E1 Nifio remains unclear.

In March-April 1999 (Fig 6c, d) the La Nifia

3.2 Indices

The monthly evolution of observed temperature and precipitation anomalies in tl:e

equatorial Pacific is captured by indices shown in Figs. 7-8. Bimonthly averages of

precipitation remove the 30-60 day oscillation. Early indications of the 1997-98 E1 Nifio

can be found in the decrease in rainfall over the Maritime Continent as described by the

downward turn in INDO precipitation (Fig. 7b) and Amc- (Fig. 7c) in September-October

1996. The indices actually crossed the zero line in November-December. In the next bi-

month positive precipitation anomalies were found in the Pacific search area (Fig. 7c).

The Nino 3.4 SST index bottomed out in December 1996 and climbed to positive values

in March 1997. Thus, negative precipitation anomalies were found over the Maritime

Continent (ref. Fig. 3b) before the increase in rainfall and warming of the equatorial



Pacific (ref. Fig. 3c,d). Interestingly,thepositiveprecipitationandSSTsignalswerenbt

co-locatedat this time. Theincreasein rainfall occurredin thecentralPacific,just off the

equator,and the warm anomaliescoveredtheequatorialcold tonguein the eastPacific

(ref.Fig. 3c,d). In fact, theanomalouslyclearconditionsandsubsequentincreasein solar

radiation during this seasonmayhaveservedto strengthenthedevelopingEl Nifio. By

May-June positive SST anomalieshad extended in to the central Pacific (Fig. 3e),

providing the energyfor convectionin the Nino 3.4 region (F_Fig.3f, Fig. 7b). The E1
,?,

Nifio evolved with the SST leading the precipitation signal in the central Pacific by about

a month. However, the decrease in convection over the Maritime Continent occurred

well before a small decrease in the water temperature surrounding the islands (Fig. 7a,b).

A direct relation between these two signals is not evident. Dry conditions over the

Maritime Continent (Amc-) were most extreme in October-November 1997, nearly

simultaneous with the peak in E1 Nifio SSTs, but leading Ap+ (Fig. 7c).

During the maturation of the E1 Nifio, in September-October 1997, the Amc+ and

Ap- began to rise and fall respectively (Fig. 7d), giving the first indication of the coming

La Nifia. The negative precipitation anomalies in the Pacific were found to the north of

the anomalous enhanced rainfall (Fig. 4b) and positive anomalies surfaced over New

Guinea in November-December, spreading throughout the Maritime Continent by March-

April 1998.
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3.3 Sv_lthesis

During the end of the 1995-96 ka Nifia dry anomalies were found over the eastern

Maritime Continent. These anomalies merged with negative anomalies already

established over the Pacific and, through increased short wave radiation, may have

contributed to an intensification of the warming of the equatorial cold tongue. In turn,

the warm waters favored enhanced convection. The Maritime Continent was driest and

the central Pacific was warmest around October-Novemberl997. The maximum
,Y ,

precipitation anomaly in the Pacific followed in January-February 1998. As the E1 Nifio

strengthened, early indications of the coming La Nifia were observed in the central

Pacific. A dipole pattern of wet anomalies along the equator and dry anomalies to the

North was consistent with an intensified meridional-vertical circulation (Curtis and

Hastenrath 1997) from July-August 1997 to May-June 1998. The negative precipitation

anomalies in the Pacific preceded the positive anomalies over the Maritime Continent. In

the second half of 1998 the positive anomalies dissipated in the Pacific and the negative

y.

anomalies intensified and shifted westward.

The precipitation anomalies accompanying the 97-98 El Nifio are illustrated by

the April 1997 to March 1998 average and standard deviations from the long-term mean

(Fig. 1). RH's schematic areas are generally consistent with the GPCPx anomalies.

However, for the 97-98 event the precipitation anomalies were larger at the west coast of

the U.S. rather than further inland. In Africa the RH areas capture the fringes of the

largest precipitation anomalies. The interior of India, northeast Australia, and the Pacific

near 165 ° E and 10 ° N were mostly wet rather than dry. GPCPx also shows substantial

rainfall anomalies over the oceans. During this time it was anomalously wet from the
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coastof Chinaeastwardanddry to theNorth. RH capturesthe anomalousrains of the

central Pacific but not the statisticallysignificant anomaliesof theEast Pacific. Some

northernhigh latituderegions,includingEurasia,Siberia,andCanada,andevenAntartica

received precipitation amountsin excessof 2 standarddeviations from the mean.

However,thegaugequality is questionableover theselandareas.TheDrakePassageand

otherspotsof thesouthernhigh latitudeoceansweresignificantlydry.

Finally, Ap+ and Amc- arecombinedto determinethelargestwestwardgradient

of anomalousprecipitation. TheresultingE1Nifio Index (EI) (ref. Section2) is positive

whenthecentralto easternPacific is anomalouslywet andMaritime Continentdry. The

combination of Ap- and Amc+ yields the strongesteastwardgradient of anomalous

precipitationdenotedby theLaNina Index (LI) (ref.Section2). Thedifferencebetween

the indices,or ENSO precipitationIndex (ESPI),determinesthedominantsignal. These

indicesareplotted in Fig. 8. TheEI andESPIbothpeakedin September-October1997

(Fig. 8), slightly leadingNino 3.4SST(Fig. 7a)and somewhatbeforetheoccurrenceof

the largestprecipitationanomaliesin thePacific(Fig. 7c). According to the ESPIandEI

the 1997-98E1Nifio eventwasthelargestover thepast20years(Curtis andAdler 1999).

4. ObservedVersusModeledPrecipitation

The evolution of NCEP/NCAR derived precipitation shows some striking

differencesfrom the observations.The absolutemagnitudesof the modeledNINO 3.4

and INDO precipitation indicesaresmaller than observed(Fig. 9a). For GPCPx,the

INDO indexreacheda minimumwell beforeNINO 3.4reachedamaximum. However,

the modelshowsa simultaneouspeakin the indices(Fig. 9a). Theextremesof Ap+ and
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Amc- associatedwith the E1Nifio occurred earlier for the reanalysis than for the

observations(Fig. 9b). Finally, thetimeseriesplots of Amc+ andAp- aredifferent for

GPCPxascomparedto NCEP/NCAR, especially in 1997whenthe observationsgive

negativevaluesfor Amc+, whereasthe modeledprecipitationproducesalocal maximum

(Fig. 9c).

Fig. 10showsthe April 1997to March 1998averagefor GPCPx,NCEP/NCAR,

andtheGPCPxminusNCEP/NCARdifference. Although theE_.NSOsignal is presentin

the modeledprecipitation anomalies,there are substantial differences in magnitude

betweenthereanalysisandobservedestimates.As notedin arecentstudyby Janowiaket

al. (1998)comparingGPCPand NCEP/NCAR,the magnitudesof thereanalysisvalues

aresmallerthan thoseobservedon theinterannualtime scale. In thecentralPacificonly

a small areaof modeledprecipitation anomaliesis greaterthan4 mln day" andnoneof

theanomaliesin theMaritime Continentarelessthan--4mm day_(Fig. 10b). In fact, the

maximumanomalousprecipitationratewithin the wet equatorialEastPacific is 7.7 mm

day1for theobservationsascomparedto 5.4 mm day_ for themodel,while the minimum

anomalousprecipitation rate over the Maritime Continent is -6.1 and -4.0 mm dayl

respectively.The NCEP/NCAR averagemapshowsvery wet anomaliesover India and

very dry anomaliesover equatorialSouthAmerica which werenot observed(Fig. 10).

Also,NCEP/NCARanomaliestendto bepredominantlypositive(Janowiaket al. 1998).
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5. Daily'Precipitationfor 1997-1998

Fig. I1 shows a global time-longitude diagramof daily precipitation averaged

from 5" N to 5° S. Theperiodis January1 1997to December31 1998. Theplot showsa

MaddenJulian type oscillation, as threeprecipitating systemstraveledfrom the Indian

Oceanto thecentralPacific beforetheJanuary-February-March1998peakENSOsignal.

The heaviestprecipitationwaslocatedin the centralPacific in the secondhalf of 1997,

moving to the East Pacific by boreal spring 1998. Precipita__tionover the Maritime

Continentwasespeciallyweakfrom July to October 1997,when theWalker circulation

wasweakestandESPIwasa maximum(Fig. 8), andstrong in the secondhalf of 1998.

In May 1998a precipitationcomplex,possiblyassociatedwith a Kelvin wave, traveled

from the Eastcoastof Africa to the easternPacific in a matter of daysduring therapid

decayof the E1Nifio andinitiation of La Nifia. Takayabuet al. (1999)suggestthatan

MJO influencedthe terminationof E1Nifio throughthe intensification of easterlytrade

winds.

y.

A similar Hovm611er analysis was performed on the NCEP/NCAR data (not

shown here). Globally, magnitudes of the modeled precipitation were smaller than those

observed. The observations (Fig. 11) suggest that equatorial mesoscale complexes are an

important mechanism for the transport of substantial rainfall amounts from the Maritime

Continent to the East Pacific. However, in the reanalysis these systems are less well

defined and there seems to be a large scale spreading of light precipitation across the

basin• In fact, in early 1998 the model shows about equal precipitation amounts in the

East and West Pacific. This helps explain why in the annual average the wettest area of

the central Pacific is further West for NCEP/NCAR as compared to GPCPx (Fig. 10).
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Finally, the NCEP/NCAR reanalysis produced continuous convective precipitation

between90° and 120° E during 1997-98,which is consistentwith the small negative

anomaliesover theMaritime Continentin Fig. 10b.

Daily precipitation is useful for trackingthe MaddenJulian30-60dayoscillation

andcanevenapproximatethetiming of westerlywind burstsin theMaritime Continent

region. In a recent study, Yu and Rienecker (1998) documented a westerly wind burst

event during the end of February and beginning of March 1997. At the same time there
.,,.v--

was a rapid eastward migration of convection off the Maritime Continent (Fig. 12). This

phenomena was reflected in a precipitous drop in the mc- index (climatology was not

subtracted out). In fact, from January to August 1997 the 30 day running mean of mc- is

step-like, with the largest decrease during the February-March period. A lesser decrease

occurred in July. The westerly wind burst event coincides with the beginning of an active

MaddenJulian Oscillation (Fig. 11). Although the NCEP/NCAR model resolves the

MJO, the rains over the Maritime Continent do not decrease over time. This may be a

reason why the model does not show the large precii_itation anomalies in the East Pacific

in early 1998, and produces only a weak anomalous precipitation gradient in the Pacific

basin during the ENSO.
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6. Conclusions

This studyexaminedglobalprecipitationobservationsduringthe 1997-98E1Nifio

and beginning of the 1998-99La Nifia. Comparisonswere madewith NCEP/NCAR

model output. Precipitation anomaly patternsduring these yearswere in general

consistentwith the typical ENSO patternsdescribedin previousstudies,namelywet in

thecentralto easternPacific,andsoutheasternU.S.,anddry overtheMaritime Continent

and northeastern South America. The precipitation observations revealed strong

precipitation anomaliesover the Indian Ocean,southeastPacificbasin, North Atlantic,

and other.areasnot well observedat the surface. The largestprecipitation anomalies

were confined to the equatorial Pacific basin and Maritime Continent from April to

September1997,were found throughoutthe global tropicsandsubtropicsat the endof

1997,andextendedasfar polewardasAlaskaby thebeginningof 1998.

The evolution of the E1Nifio was trackedby a suiteof SST and precipitation

indices in the Pacific basin andMaritime Continent. Dry anomaliesover the Maritime

Continentand along the equator in the Pacific le_tthe formation of the E1Nifio SST

anomaly. It is conjecturedthat the anomalouslyclear conditions in the East Pacific

contributed to warming at the surfacethrough increasedincoming solar radiation• In

turn, thewarming led to enhancedconvection.Evenwhile theE1Nifio strengthened,the

seedsof the La Nifia were observedasnegativeprecipitationanomaliesformed to the

north of the equator. Much of the precipitation information was synthesizedinto the

ENSO PrecipitationIndex (ESPI). TheESPI indicatedthatthezonalWalker circulation

wasweakestduringborealfall, beforetheSSTanomaliesin theeasternPacific reacheda

maximum.
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Therewere severaldiscrepanciesbetweenthe observedprecipitation anomalies

and thosecomputedby the NCEP/NCARmodel which were discoveredby analyzing

anomalymapsand time-longitudediagramsfor the equatorialPacific during 1997-98.

The reanalysisproduct has a bias towards positive precipitation anomaliesand the

magnitudesof the anomaliesin the equatorial Pacific are small as comparedto the

observations.The MJO was resolvedby GPCPxandNCEP/NCAR, but the modeldid

not showa substantialdecreasein rainfall over theMaritime Continentwhich may have

contributedto theweakpositiveprecipitationanomaliesin the EastPacific ascompared

to theobservations.

Finally, onedegreedaily precipitation is not only useful for observingthe MJO,

but also for indicatingthe occurrenceof westerly wind burstevents. It hasbeenshown

that thewind burstsareassociatedwith rapid movementof precipitationwestwardfrom

theMaritime Continent to the WestPacific andthat lessprecipitation returnsafter the

event is over, thus leading to a step-down decreaseof rainfall over the Maritime

Continent.Two of thesedecreasesoccurredin lateFebruaryandJuly 1997.

Futurework will focusonusingthe20 yearsof precipitationdatato determineif

thepatternof evolutionof the 1997-98El Nifio and 1998-99La Nifia canbeobservedin

otherENSOevents.This informationwouldbebeneficialto climateprediction.
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Figure Captions

Fig. 1. Global precipitation anomalies from the long-term 1987-98 mean averaged for

the year April 1997 to March 1998. Shading and thin dashed contours •denote negative

values and solid contours positive values. (a) Precipitation anomaly contour intervals are

2 mm day -_. Thick lines contain areas with consistent E1 Nifio precipitation signal from

Ropelewski and Halpert (1987, Fig. 21). Solid-lined areas are w_g_!and dashed-lined areas

are dry. (b) Anomalies divided by the standard deviations. Contour intervals are unity

and begin at + 2.

Fig. 2. Orientation map. The large solid-lined and dashed-lined boxes indicate the

Pacific (p) and Maritime Continent (mc) regions respectively. Shaded regions mark the

locations of INDO (5N, 5S; 90E, 140E) and NINO 3.4 (5N, 5S; 170W, 120W) and

represent the areas over which Amc and Ap are computed.

Fig. 3. Bimonthly averages of SST (a, c, e, g) and precipitation anomalies (b, d, f, h)

from January to August 1997. Thin dashed contours and shading indicate negative

values. Contours are in 2 °C increments for SST ranging from -5 to 5 °C and 4 mm day _

increments for precipitation ranging from -10 to 10 mm day _. (a) SST January-February

(Jan-Feb), (b) Precipitation Jan-Feb, (c) SST March-April (Mar-Apt), (d) Precipitation

Mar-Apr, (e) SST May-June (May-Jun), (f) Precipitation May-Jun, (g) SST July-August

(Jul-Aug), (h) Precipitation Jul-Aug.



Fig. 4. Same as Fig. 3; period from September 1997 to April 1998. (a) SST

September-October(Sep-Oct),(b) PrecipitationSep-Oct,(c) SSTNovember-December

(Nov-Dec), (d) Precipitation Nov-Dec, (e) SST January-February1998(Jan-Feb),(f)

PrecipitationJan-Feb,(g) SSTMarch-April (Mar-Apr), (h)PrecipitationMar-Apr.

Fig. 5. Sameas Fig. 3; period from May to December1998. (a) SST May-June

(May-Jun),(b) PrecipitationMay-Jun,(c) SSTJuly-August(Jul£_Aug),(d) Precipitation

Jul-Aug, (e) SST September-October(Sep-Oct), (f) Precipitation Sep-Oct, (g) SST

November-December(Nov-Dec), (h) PrecipitationNov-Dec.

Fig. 6. SameasFig. 3; period from Januaryto April 1999. (a) SSTJanuary-February

(Jan-Feb),(b) Precipitation Jan-Feb,(c) SSTMarch-April (Mar-Apr), (d) Precipitation

Mar-Apr.

Fig. 7. 1996-98time seriesof monthly seasurfacetemperature(SST)andbi-monthly

precipitation indices for the central Pacific and Maritime Continent (ref. Fig. 2). For

panels(a)-(c) thick lines connectthe zeropoints to the maximumanomaliesduring the

97-98E1Nifio. For panel (d) thick lines connectthezeropoints to theendsof the plots.

(a) Solid line tracksNino 3.4(5N-5S,170W-120W)anddashedline theEqDO SST index

(5N-5S, 90E-140E). (b) Solid and dashed lines track observed precipitation anomalies

averaged over the Nino 3.4 and INDO areas respectively. (c) Solid and dashed lines

denote observed Ap+ and Amc- precipitation indices respectively. (d) Solid and dashed

lines denote observed Amc+ and Ap- precipitation indices respectively.



Fig. 8. 1996-98time seriesof bi-monthly indicesof anomalousprecipitationgradientin

the equatorialPacific. Solid line tracks the ENSOPrecipitation Index (ESPI),short-

dasedline E1Nifio Index (EI), and long-dashedline La Nifia Index (LI). Thick lines

connectthezeropointsto themaximumanomaliesduringthe97-98El Nifio.

Fig. 9. 1996-98time seriesof indicesdescribedin Fig. 7 derivedfrom bothobservation

(thin lines) and model (thick lines). (a) Solid and dashedli__nestrack precipitation

anomaliesaveragedover theNino 3.4andINDO areasrespectively.(b) Solidanddashed

linesdenoteAp+ andAmc- precipitation indicesrespectively.(c) Solid anddashedlines

denoteAmc+ andAp- precipitationindicesrespectively.

Fig. 10. Precipitationanomaliesaveragedfor theyearApril 1997to March 1998. Base

periodis 1987-96.Shadingdenotespositive values.Spacingis 2mm day_.

(a)GPCPx,(b) NCEPAN'CAR,(c) thedifferenceGPCPxminusNCEP/NCAR.

Fig. 11. Time-longitudediagram(5° N to 5° S) of globalprecipitationderivedfrom an

experimentalonedegreedaily product. Period is January1 1997to December31 1998.

Colorbardenotesprecipitationratesfrom 0 to 20mm day_.



Fig. 12. Experimentalone degreedaily precipitationduring a westerlywind burstevent

in late February 1997. mc- is plotted in mm day-1 for 1997 and during the period

February10to March 10. Thick line in top panelis 30-dayrunningmean. Precipitation

fields areshownfor February22,February26,andMarch4, whereshadingis delineated

every 5 mm dayt. Black denotesrain ratesin excessof 5 mm day_, white rain ratesin

excessof 25mm day1.
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