THE ENHANCED NOAA GLOBAL LAND DATASET

FROM THE ADVANCED VERY HIGH RESOLUTION RADIOMETER

Garik Gutman, Dan Tarpley, Aleksandr Ignatov,

Satellite Research Laboratory, NOAA/NESDIS, Washington, D.C.

Steve Olson

Research and Data Systems Corporation, Greenbelt, MD accepted for publication in Bulletin of the American Meteorological Society

December1994

ABSTRACT

Globalmapped data of reflected radiation in the visible (0.63 m m) and near-infrared (0.85 m m) wavebands of the Advanced VeryHigh Resolution Radiometer on board NOAA satellites have been collected as the GlobalVegetation Index (GVI) dataset since 1982. Its primaryobjective has been vegetation studies (hence its title) using the normalized difference vegetation index, NDVI, calculated from the visible and near-IR data. The second generation GVI, that started in April1985, have also included brightness temperatures in the thermalIR (11 m m and 12 m m) and the associated observationillumination geometry. This multi-year, multi-spectral, multi-satellite dataset is a unique toolfor global land studies. At the same time, it raises challenging remote sensing and data management problems with respect to uniformityin time, enhancement of signalto noise ratio, retrievalof geophysical parameters from satellite radiances, and large data volumes. We explored a four-levelgeneric structure of processing AVHRR data, the first two levels being remote sensing oriented and the other two directed at environmentalstudies, and willdescribe the present status of each level. The uniformityof GVI data was improved byapplying an updated calibration, and noise was reduced by applying a more accurate cloud-screening procedure. In addition to the enhanced weeklydata

(recalibrated with appended quality/cloud flags), the available land environmentalproducts include monthly0.15 ° -resolution globalmaps of top-of-the-atmosphere visible and near-IR reflectances,

NDVI, brightness temperatures and a precipitable water index for April1985-September 1994. For the first time, a 5-year monthlyclimatology(means and standard deviations) of each quantitywas produced. These products show strong potentialfor detecting and analyzing large-scale spatialand seasonal land variability. The data can also be used for educationalpurposes to illustrate the annual globaldynamics of vegetation cover, albedo, temperature, and water vapor. Development of the GVI data product contributes to the activities of the InternationalGeosphere-Biosphere Programme (IGBP) and GlobalEnergyand Water Cycle Experiment (GEWEX), and, in particular, the InternationalLand

Surface Satellite ClimatologyProject (ISLSCP). Monthlystandardized anomalies of the GVI variables have been calculated for April1985-present and are routinelyproduced on UNIX workstations, thus providing a prototype land monitoring system. Standardized anomalies clearlyindicate that strong signals at the land surface, such as droughts and floods, and their teleconnections with such global environmentalphenomena as ElNiño southern oscillation, can be detected and analyzed. The monitoring of relativelysmallyear-to-year variabilityis, however, contingent on the removalof residual trends/noise in GVI data which are of the order of the analyzed effects.

1. INTRODUCTION

Climate studiesrequire long-termsetsofgeographicallyreferenced global land surface data to initialize and validate numerical modelsfor the analysisofcomplexinteractionsand feedbackswithin the earthsystem(IGBP 1992). Conventionalground observationscannot provide allthe required informationand must be supplemented fromsatellites. Another applicationoflong-termglobaltime seriesofsatellitedata isestablishing climatologiesofbothtop-of-the-atmosphere radiancesand derived surfacecharacteristicswhichcouldinturnbe used asa baseline for monitoring climate-scale variability.

Among the objectivesofthe InternationalGeosphere-Biosphere Programme (IGBP), the Global

Energyand Water Cycle Experiment (GEWEX) and, inparticular, the InternationalLand Surface

Satellite ClimatologyProject (ISLSCP) isaggregationoflong-termglobaldatasetsthat willprovide a better insight into land-atmosphereinteractionondiversescales.

TheAdvancedVeryHighRes olutionRadiometer (AVHRR) onboardNOAAsatellitesismost appropriate for the above applicationsdue to availabilityofthe spectral informationfor vegetation studies, operationalglobaldailycoverage, and long-termcontinuousobservationalperiod.

Additionally, AVHRRdata are readilyavailable at a nominalcost, whereasthe highresolutiondata fromLANDSAT andSPOT arecostlyandcover onlylimitedregionsoftheglobeepisodically.

Over 13yearsofglobalAVHRRdatahavebeenarchivedat NOAA. Pro cessingthesedataisa challenge for computationalfacilities, with navigationand mapping ofthe originaldata into a regular grid being the most computer intensive tasks. The huge volumesofsatellite data require compression inspace and time. Two globalmapped AVHRRdatasetsover land have beenaggregated bysampling those observationsand mapping theminto a regular grid, withfurther reductionofthe data volume by temporalcompositing that also reducescloud contamination. Theyare the NASAGlobalInventory

Monitoring and Modelling Studies(GIMMS) and the NOAAGlobalVegetationIndex(GVI). Both are sampled AVHRRGlobalArea Coverage (GAC) data, mapped into regular grids, witheachmap cellbeing represented bya single GAC4-kmpixel. The GIMMS dataset, witha spatialresolutionof about (8 km) 2 , wasproduced ona continent-by-continent rather thanglobally-uniformbasisand does not include allAVHRRchannels(IGBP 1992). Although no complete documentation, suchasa

User’sGuide, isavailable, thisresearchdataset hasbeen veryusefulfor numerous studies(e.g. Tucker et al. 1985;Justiceet al. 1985;Tucker et al. 1991;Loset al. 1994, andmanyothers).

The NOAAGVI, produced ona globallyuniformbasiswitha (0.15 ° ) 2 resolution, iscurrently the most complete and documented globalAVHRRdataset (IGBP 1992;Tarpley1991;Goward et al.

1993;Gutman1994a;Kidwell1994). It hasbeenprimarilydirected onstudiesofglobalvegetation distributionand dynamics, hence itstitle. Between1982 and April1985 measurementsinonlysolar wavebandsofAVHRRand their combination-- normalized difference vegetationindex(NDVI) -- werearchivedasthefirst generationGVI product. Manyvegetationstudieshavebeenbased onNDVI data(e.g. Malingreau1986;Gallo andFlesch1989;Kogan1990;TateishiandKajiwara1991;Hastings and Di1994). Since April1985, measurementsinthermalIRwavebands, and the associated solar zenithand satellite scanangleswere added to the GVI dataset, forming the second generationGVI product. Thisadditional informationmade the GVI a unique toolfor global land studiesalthougha number ofchallenging remote sensing and data management issues stillneeded to be properly addressed.

In1989, analysisand re-processing ofthe GVI dataset became a core project ofthe NOAA

Climate and GlobalChange Program. The goalofthe GVI project wasto analyze and improve the

GVI dataset to make it more usefulfor climate change related applications, and the present paper summarizesitsaccomplishments. Ageneric processing scheme for AVHRRdata over land was worked out. UniformityofGVI data intime wasimproved byapplying anupdated AVHRR calibrationand byreducing noise with better cloud-screening. The following climate-related GVI productsare presentlyavailable: monthly0.15 ° globalmapsofthe top-of-the-atmosphere reflectances,

NDVI, brightnesstemperatures, a precipitable water index, and associated 5-year climatologies(means and standard deviations). These variablesand their monthlystandardized anomaliesare available starting April1985. Allthese data products show potentialfor investigationoflarge scale land surface variability, and for detecting environmentalevents, suchasdroughtsand floods, that stronglyaffect vegetationdevelopment. The monitoring ofmoderate year-to-year surface variabilityrequiresfurther suppressionofnoise, enhancement ofthesignalandremovalofresidualtrendsindata.

The experience, gained fromwork withthe GVI data, i sinstrumental increating and processing new generation8-kmPathfinder (Ohring and Dodge 1992;Jamesand Kalluri1994) and 1- kmIGBP (IGBP 1992) AVHRRdatasets. Untilthese new and superior datasetsreplace it inthe future, the GVI retainsimportance for bothremote sensing and environmentalscientistsbecause of easyaccessto the originalAVHRRradiancesinfour channelswithassociated viewing-illumination geometryandthenewdataproductsdescribedherein.

The informationcontent ofAVHRRmeasurem entsover land isdiscussed inSection2. An overview ofthe basic stepsindata processing isgiveninSection3. Section4 concernsdifferent aspectsofland monitoring. Section5 describesthe present statusofthe GVI data products, including a prototype systemfor globaloperational land monitoring, and discussesremaining uncertaintiesand potentialenhancements. ConclusionsaregiveninSection6.

2. INFORMATIONCONTENTOFAVHRRMEASUREMENTS OVERLAND

The AVHRRisflownon board the NOAApola r-orbiting satellites, the first ofwhichwas launched in1978. These satellitesare nearlysun-synchronousflying at the altitude ofabout 850 km.

Witheachpass, data are collected ina cross-track scanning mode along a swathabout 2700 kmwide, coveringarangeofviewinganglesupto 56 ° . Each24 hours, globalcoverage consisting of14.1 orbits isachieved, withone look during the daytime and one during the night. Under normalconditions,

NOAAoperatestwo polar-orbiters, one inthe morning and one inthe afternoon. The second generationGVI containsdata onlyfromdaytime orbitsofthe afternoonsatellitesNOAA-9 (April

1985-November 1988) and NOAA-11 (November 1988-September 1994). These satellitescrossthe equator between1400 and 1700 localsolar time, withthe equator crossing time drifting to a later hour asthe satellite ages(Price 1991). Satellite orbit drift resultsina systematic change ofillumination conditionsand localtime ofobservation-- one ofthe mainsourcesofnonuniformityinmultiannual satellitetimeseries.

The AVHRRhas5 channelsinthe visible, near-infrared and thermal infrared (IR) regionsof spectrum:channels1(0.58-0.68 m m), 2(0.73-1.0 m m), 3 (3.6-3.9 m m), 4 (10.3-11.3 m m), and 5 (11.5-

12.5 m m). Allthese channelshave beenchosenwithinthe relativelytransparent atmospheric windows to allow observationsofthe surface. The first two channelsmeasure solar reflected light, whereasthe land-atmospherePlanckemittancedominatesinthethermalIRchannels4and5. Channel3isthe most complicated case since bothemitted and reflected solar componentsare comparable inthiswaveband.

That wasone ofthe reasons, inadditionto frequent noisiness, for excluding channel3 fromthe GVI dataset, and, therefore, analysisofitsinformationcontent isnot given here. Abriefreview below discussesthe informationcontent ofAVHRRmeasurementsover land incloud free conditions. In studying the land surface, clouds should be excluded fromthe data since theyobscure the signalfrom thesurfaceinAVHRRwavebands.

2.1Solarchannels(channels1and 2)

Surface reflectance. The surface reflectance ischaracterized bythe bidirectionalreflectance distributionfunction(BRDF) -- reflectance asa functionofthe observation-illuminationgeometry(e.g.

Pintyand Verstraete 1992;Roujeanet al. 1992;Cihlar et al. 1994). BRDFdependsonthe type of soil/vegetationand surface topography. Ifthe BRDFisknown, one canintegrate it hemisphericallyto estimate the hemisphericalspectralsurface albedo for a particular band, but the limited range of

AVHRRviewing geometrycomplicatesderivationofthe hemisphericalalbedo. Semi-empirical relationships(e.g. Laszlo et al. 1988) can be used to convert spectralalbedosinto anintegralover the fullspectraldomain-- thebroadbandalbedo, neededasaninput to somenumericalclimatemodels.

Vegetation Index . Availabilityofthe 0.73-1.0 m mband makesAVHRRmost attractive in studying processesat the biosphere-atmosphere interface. Inthischannel, the surface reflectance sharplyincreasesfor green vegetated surfacesascompared to soil/senescent vegetation. Inchannel1, the presence ofchlorophyllingreenvegetationreducesthe observed radiances(see e.g. Curran1980).

Combining the AVHRRsolar channels, Ch1 and Ch2, allowsone to enhance the contrast between green vegetationand soil/senescent vegetation. The most widelyused combinationisthe Normalized

Difference VegetationIndex, calculated asNDVI=(Ch2-Ch1)/(Ch2+Ch1). Thisparticular combinationwasfirst proposedbyRouseet al. (1973) (not specificallyfor AVHRR) and hasproved to be veryusefulbecause it partiallycompensatesfor changing illuminationconditions, surface slope and viewing aspect -- factorsthat stronglyaffect observed radiances. The NDVI asa preferred indexfor monitoring vegetationwasreenforced byananalysisofdifferent spectralindices(Tucker 1979). Since the early1980s, top-of-the-atmosphere NDVI derived fromAVHRRhasbeenextensivelyutilized for mappingvegetationonthecontinentalandglobalscales(e.g. Tarpleyet al. 1984;Tucker et al. 1985).

There is, however, anambiguityinwhat NDVI measures, whichstemsfromthe unresolved combinationofthe amount and state ofthe vegetationinthe radiometer field ofview (Curran1980).

Usually, these two quantitiesare correlated since development ofvegetationisassociated withthe increase ofbothchlorophyllamount and area coverage bythe vegetation. The NDVI signal, however, saturatesbefore other measuresofvegetationamount, suchasLeafArea Index(LAI) (e.g. Carlsonet al. 1990). Inanyevent, becauseofstrongseasonalandspatialsignals, this"simple"indexofvegetation hasbeenextensivelyutilized bythe researchcommunityfor more thana decade. Inadditionto analyzing vegetationdistribution, monitoring its seasonaland interannualvariability, relating it to ecologicalvariablesand (e.g. Malingreau 1986;Cihlar et al. 1991), it hasalso beensuggested that

NDVI beusedinnumericalmodels(see review byGutman(1990)) for estimating the ratio ofactualto potentialevapotranspiration(Mintz and Walker 1990), the ratio ofsoilheat fluxto net radiation

(Kustaset al. 1994), canopyresistance and photosynthesis(Sellers1985), and green vegetation fractionand LAI (Carlsonet al. 1990;Price 1990), i.e. geophysicalparametersidentified byGEWEX asimportant for studyingthelandsurfaceenergyandwater budget.

Atmospheric effect. The reflectancesinAVHRRchannels1 and 2, r 1 and r 2 , are affected by scattering/absorptionprocessesinthe atmosphere. The scattering isbymoleculesand aerosols(that mayalso absorb). Gaseousabsorptioninchannel1 isdue to ozone, and inchannel2 to water vapor.

Atmospheric effectsare coupled ina complicated manner withsurface BRDF. Thus, derivationofthe surface albedo and surface vegetationindexfromsatellite measurementsrequire atmospheric corrections, discussedindetailbyTanréet al. (1992) andArino et al. (1992).

2.2ThermalIR(channels4and 5)

The brightnesstemperaturesinAVHRRchannels4 and 5, T 4 and T 5 (K), depend mainlyupon the surface temperature, totalcolumnatmospheric water vapor, and surface-atmosphere temperature gradient, so that the former two parameterscan be estimated using split-window techniques(see e.g.

Dalu1986;Kerr et al. 1992;Prata1993).

Land Surface Temperature (LST) isa usefulpiece ofinformationfor surface characterization.

However, thereis some ambiguityinitsdefinitionbecause ofthe complexcharacter ofthe land surface

-- itsheterogeneity, roughness, and multilevelvegetation(e.g. Liand Becker 1993). The split-window technique for LST retrievalusuallyisbased ona linear combinationofT 4 and T 5 . The accuracyofthe estimated LST isrestricted mainlybythe effect ofunknownand spectrallyvariable emissivity, whichis afunctionofsoil/vegetationtype, topography, andobservationgeometry(Prata1993).

Precipitable WaterIndex (PWI). Dalu’s(1986) theoreticalconsiderations show that under certainassumptionstotalcolumnatmospheric water vapor amount (totalprecipitable water) can be derived over the oceaninclear conditionsusing the difference betweenthe two AVHRRbrightness temperatures. Aprecipitable water indexcanthusbe introduced asPWI=T 4 -T 5 . Recent investigations analyzethepotentialandlimitationsofusing PWI to estimate water vapor amount over land (Justice et al. 1991;Eck and Holben1994). Variable aerosols, surface emissivityand surface-atmosphere temperature gradients, are the major factorsaffecting the relationship betweenPWI and the actual water vapor amount.

2.3Combiningsolarand thermalIRchannels

AcombinationofNDVI andLST wasproposedasamethodfor assessingthesurfacemoisture statusand fractionalvegetationcover over non-uniform land surface (Carlsonet al. 1990;Price 1990;

Nemaniet al. 1993). The basic physicalassumptionisthat the more heavilyvegetated surfacesare associated withgreater evapotranspirationand hence should be cooler thanthe lessvegetated ones.

Another reasonthat soiltemperaturesare higher thancanopyfoliage temperaturesisthe greater efficiencyofthe leavesat shedding absorbed energy(Choudhury1989). Friedland Davis(1994) indicatethat in"well-watered"conditionsthe proportionofthe soilbackground inthe radiometer fieldof-view, rather thanevapotranspiration, explainstheobservedNDVI-LST negativecorrelation.

3. GENERICPROCESSINGOFAVHRR DATA

This sectionand Section4 are pertinent to AVHRRdata use ingeneral, and the GVI dataset, inparticular. The present sectionproposesan"ideal"processing scheme, whichindicatesthe data flow and production, based onour experience withthe GVI project. It should not be confused with thepresent accomplishmentsoftheGVI project describedinSection5. Althoughthe introductionofa new structure inthisreview paper mayappear asa complication, the lack ofconsensusonprocessing and nomenclature motivated usto present our viewsonthese important issueshere. The structure, given below, facilitatesgeneraloverviewing ofthe mainlevelsindata productionand evaluating the present statusoftheGVI dataproducts, aswellasthosewithinother projects.

Data for climate studiesare usuallysubdivided into three generallevels: A) primaryinstrument readings;B) retrieved geophysicalparametersafter appropriate qualityassurance;C) fieldsprepared fromlevelBdata. Our experience withGVI data suggeststhat one more, D-level, should be added to distinguish betweengenerating complete fieldsand their statisticalanalysis. The presentlyproposed structure complieswiththe above categorizationaswellaswiththe data nomenclature inthe

InternationalSatelliteCloudClimatologyProject (RossowandSchiffer 1991).

The A-level involvespre-processing ofthe acquired satellite sensor readings. Thislevel is described indetailbyNOAA’sdocumentation, suchasNOAAPolar Orbiter Data UsersGuide

(Kidwell1991), andthereforeisnot addressedhere.

The B-level includescalibrationand radiometric correctionsofthe A-leveldata, identification ofthe pixelsthat can be used for land studies, and transformationofthe bi-directionalreflectances, r 1 and r 2 , and brightnesstemperatures, T 4 and T 5 , into climate-related land variables(surface albedo and temperature, fractionofvegetation, LAI, photosyntheticallyactive radiation, etc.). The B-leveldata are mostlyremote-sensing oriented. Theyinclude auxiliaryinformation, suchasobservationilluminationgeometry, calibrationcoefficients, Quality/Cloud (QC) flags, that allow testsand development ofmethodsto improvethequalityofdataproducts.

Stepsinthe B-levelprocessing are showninFig.1. The AVHRRdata are supplied with informationonnavigationandpre-launchcalibrationappended but not applied, and are usuallyreferred to asthe NOAA1B-level-- B1 inour notation. The data mapped dailyinto a regular geographical grid are denoted as B2 . Temporalsampling isusuallydone bycompositing procedures. The composite mapsare referred to as B3 . This stage providesuserswithBX.0 data (X=1,2,3): B1.0

(orbits), B2.0 (dailymaps), B3.0 (composite maps). Anyofthem maybe used asa starting point for further processing. BX.0 data containoriginalraw countsinAVHRRchannelsand informationon calibration, navigationandobservation-illuminationgeometry.

The first step ofB-leveldata processing involvescalibration-- conversionofsensor countsto physicalquantities-- r 1 , r 2 , T 4 , T 5 -- leading to BX.1 data products. At the next step, BX.2 , quality/cloud identificationofeachpixelisdone, withthe resultsofdifferent testsbeing packed inQC flags. The generated QCmapsare appended to BX.1, making it the BX.2 data. Correctionsfor atmosphere, and surface anisotropic and diurnalvariabilitiesare made at the next two steps, BX.3 and

BX.4 , respectively. Transformationto land surface parametersiscarried out at the finalstep BX.5 .

The last three stepsare made bymeansoflook-up tables so that the whole image, independent ofQC flags, istransformed withefficient use ofcomputer time. The decisionwhichpixelsare retained for landstudiesismadeat thenext level. Notethat most ofthe boxeshave two arrowscoming inand two coming out, whichimpliesthat the processing sequence isnon-unique and that the derived product (at eachstep) can be obtained inmore thanone way. The paththat isused to derive the product thus shouldbeaddedinamoredetailedversionoftheproposednomenclature.

To identifythe time/space resolutionofdata products, we propose a flexible nomenclature:

BX.Y/TS, where X=1,2,3 and Y=1,2,3,4,5 denote the stage and step ofthe B-levelat whichthe product wasgenerated and TS standsfor the temporaland spatialresolutions, respectively. For example, T can be H, D, W, Dk, M, S, or Y for hourly, daily, weekly, dekadal, monthly, seasonaland yearly, respectively. It isimplied that at the B-levelthe originaldataset resolutionisnot degraded, e.g.

S=1, 8, 15standingfor 1km, 4km, 8km, 15km, respectively.

The C-level data are for the userswho need productsfor, e.g., initializationand validationof modelsand do not want to spend time and resourcesonprocessing the remotelysensed data. At this level(Fig.2), the B-data are used asinput, allauxiliaryinformationisomitted, the QCflagsare applied and complete fieldsofthe variablesare produced byspatial/temporalaveraging-interpolation-smoothing. The areaswithmissing data resulting fromQCflagsapplicationare filled in by interpolation. Averaging/smoothingisdoneto filter out someresidualnoisedueto imperfectionsinthe originaldata (e.g. sampling) and the B-levelprocessing. Some ofthe signal(e.g. surface spatial variability) maybelost asa result ofsmoothing so that the effective product resolutionbecomeslower.

Using the TS mnemonicsdescribed above, the C-leveldata productscanalso be presented as

CX.Y/TS withtemporal/spatialscales specified. The latter could be alreadydifferent (i.e. with degradedresolution) fromtheB-leveldataproductsthat wereusedto generatetheC-products.

The D-level involves statisticalanalysisofthe C-leveldata. The D-productsmayinclude climatologyintermsofmultiannualmeansand standard deviationswiththe originalor reduced spatial resolution, relationshipsbetween variousparametersondifferent spatial/temporalscales, and other statistics. The D-levelproductsare most usefulfor climate analysis. Combining the D- and C-level productscan be utilized for monitoring purposes, asdescribed below. The nomenclature introduced aboveisapplicableto theD-productsaswell.

4. LANDMONITORINGASPECTS

This sectiondiscussesthe issuesrelated to monitoring fromAVHRR, ingeneral. Onlysome, but not all, ofthese aspectshave beenaccounted for inthe GVI data productsat present. Some are stillinaresearchanddevelopment stage. The present statusofthe GVI data productionand the issues to beresolvedaredescribedinthenext section.

Standardized anomalies. We define monitoring asdetectionofanomalies D =V-<V>, i.e.

deviationsofthe observed quantities, V, fromtheir multiannualmeans<V>. Inorder to quantitatively estimate the extent (realityand magnitude) ofthe anomalies, one hasto have a reference noise level, withwhichthe anomalies should be compared (Malingreau 1986) and whichisprovided bythe climatologicalvariance around the mean, s 2 . Assessment ofstatisticalsignificance ofthe anomaliesas compared to the levelofinherent localyear-to-year fluctuationsisdone byconsidering standardized anomalies d = D / s . The above approachishardlynew and hasbeenused inclimate studiesfor decades.

Thelackoflong-termsatellitedatasetshasprevented thismethod frombeing widelyutilized inremote sensing.

Multi-parametermonitoring . AVHRRhas5 spectralbands, allowing retrievalofmanyland surface geophysicalparameters. Althougha comprehensive monitoring systemshould use allofthem, usually, onlyonemonitoringparameter isused, e.g. NDVI, whichfailsto characterize the surface fully.

Inaggregating NDVI, individualinformationfromsolar channelsislost. Furthermore, the thermalIR channelsprovide additional information. For example, bothdroughtsand floodsare associated with lowered NDVI, but have different IRsignatures. Using several monitoring parametersderived from

AVHRRreducestheambiguityininterpretationofstatisticallysignificant anomalies.

Using Top-Of-Atmosphere (TOA) parameters . Monitoring ofland surface impliesthe use of surface geophysicalparameters, suchasLAI or fractionofvegetation(i.e. CX.5 data inour nomenclature). However, retrievalalgorithmsfor surface parametersare not alwaysavailable or reliable. Anequivalent approachto monitoring can be based onthe standardized anomaliesofsurface r 1 , r 2 , NDVI, T 4 , and T 5 normalized to a commonobservation-illuminationgeometryand time ofday

( d CX.4 ). Ifthe latter effectscontribute negligiblyto the variance ofremote signal, then d

CX.3 maybe used. Ifmost year-to-year variabilityinthe observed data comesfromthe surface (since atmospheric window regionsare used, and surface contributionisexpected to dominate), evenstandardized anomaliesofTOAparameters( d

CX.2 ) can be utilized for most practicalpurposes. Screening ofcloud contaminationis, however, mandatory. The presentlydeveloped monitoring systemwithinthe GVI project, based oncalibrated and cloud-screened TOAcomposite data (C3.2), isdescribed inSection

5.4.

Limiting factors . The use ofAVHRRfor monitoring is seriouslyhampered because of nonuniformityofthe satellite time series. Thisincludes satellite/sensor discontinuitiesdue to satellite/sensor change, and trendscaused bysensor instability(Kaufmanand Holben1993) and by satellite orbit drift (Price 1991). The AVHRRsolar channelsare not calibrated inflight and degrade withtime, whichistakencare ofbyapplying post-launchcalibration(Rao and Chen1994). The satellite-to-satellite change and orbitaldrift affect allvariablesbecause ofchanging illuminationand diurnalsurface/atmosphere variability. Large scale atmospheric perturbationsfromvolcanic eruptions like Mt. Pinatubo contribute to nonuniformityoftime seriesbecause stratospheric aerosolsproduced bythese eruptionshave a strong and persistent impact onobserved radiances, mostlyinsolar channels

(Stowe et al. 1992). Allthe above factorspresent difficultiesinusing AVHRRdata if atmospheric/angular correctionsarenot appliedat theB-level.

5. THEPRESENTSTATUS OFGVIDATAPRODUCTS

TheGVI productsthat have beenroutinelyavailable at NOAAare B2.0 (dailymaps) and B3.0

(weeklycompositemaps). The work inthe GVI project hasbeenbased onweeklycomposites(B3.0).

The creationofthe third generationGVI consistsofreprocessing the second generationGVI dataset

(April1985 - present) bythe proceduresdescribed below and summarized inFig. 3. Atmospheric, anisotropic and diurnalvariabilitycorrectionsand derivationofsurface geophysicalcharacteristics

(dashed box) are bypassed inthe current work but remainthe subject of further researchand development. The data productsthat have recentlybecome available inadditionto B3.0 are:

B3.1/W15, B3.2/W15, C3.2/M15, andD3.2/M15.

5.1GVIweeklyproducts(B3.1/W15and B3.2/W15)

The countsinAVHRRthermalchannelsare converted to T 4 and T 5 (Kidwell1991;Kidwell

1994) andcorrectedfor calibrationnon-linearity(Rao 1993). Reflectancesinthesolar channels, r 1 and r 2 , are calculated using the updated (Pathfinder) calibration(Rao and Chen1994), whichaccountsfor sensor degradation, and thencorrected for Sun-Earthdistance. The NDVI=( r 2 - r 1 )/( r 2 + r 1 ) and

PWI=(T 4 -T 5 ) arecalculatedat theB3.1levelto retainaccuracy, since allB3 product valuesare packed into 8bits.

Composite imageryinmanypartsofthe world isoftencloud contaminate d, and should be cloud screened before anygeophysicalanalysis. The B3.2 cloud/clear identificationtechnique usesT 4 - thresholdsdependent uponmonth, region, and viewing angle asdescribed indetailbyGutmanet al.

(1994). Together withupdatedcalibration, thegenerationofQCflagsisthe major enhancement to the second generationGVI dataset. The B3.2 data productsfor the period April1985 - present include weeklycompositemapsoftheTOA r 1 , r 2 , NDVI, T 4 , T 5 , PWI, theassociatedsolar zenithand satellite scanangles, and QCflags. The relative azimuthangle, i.e. the difference betweensolar and satellite azimuthangles, needed for atmospheric/ angular corrections, isnot supplied withthe dataset asa separate file, but iscalculated withinthe reading programappended to the dataset. Anexample ofa

B3.2/W15 product -- weeklycomposite NDVI map witha QCmask -- isgiveninGutmanet al.

(1994).

5.2GVImonthlyproducts(C3.2/M15)

The C3.2/M15 productionflow includesthe following steps: 1) QCflagsare applied ona weeklybasis, resulting indata gaps, 2) eachquantityisaveraged over one monthfor eachmap cellto partiallyfillinthedatagapsandreducesomeoftheangular variability(the number ofcloud-free weeks isstoredasanadditionalmap);3) bi-linear spatialinterpolationisapplied to the missing data areaswith persistent cloudinessinmonthlyaveraged images;4) 3x3 map cellsmoothing isdone to partially account for the imperfectionofcloud screening, to filter out atmospheric and angular variabilities, and to compensate for randomspatialsampling fromGACdata into the GVI map cells. The above procedure yieldsmonthlymean valuesfor TOA r 1 , r 2 , NDVI, T 4 , T 5 , and PWI at eachGVI map cell for eachmonthofeachyear. Fig. 4 showsexamplesofC3.2/M15 products-- globalmonthlymapsof

T 4 for October 1993, January1994 and April1994. The T 4 map representsnear maximumrather than dailymeanbrightnesstemperature, becauseofspacecraft mid-afternoonobservationtime.

5.3GVImonthlyclimatology(D3.2/M15)

A5-year climatologyofmeansand variancesat 0.15 ° -resolution(D3.2/M15) hasbeen developed fromthe C3.2/M15 monthlyfieldsofTOA r 1 , r 2 , NDVI, T 4 , T 5 , and PWI using data from

April1985 to December 1987 (NOAA-9), and fromJanuary1989 to March1991 (NOAA-11). The

NOAA-9 data for 1988 and most of1991 onward (after the Mt. Pinatubo eruption) were excluded sinceno angular/atmosphericcorrectionswereapplied.

Global mapsofmultiannual meansand standar d deviationsofclear-skyAVHRR-derived variableshave beengenerated for the first time under the GVI project, althoughglobal3-year NDVI statisticshave beenavailable during the past year (Hastingsand Di1994). Fig. 5 showsthe NDVI 5- year climatologyfor July. Despite the short 5-year base period, the areaswith highinterannual vegetation variabilityare clearlydepicted onthe map ofstandard deviationsand are ofparticular interest to climatologists. The areasincentralSiberia, southeast Australia, and northeast Brazilshow highinterannualNDVI variability, the latter being attributed to droughtscaused byENSO during the 5 years. Fig. 6 showsthe completionofthe annualcycle ofthe meanNDVI fromFig. 5. The areasin white (T 4 < 270 K) are classified as stable snow/ice and ingrey(270 K<T 4 < 280 K) astransitional

(unstable) snow/ice, bothhaving r 1 >20%.

Fig. 7 showsthe Julyclimatologyof r 1 , T 4 , and PWI. The globaland seasonaldistributionof

PWI agreeswiththe observed distributionofprecipitable water (Tuller 1968). This suggestsa potentialfor PWI asameasureoflarge-scalewater vapor distributionover land (see Section2.2). The multispectralGVI data can be used for deriving other land variables, e.g. LST and albedo, and for improving classificationsofbio-climatesbased ontemporalanalysisofNDVI alone (e.g. Tucker et al.

1985;Townshendet al. 1987).

5.4Prototypeofagloballand monitoringsystem

Aprototype global land monitoring systemhasbeendeveloped based onSGI UNIX workstations. It isanevolving system, inwhichsome partscan be improved and/or replaced, and is suitablefor routineoperations, requiringverylittlehumanintervention.

Eachweek, composite B3.0 data are automaticallyaccessed and copied to a UNIX workstationmagneticdisc. TheproductionofB3.1andB3.2follows, i.e. calibrationand generationof

QCmasks. The enhanced weeklyproduct isthenappended to the existing NOAAarchive. At the beginning ofeachmonth, the previousfive B3.2 weeklyproductsare processed at the C-level, i.e. the

QCflagsare applied and monthlyaveraging, interpolationand smoothing are carried out. Then, the monthlystandardized anomaliesare generated and made available for climate analysisand interpretation. Displayofthe seasonaland year-to-year dynamicsona globalscale ofthe derived land productsisnow possible bymeansofthe animationloopsonthe SGI workstationusing a menu driven programandtheInteractiveDataLanguage(IDL) software.

Anexample ofthe standardized anomalies d

NDVI for Julyover the U.S. during 1985-1994 (Fig.

8) illustratesthe multiannualpotentialofthe GVI products. (Note that the positive and negative anomaliesfor the whole time seriesare not mutuallybalanced since the base period for climatology development includesonlyfiveoftheninepresentedyears.) Ingeneral, the derived anomaliescompare wellwiththe mapsofthe Palmer Drought Indexproduced byNOAAand the United States

Department ofAgriculture, except for some specialsituations. For example, the areas, where the 5- year meanNDVI estimatesare biased, are not easilyinterpreted, particularlyinthe west, where PDI indicatesdryconditionsduring allfive years. Additionally, the desert areasinthe west show a

"greening"trendduring1991-1993, whichmaybeattributedto residualcalibrationerror for NOAA-11

(thiseffect iscounterbalancedbytheimpact ofsolar zenithangle in1994) (Gutmanand Ignatov1995).

Furthermore, bothmoisture deficit (droughts) and excess(floods) are associated withlowered NDVI.

The "Great Flood"of1993 inthe area ofIowa and the flooding of1994 in northernFlorida appear as patternsofnegative anomaliesinFig. 8. Additionalinformation, suchasthermalIRand/or microwave measurements, evidentlyshould be used to distinguishinsufficient fromexcessive moisture conditions.

Thederived temperature anomalies d T4 are affected bythe diurnalvariabilityofthe observed brightness temperature asa result ofsatellite orbit drift (see Section4), whichpresentsdifficultiesinmonitoring

AVHRRtemperatures(Gutmanand Ignatov1995). Corrected temperature time seriesfromAVHRR and/or datafromother sensorsshouldalleviatethisproblem.

5.5Remaininguncertaintiesand potentialenhancements

Allofthe levelsofprocessing have potentialfor improvement. The calibrationand cloud screening can be refined. The B3.3-B3.5 productsare yet to be generated. The use ofoptimal averagingandinterpolationontheC-levelispreferableto fillinthe data gaps. These, however, require the spatial/temporalcorrelationfunctions, whichare not available now. The D-levelcan be improved byusinglonger timeseriesanddevelopingother statistics. Atmospheric, anisotropic and diurnal variability effects . The major distortionofthe signal insolar channelsbythe atmosphere isdue to aerosoland water vapor. Globalobservationsofthese constituentsare not readilyavailable. Research isunderwayto derive thisinformationfromAVHRRdata, e.g. using PWI for water vapor amount

(Eck and Holben1994). Mucheffort hasyet to be invested to correct data for stratospheric and tropospheric aerosoleffects. Severalstudieshave shownthat muchofthe contributionto angular variabilityinthe observed radiancesisdue to surface anisotropy(Roujeanet al. 1992). Thus, evenif the atmospheric correctionsare made, it isunclear how the resultscould be interpreted. Asingle globallyapplicable correctionisnot possible due to variabilityofsurface effectsinspace and time.

Modelsofonlya few vegetationtypesare unlikelyto be generic because oftopograhyand mixture of vegetationtypes. Surface and atmospheric diurnalvariabilityismost pronounced inthe thermaldata, resultingfromsatelliteorbit drift. Normalizationto commonobservationtime isneeded for monitoring interannualvariabilityinsurfacetemperature.

An alternative approach . Since atmospheric, anisotropic, and diurnalvariabilitycorrectionsof

GVI data are presentlyinfeasible, analternative approach hasbeenproposed for developing TOA regionalempiricalangular/diurnalvariabilityfunctions(REAF) for eachlimited regionofthe global land surface for limited periods, e.g. monthly(Gutman1994a,b). (Note that diurnalvariabilitycan be expressed as sunangle dependence for a givenlatitude;geostationarysatellite data could be used for developing thisdependence.) The number ofthe REAFsmaybe reduced using cluster analysisat a later stage. The REAFsare inturnutilized to normalize alldata to a commonsun-target-sensor geometry. Pilot studiesindicate that the time seriesbecome more stable after TOAnormalization

(Gutman1994b;Ba et al. 1995). The effective eliminationofangular biasesallowsmore reliable interpretationofthe resultsand widensthe area ofapplicabilityfor analysis. The methodologyhasto beimprovedandtestedfurther beforeitsglobaldevelopment isundertaken.

Lessonswe have learned . While analyzing the operationalproductionofGVI (B3.0), a number oflessonsabout data collection have beenlearned. These lessonsindicate how the AVHRR data management could be improved and have implicationsfor the NOAA/NASAPathfinder AVHRR

Land dataset. Inthe NOAAGVI operations, onlyafternoonsatellite passesare collected, preventing diurnalvariabilitystudiesonone hand, and leading to persistent cloud contaminationinsome areas, on the other hand. Data should be collected fromeachofthe currentlyoperating NOAApolar orbiters, allowing more coverage and opening new opportunitiesfor research. Methods, other than compositing, should be developed to reduce data volume, preferably after cloud screening hasbeen done. Cloud/clear discriminationshould be done onthe originaldailyimages so that onlyclear pixels are mapped. Compositing, ifunavoidable, should be done using NDVI. Compositing inthe NOAA

GVI collectioniscurrentlydonebyusingmaximumofasimpledifferenceCh2-Ch1, leadingto abiasin observationgeometry(Gutman1991). MaximumNDVI compositing, however, isnot appropriate in collecting clear observationsover snow and desert regions. Additionally, the compositing procedures retainmostlycloud contaminated data over water surfaces. Since negative valuesofNDVI (and Ch2-

Ch1) are observed over cloud free water, compositing bythe absolute value would add information over water bodiesinthe composite imagery. A10-bit precisionisrecommended for thermalIR channels, whichare currentlytruncated to 8-bit precision, i.e. 0.5 ° K, inthe NOAAGVI. Allchannels should be collected. Channel3 inthe GVI dataset collectioncould facilitate discriminationofsnow fromcloudsand detectionofaerosols. Most ofthese recommendationsare alreadyineffect inthe

Pathfinder processingschemeandshouldbeimplementedinNOAA’soperations.

6. CONCLUSIONS

Anoverview ofresearchand development withthe NOAAGlobalVegetationIndexdataset under a core project ofthe NOAAClimate and GlobalChange Programhasbeengiven, and the enhanced GVI data productsdescribed. Allthe products(B3.2/W15, C3.2/M15, and D3.2/M15) are availablefromNOAAarchives. TheD3.2/M15willalso beavailableonCD/ROM. TheC3.2/M15 and

D3.2/M15 productsreside ona UNIX systemat NationalEnvironmentalSatellite Data and

InformationService (NESDIS) and willbe made available for browsing and animation. The latter can be used for educationalpurposesto illustrate the globalannualdynamicsofvegetationcover, albedo, temperature, andwater vapor.

The newlyderived C- and D-productscan be easilyaccessed byclimatologistsfor the analysis ofinter- andintra-annuallandclimatevariability, suchasresponseofthesurfacestate to ENSO episodes. Deeper involvement ofclimatologistsinthe data productsanalysisand their close interactionwiththe "data producers"isimperative at this stage. Giventhe improvement ofthe data quality, the present studysuggeststhat there ismore potential inthisdataset thanpreviouslythought

(e.g. Thomasand Henderson-Sellers1987), althoughit should be borninmind that the remaining uncertaintieslimit thispotential. The annualglobaldistributionofthe GVI variablesispresentlymore reliable thanthe derived interannualvariability, whichisusefulonlywhenthe surface change is relativelystrong compared to the noise level. Further reductionofnoise and removaloftrendswill increasethemonitoringpotentialofAVHRRlanddata.

The operationalproductionofmon thlyanomaliescontinues. The previousmonth’sanomalies are available during the second week ofthe current month. Weeklymonitoring for the areaswith frequent cloud free skiescan be developed ifmore progressisachieved inangular/atmospheric corrections.

Despite the remaining uncertaintiesinthe monthlyGVI data products, their information content ishigher thanthat ofthe GIMMS-derived 1 ° x1 ° NDVI monthlydataset (Loset al. 1994) because of finer spatialresolution, the availabilityofindividualchannelreflectancesand temperatures, and more accurate cloud screening. The GVI dataset isunique inthat it isglobal, multiseasonal, multispectral, and multiannual. These GVI featuresare usefulnot onlyfor environmentalstudiesand numerical modeling, but also for further development ofthe remote sensing methodologyand processing ofthe 8-kmPathfinder and 1-kmIGBP AVHRRdatasets. BothPathfinder and the 1-km projectscanutilize the GVI experience for generating C- and D-levelproductsfor environmental researchcommunity. Development oftheGVI data productscontributesto the activitieswithinIGBP,

GEWEX, and, particularly, ISLSCP.

Acknowledgements . The GVI project hasbeensupported bythe NOAAClimate and GlobalChange

Program. Without itscontinuousfunding, the constructionofthe UNIX-based systemfor generating globalAVHRRland data productswould not have beenpossible. Critique and reviewing bythe

NOAACGCP manager, Dr. A. Gruber, motivated thispaper. D. SullivanofResearchData Systems

Corporation(RDC) andJ. Powers(NESDIS’Interactive Processing Branch) are acknowledged for the development ofthe processing and visualizationsystem. Contributionsinthe project byM. Halpert and Dr. C. Ropelewski(NOAAClimate AnalysisCenter), and P. Schultz, R. Hucek and L. Rukhovetz

(RDC) are acknowledged. ReviewsbyDrs. G. Ohring (NOAA/NESDIS), J. Price (USDA), D.

Hastings(NOAA/NGDC) and three anonymousreviewersare appreciated. CommentsbyDr. L.

Stowe (NOAA/NESDIS) onthe processing structure and nomenclature are appreciated. Thiswork wasprepared for publicationwhenone ofthe authors(A.I.) held NationalResearchCouncil

Associateship at the Satellite ResearchLaboratory, NOAA/NESDIS, onleave fromthe Marine

HydrophysicsInstitute, Sevastopol, Ukraine.

Tableoffrequentlyused acronymsand notations

AVHRR AdvancedVeryHighResolutionRadiometer

BRDF Bi-directionalReflectanceDistributionFunction

GAC GlobalAreaCoverage

GEWEX GlobalEnergyandWater CycleExperime nt

GIMMS GlobalInventoryMonitoringandModelingStudies(at NASA)

GVI GlobalVegetationIndex(dataset)

Ch1, Ch2 Channels1and2ofAVHRR d V standardizedanomalyofvariableV

IGBP InternationalGeosphere-BiosphereProgramme

ISLSCP InternationalLandSurfaceSatelliteClimatologyProject

IR Infrared

LST Landsurfacetemperature

LAI Leafareaindex

NASA NationalAeronauticsandSpaceAdministration

NOAA NationalOceanicandAtmosphereAdministration

NDVI NormalizedDifferenceVegetationIndex

NESDIS NationalEnvironmentalSatelliteDataandInformationService

PWI Precipitablewater index

QC Quality/cloudflag

REAF RegionalEmpiricalAngular Function r 1 , r 2 Channel1(visible) and2(near-IR) bidirectionalreflectances

T 4 , T 5 Channel4and5brightnesstemperatures

TOA Top-Of-Atmosphere

X.Y/TS X=1,2,3(1-orbits, 2-dailymaps, 3-compositemaps)

Y=1,2,3,4,5(1-calibrated, 2-QCflagappended,

3-atmosphericallycorrected, 4-surfaceBRDF-corrected

5-transformedinto geophysicalparameter

T S mnemonics:T-timescale, S-spatialscale

References

Arino, O., G.DedieuandP.Y.Deschamps, 1992:Determinationoflandsurfacespectral reflectancesusingMeteosat andNOAA/AVHRRshortwavechanneldata. Int. J. Remote

Sens , 13 , 12 , 2264-2287.

Ba, B.M., P.-Y. Deschamps, andR. Frouin, 1995:Error reductioninNOAAsatellite monitoring of thelandsirfacevegetationduringFIFE. J. Geoph. Res. , inpress.

Carlson, T.N., E.M. PerryandT.J. Schmugge, 1990:Remoteestimationofsoilmoisture availabilit yandfractionalvegetationcover for agriculturalfields. Agric. For. Meteor. , 52 , 45-

69.

Cihlar, J., L. St.-Laurent, andJ.A. Dyer, 1991:Relationbetweenthenormalizeddifference vegetationindexandecologicalvariables. RemoteSens. Env. , 35 , 279-298.

Cihlar, J., D. Manak, andN. Voisin, 1994:AVHRRbidirectionalreflectanceeffectsand composite, RemoteSens. Env. , 48, 77-88.

Choudhury, B.J., 1989:Estimatingevaporationandcarbonassimilationusinginfrared temperature data:vistasinmodeling, in TheoryandApplicationof RemoteSensing (G. Asrar, Ed.) Wiley, New

York, pp. 628-690.

Curran, P., 1980:Multispectralremotesensingofvegetationamount. Prog. Phys. Geogr. , 4 , 315-

341.

Dalu, G., 1986:Satelliteremotesensingofatmosphericwatevapor. Int. J. RemoteSens. , 11 , 369-

393.

Eck, T.f. andB.N.Holben, 1994:AVHRRsplit windowtemperaturedifferencesandtotal precipitablewater over landsurfaces. Int. J. RemoteSens. , 15 , 567-582.

Friedl, M.A. andF.W.Davis, 1994:Sourcesofvariationinradiometricsurfacetemperature over a tallgrassprairie. RemoteSensingEnv. , 48 , 1-17.

Gallo, K.P. andT.K. Flesch, 1989:LargeareacropmonitoringwiththeNOAAAVHRR:

estimatingthesilkingstageofcorndevelopment. RemoteSensingEnv. , 27, 73-80.

Goward, S.N., D.G.Dye, S.Turner, J.Yang, 1993:Objectiveassessment oftheNOAAGlobal

VegetationIndexDataProduct, Int. J. RemoteSensing , 14 , 3365-3394.

Gutman, G., 1990:Reviewoftheworkshoponthe"Useofsatellite-derivedvegetationindices on weather andclimatepresdictionmodels," Bull. Am. Met. Soc. 71 (10), 1458-1463.

Gutman,G. 1991:VegetationindicesfromAVHRR:Anupdateandfutureprospects. Remote Sens.

Env. , 35 , 121-136.

Gutman, G., 1994a:GlobaldataonlandsurfaceparametersfromNOAAAVHRRfor usein numericalclimatemodels. J. Climate , 7 , 669-680.

Gutman, G., 1994b:Normalizationofmulti-annualglobalAVHRRreflectancedataover land surfacesto commonsun-target-sensor geometry. Adv. SpaceRes. , 14 , (1)121-(1)124.

Gutman, G., A.IgnatovandS.Olson, 1994:Towardsbetter qualityofAVHRRcomposite images over land:Reductionofcloudcontamination. RemoteSensingEnv. , 49 , XX-XX.

Gutman, G., andA.Ignatov, 1995:GloballandmonitoringfromAVHRR:Potentialand limitations. Int. J. RemoteSens. , inpress.

Hastings, D.A. andL.Di, 1994:ModelingofglobalchangephenomenawithGIS usingthe global changedatabase. II:PrototypesynthesisoftheAVHRR-basedvegetationindex fromterrestrial data. RemoteSens. Env. , 49 , 13-24.

IGBP, 1992:GlobalChange. Report No.20. Improvedglobaldatafor landapplications:A proposalfor anewhighresolutiondataset. Ed. J.R.G. Townshend. Stockholm, pp.87.

James, M.E. andS.N.V.Kalluri, 1994:ThePathfinder AVHRRlanddataset:Animproved coarseresolutiondataset for terrestrialmonitoring. Int. J. RemoteSensing , inpress.

Justice, C.O., J.R.G.Townshend, B.N.Holben, andC.J.Tucker, 1985:Analysisofthephenology ofglobalvegetationusingmeteorologicalsatellitedata. Int. J.Rem. Sens. , 8 , 1271-1318.

Justice, C.O, T.Eck, D.Tanré, andB.N.Holben, 1991:Theeffect ofwater vapor onthe normalizeddifferencevegetationindexderivedfor theSahelianregionfromNOAA

AVHRRdata. Int. J. RemoteSensing , 12 , 1165-1187.

Kaufman, Y.J. andB.N.Holben, 1993:CalibrationofAVHRRvisibleandnear-IRbandsby atmosphericscattering, oceanglint anddesert reflection. Int. J. RemoteSens , 14 , 21-52.

Kerr, Y.H., J.-P.LagouardeandJ.Imberton, 1992:Accuratelandsurfacetemperatureretrieval from

AVHRRdatawithuseofanimprovedsplit windowalgorithm. RemoteSensing Env. , 41 , 197-

209.

Kidwell, K., 1991: PolarOrbiterDataUsersGuide , U.S. Dept. ofCommerce, NOAA/

NationalEnvironmentalSatelliteDataandInformationService, NationalClimatic Data

Center, SatelliteDataServicesDivision.

Kidwell, K., 1994: GlobalVegetationIndexUser’sGuide , U.S. Dept. ofCommerce, NOAA/

NationalEnvironmentalSatelliteDataandInformationService, NationalClimatic Data

Center, SatelliteDataServicesDivision.

Kogan, F.N., 1990:Remotesensingofweather impactsonvegetationinnon-homogeneous areas.

Int. J. RemoteSensing , 11 , 1405-1419.

Kustas, W.P., E.M. Perry, P.C. Doraiswamy, andM.S. Moran, 1994:Usingsatelliteremote sensing to extrapolateevapotranspirationestimatesintimeandspaceover asemiarid rangeland basin.

RemoteSensingEnv. , 49 , 275-286.

Laszlo, I., H.JacobowitzandA.Gruber, 1988:Therelativemeritsofnarrowbandchannelsfor estimatingbroadbandalbedos. J. Atmos. Ocean. Techn. , 5 , 757-773.

Li, Z.-L., andF.Becker, 1993, Feasibilityoflandsurfacetemperatureandemissivity determination fromAVHRRdata. RemoteSensingEnv. , 43 , 67-85.

Los, S.O., C.O.Justice, andC.J.Tucker, 1994:Aglobal1 ° x1 ° NDVI dataset for climatestudies derivedfromtheGIMMS continentalNDVI data. Int. J. RemoteSens. , inpress.

Malingreau, J.-P., 1986:Globalvegetationdynamics:satelliteobservationsover Asia. Int. J.

RemoteSensing , 7 , 1121-1146.

Mintz, I., andD.Walker, 1990:Landsurfaceenergyandwater budgetsderivedwithNDVI. Proc.

of theWorkshoponthe"Useof satellite-derivedvegetationindicesinweatherand climate predictionmodels" . CampSprings, MD. February26-27, 1990.

Nemani, R., L.Pierce, S.RunningandS.Goward, 1993:Developingsatellite-derivedestimates of surfacemoisturestatus. J. Appl. Meteor. , 32 , 548-557.

Ohring, G., andJ.C. Dodge, 1992:TheNOAA/NASAPathfinder. IRS’92: Currentproblems in

AtmosphericRadiation , 405-408, A. DeepakPublishing, Virginia, USA.

Pinty, B., andM.M.Verstraete, 1992, Onthedesignandvalidationofsurfacebidirectional reflectanceandalbedo models. RemoteSensingEnv. , 41 , 155-167.

Prata, A.J., 1993:LandsurfacetemperaturederivedfromtheAdvancedVeryHighResolution

Radiometer andtheAlong-TrackScanningRadiometer. 1. Theory. , J. Geoph. Res., 98 ,

16689-16702.

Price, J.C., 1990:Usingspatialcontext insatellitedatato infer regionalscale evapotranspiration.

IEEE Trans. Geosci. RemoteSens ., 28 , 940-948.

Price, J.C., 1991:TimingofNOAAafternoonpasses. Int. J. RemoteSensing , 12 , 193-198.

Rao, C.R.N., 1993:Nonlinearitycorrectionsfor thethermalinfraredchannelsofthe Advanced Very

HighResolutionRadiometer:Assessment andrecommendationsfor corrections. NOAATechnical

Report 69, U.S. Dept. ofCommerce, pp. 25.

Rao, C.R.N., andJ. Chen, 1994:Post-launchcalibrationofthevisibleandnear IRchannelsof

AVHRRonNOAA-7, -9, and-11spacecraft. NOAATechnicalReport NESDIS 78, U.S.

Dept. ofCommerce, inpress.

Rossow, W.B. andR.A.Schiffer, 1991:ISCCP CloudDataProducts. Bull. Amer. Meteor. Soc. ,

72 , 2-20.

Roujean, J.L., M.Leroy, A.Podaire, andP.Y.Deschamps, 1992:Evidenceofsurfacereflectance bidirectionaleffectsfromaNOAA/AVHRRmulti-temporaldataset. Int. J. Remote

Sensing , 13 , 685-698.

Rouse, J.W., R.H.Haas, J.A.Schell, andD.W.Deering, 1973:Monitoringvegetationsystemsin thegreat plainswithERTS, ThirdERTS Symposium, NASASP-351I:309-317.

Sellers, 1985:Canopyreflectance, photoynthesis, andtranspiration. Int. J. RemoteSensing , 7 , 1251-

1262.

Stowe, L.L., R.M.Carey, andP.P.Pelegrino, 1992, MonitoringtheMt.Pinatubo aerosollayer with

NOAA-11AVHRRdata, Geophys. Res. Lett. , 19 , 159-162.

Tanré, D., B.N.Holben, andY.J.Kaufman, 1992:Atmosphericcorrectionalgorithmfor NOAA-

AVHRRproducts:Theoryandapplication. IEEE Trans.Geosci.RemoteSensing , 30 , 2,

231-248.

Tarpley, J.D., S.R.Schneider, andR.L.Money, 1984:GlobalvegetationindicesfromNOAA-7 meteor ologicalsatellite. J. ClimateAppl. Meteor. , 23 , 491-494.

Tarpley, J.D., 1991:TheNOAAGlobalVegetationIndexproduct - Areview. Palaeogeography,

Palaeoclimatology, Palaeoecology(GlobalandPlanetaryChange Section) , 90 , 189-194.

Tateishi, R. andK.Kajiwara, 1991:Landcover monitoringinAsiabyNOAAGVI data.

GeocartoInternational , 4 , 53-64.

Thomas, G. andA. Henderson-Sellers, 1987:Evaluationofsatellitederivedlandcover characteristics for globalclimatemodelling. ClimaticChange , 11 , 313-347.

Townshend, J.R.G., C.O.JusticeandV.Kalb, 1987:CharacterizationandclassificationofSouth

Americanlandcover typesusingsatellitedata. Int. J. RemoteSens. , 8 , 1189- 1207.

Tucker, C.J., 1979:Redandphotographicinfraredlinear combinationsfor monitoring vegetation.

RemoteSens. Env. , 8 , 127-150.

Tucker, C.J., J.R.G.Townshend, andT.E.Goff, 1985:Africanland-cover classificationusing satellite data. Science , 227 , 369-375.

Tucker, C.J., W.W. Newcomb, S.O. Los, andS.D. Prince, 1991:Meanandinter-year variation ofgrowingseasonnormalizeddifferencevegetationindexfor theSahel1981-1989. Int.

J. RemoteSens. , 12 , 1133-1135.

Tuller, S.E., 1968:Worlddistributionofmeanmonthlyandannualprecipitablewater. Month. Wea.

Review , 11 , 785-797.

Figurecaptions

Fig. 1. TheB-levelofthegenericAVHRRprocessingscheme

Fig. 2. TheC-levelofthegenericAVHRRprocessingscheme

Fig. 3. Aschematicsummaryoftheproceduresusedfor GVI dataproducts.

Fig. 4. GlobalmonthlymeanmapsofT 4 :October 1993, January1994andApril1994.

Fig. 5. GlobalNDVI 5-year Julyclimatology: means(top) and standard deviations(bottom). Fig. 6.

GlobalNDVI climatology(means) for October, JanuaryandApril. Theareasinwhite (T 4 < 270 K) areclassifiedasstablesnow/iceandinlight grey(270K<T 4 <280K) are classified astransitional

(unstable) snow/ice, bothhaving r 1 >20%.

Fig. 7. Global5-year Julyclimatology(means) ofthe r 1 , T 4 , andPWI.

Fig. 8. StandardizedanomaliesofNDVI for theU.S. inJuly(1985-1994), definedasdepartures fromthe5-year meansdividedbythe5-year standarddeviations.

FORTHE COVER:

Vegetationconditionfor July(1985-1994) over the conterminousUnited Statesasmanifested by standardized anomalies(departuresfromthe 5-year meansdivided bythe 5-year standard deviations) ofthe normalized difference vegetationindex(NDVI). Positive anomaliesofNDVI (good vegetation conditions) are showningreenand negative anomalies(poor vegetationconditions) inyeallow/orange.

Theyhave beendeveloped using the enhanced NOAAglobal land dataset fromthe Advanced Very

HighResolutionRadiometer (AVHRR). SeearticlebyG. Gutmanet al., pageXX.