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Popular Summary:

In this report, we describe results from the first 3 years of global SeaWiFS ocean

chlorophyll and land plant measurements. This time period covered the end of one of the

largest El Nino events in the past century and a strong La Nina. During this transition,

terrestrial plant photosynthesis exhibited only a small change, whereas a significant

increase in oceanic photosynthesis was observed. Latitudinal distributions of ocean

production indicated that this increase in photosynthesis during the La Nina was

distributed in the equatorial belt as well as in high production areas. The analysis also

illustrated the large 'missing bloom' in ocean phytoplankton in the southern ocean. While

land photosynthesis remained fairly steady during the third year of SeaWiFS

measurements, ocean phytoplankton production continued to increase, albeit at a lower

rate than from 1997 to 1999. Our results represent the first quantification of interannual

variability in global scale ocean productivity.

Significant Findings:
An increase in ocean production during the first 3 years of the SeaWiFS mission; a strong

hemispheric difference in the latitudinal distribution of ocean photosynthesis.
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Abstract: TheSea-viewingWideField-of-viewSensor(SeaWiFS)is thefirst remotesensing

instrumentto providemulti-year,globalmonthlymeasurementsof bothoceanicphytoplankton

chlorophyllbiomass(C_t)andtheNormalizedDifferenceVegetationIndex (NDVI) of light

harvestingon land. GlobalmeanC,t increased8.6%peryearbetweenSeptember1997and

December1998,reflectingalterednutrientdistributionsduringanE1Nifio to LaNiffa transition,

andthencontinuedto increaseat 2.2%peryearfrom January1999to July2000. Similar

increasesin globalmeanNDVI werenotobserved.Biosphericnetprimaryproduction(NPP)for

the 1997to 2000periodincreased4.5%from 107.5to 112.3PgC. Regionally,both landand

oceanNPPexhibitedstrongyear-to-yearvariability relatedto changesin precipitation,

temperature,andoceancirculation.
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Seasonalto decadalchangesin thephysicalenvironmentaremanifestedin the light

harvestingcapacityof plantcommunitiesthroughoutthebiosphereandcanbemonitored

remotelyby changesin surfacechlorophyllconcentration(C_,)in theoceansandtheNormalized

DifferenceVegetationIndex(NDVI) on land. A continuous,20yearglobalrecordof satellite

NDVI haspermitteddetectionof interannual,climate-drivenchangesin terrestrial

photosynthesis(1-5). An analogouslong-termglobalrecordof C_,doesnotexist.

Measurementsof C_,,werefirst madewith theCoastalZoneColor Scanner(CZCS:1978-1986),

but this proof-of-conceptsensoronly collecteddataonanirregularbasisandyieldedincomplete

globalcoverageof C_tevenafterintegrationovertheentire8 yearmission. Thelaunchof

SeaWiFSin 1997markedthebeginningof thefirst multi-yearsatellitemeasurementsof

phytoplanktonbiomassin 11years,andhassinceprovidedgreaterglobalcoveragein C_,each

monththanwasachievedthroughoutthe lifetime of CZCS. SeaWiFSis alsothefirst instrument

with thespectralcoverageanddynamicrangeto allow measurementsof bothC_tandNDVI.

Herewe reportspatialandtemporalchangesin C_,,NDVI, andderivedratesof netprimary

production(NPP)for thefirst 3 yearsof the SeaWiFSmission.Our resultsencompassa

transitionfromE1Nifio to La Nifia conditions,representthefirst descriptionof interannual

variability in globalphytoplanktonbiomass,andprovidea basisfor quantifyingfutureresponses

of thephotosyntheticbiosphereto climatevariability.

Our analysisisbasedonglobal,4 km-resolution,monthlySeaWiFSC_,andNDVI data

collectedbetweenSeptember1997andJuly2000. Stabilityof thesensorhasbeenaccurately

characterizedfrom monthlylunar-basedcalibrationsandderivedproductsverifiedby

comparisonwith field measurements(6). BiosphericNPPwasestimatedfollowing theapproach
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of Field et al. (7), which integrates the Vertically Generalized Production Model (VGPM) for

the oceans (8) with the Carnegie-Ames-Stanford Approach (CASA) for land (9). Variations in

NPP for the CASA-VGPM model arise from changes in three factors: 1) photosynthetically

active radiation (PAR), 2) the fraction of radiation absorbed by plants (related to Cs_, and NDVI),

and 3) light use efficiencies (e). Coincident changes in these factors collectively control NPP.

Therefore, unlike previous calculations based on temporally disjunct Cat, NDVI, and ancillary

fields (7), all data used in our current estimates of biospheric NPP were collected during the

SeaWiFS period (10). The CASA-VGPM model was operated at a monthly time step.

Throughout the 3 year SeaWiFS record, temporal variability in C_,t was dominated by a

pronounced seasonal cycle (Fig. 1). Summer phytoplankton blooms in the northern hemisphere

exceeded those in the southern hemisphere, causing minima in global mean C,t between

November and March and maxima between May and September (Fig. IA). Monthly anomalies

clearly identified a secondary, interannual change in Cat superimposed on this prominent

seasonal pattern (Fig. 1A - right axis). Between September 1997 and December 1998, global

mean Cat increased at a rate of 8.6% per year in response to altered nutrient distributions

resulting from an El Nifio to La Nifla transition (11). Changes in C_, during this period were not

uniform nor restricted to the equatorial belt, but rather entailed a general decrease in the areal

extent of oligotrophic regions between 0.04 and 0.15 mgChl m 3, an increase in mesotrophic

blooms between 0.15 to 0.30 mgChl m 3, and a decrease in phytoplankton biomass in the central

ocean gyres. During the subsequent post-La Nifta period of January 1999 to July 2000, C,t

continued to increase at the reduced rate of 2.2% per year, primarily reflecting net increases in

phytoplankton biomass in the Pacific and Indian oceans. Unfortunately, lack of comparable
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historicalC_tdataforestallsdecipheringwhetherthisunprecedentedincreaserepresentstrue

decadal-scale change or normal interannual variability

Like the oceans, temporal changes in land NDVI were dominated by strong seasonal

fluctuations, with minima of 0.44 + 0.01 (dimensionless) between December and February and

maxima of 0.55 ± 0.01 between June and September (Fig. 1B). Significant regional changes in

NDVI occurred throughout the SeaWiFS period, but increases in one region were compensated

by equivalent decreases in another, such that global mean NDVI anomalies indicated little

change even during the El Nifio to La Nifia transition (Fig. IB - right axis). Over longer periods,

historical NDVI data indicate that interannual variations can reach 70% in semi-arid regions (4)

and up to 10% at high northern latitudes due to changes in the growing season (5). For the

SeaWiFS record, the striking difference in temporal anomalies of Csat and NDVI (Fig. 1)

suggests an enhanced global-scale sensitivity of phytoplankton biomass to interannual variability

in environmental forcings.

Annual global N-PP increased from 107.5 to 112.3 Pg C (Pg = 10 _5g) between September

1997 and July 2000 based on the CASA-VGPM biosphere model, with net carbon fixation

increasing by 0.9 Pg on land and 3.9 Pg in the oceans. Our estimated biospheric NPP is higher

than the CASA-VGPM estimate of 104.9 Pg C y_ reported by Field et al. (7) for remote sensing

data collected between 1978 and 1990. This difference largely reflects an increase in ocean NPP

that cannot be unequivocally attributed to either a true change in ocean biology or simply better

remote sensing data. What is certain is the difference does not reflect divergent approaches to

NPP modeling or a drift in sensor calibration, since Csat values did not uniformly increase

globally.



On land,NPPpeaksbetween15°Sand 10°N,reaching87.1gC m "2 month _, and then

exhibits a hemispherically-asymmetric dependence on latitude and season (Fig. 2A). In the

northern hemisphere, continental climatic influences dominate precipitation and temperature

patterns and give rise to extensive arid regions of low NPP between 15°N and 35°N. At southern

latitudes, a similar NPP minimum occurs, but is restricted to the 20°S to 30°S band due to

relatively greater maritime climatic influences (Fig. 2A). Strong seasonality in NPP at >35°N

over the large continental areas of North America and Eurasia is the basis for the prominent

seasonal cycle in NDVI (Fig. 1B). A secondary, moderately-seasonal peak in southern

hemisphere NPP also exists between 30°S and 58°S, but has little influence on global mean

NDVI patterns due to the small land area of this region.

For the oceans, seasonal variability in the latitudinal distribution of N-PP in the southern

hemisphere is nearly a perfect mirror image of the northern hemisphere, except from 40°S to

75°S between October to April. From 35°N to 35°S, ocean NPP exhibits little seasonality and

ranges from a maximum of 20.9 gC m "2 month _ in the equatorial upwelling belt to a minimum of

8.2 gC m "2month 1 in the low-nutrient, central ocean gyre region (Fig. 2B). At >40°N, NPP is

strongly seasonal, varying from 0 to 49.1 gC m 2 month" (Fig. 2B). In this region, phytoplankton

growth is generally light-limited during winter months, due to deep mixing and low incident

PAR, and increases dramatically during the summer when surface waters rich in nutrients

become stratified and PAR is high. In the southern hemisphere, a corresponding mid-summer

maximum in NPP at >40°S is not observed. Instead, seasonality is greatly dampened and NPP

actually decreases from 27.4 to 7.1 gC m 2 month -1 between 40°S and 70°S (Fig. 2B). This

absence of a high-latitude, mid-summer bloom in the southern ocean results from a lack of
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seasonalityin theenvironmentalfactor(s)limiting phytoplanktongrowth,mostlikely iron and

light (12-14). For the40°Sto 75°Sregion,wecalculatedthatan8.9PgC y_ increasein ocean

NPPwouldresultif seasonalchangesin phytoplanktonbiomassparalleledthoseof thenorthern

hemisphere.

DistributionsofbiosphericNPPregisterspatialandseasonalchangesin light, soil

moisture,nutrientavailability,andtemperature(Fig.3A,B). Seasonalvariability in northern

hemisphereterrestrialNPPisparticularlystrongdueto greatervariability in thesegrowth

limiting factorscomparedto thesouthernhemisphereor theoceans(Fig. 3A,B). Although

global-scaleinterannualchangesinNDVI weresmallrelativeto C_,for theSeptember1997to

July2000period(Fig. 1B),both landandoceanNPPdisplayedsignificantregionalvariability

relatedto localprecipitation,temperature,andoceancirculationchanges.FortheDecemberto

Februaryseason,the 1997-1998E1Nifio to LaNifia transitioninvolvedan increasein upwelling

andNPPin theeasternequatorialPacific (I1), aswell asadeepeningof thenutriclineand

consequentialdecreasein NPPin thewesternPacific (Fig.3C). Southerngyresof the Atlantic

andPacificoceansalsoexhibitedadecreasein NPPduringthetransition,while a largeincrease

occurredin thesouthAtlantic subtropicalconvergenceeastof Argentina.On land,increased

precipitationovereasternAfrica broadlyincreasedNPPduringtheE1Niflo periodandreflected

changesin Indianoceancirculationthat simultaneouslydecreasedphytoplanktonproductivity in

thenortheastwhile increasingNPPwestof Indonesia(15) (Fig.3C). Likewise,changesin

precipitationoverSouthAmericaenhancedNPPfrom southernBrazil throughArgentinaduring

El Nifio conditions,while decreasingproductivityin upperAmazonia.Coherencebetween

circulationpatternsandinterannualNPPanomalieswasalsoevidentfor the 1998-1999Juneto
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Augustseason(Fig.3D); particularly,thetemperature-relateddecreasein NPPovertheSoviet

UnionandincreaseoverEurope,themoderateincreasein oceanNPPin thenorthernhemisphere

gyres,andthepeculiardecreasein equatorialPacificNPPborderedby symmetricincreasesboth

to thenorthandsouth.

Elementalcyclingthroughthephotosyntheticbiospherehasandwill havea profound

influenceonclimatevariability. Globalobservationsof light harvestingcapacitiesin landand

oceanplantsfostersanunderstandingof the links betweenbiogeochemicalandecological

processes,soevidentin mapsof NPPandits interannualanomalies(Fig.3). Continuationof

suchmeasurementsoverprolongedperiodsalsoallowsdecadalandlonger-termchangesto be

resolvedfrom normal,larger-amplitudeseasonalandinterannualcycles. The SeaWiFS record

now permits a comprehensive assessment ofbiospheric NPP and documents for the first time

multi-year temporal changes in global phytoplankton biomass (Fig. 1). Of our estimated >100

Pg C y-_ photosynthetically fixed between 1997 and 2000, less than 3% was sequestered in long-

term carbon pools (16). Over an annual period, the remaining organic carbon is released back to

the atmosphere as respiratory CO2. Differences in the temporal coupling of primary production

and respiration influence the atmospheric signature of land and ocean photosynthesis. Although

latitudinal NPP distributions for both systems (Fig. 2) are consistent with hemispheric

differences in the seasonal amplitude of atmospheric CO2 cycles, the rapid turnover of

phytoplankton biomass, along with the buffering effect of oceanic carbonate chemistry, causes

land NPP to dominate seasonal cycles in atmospheric CO2 (17, 18). In contrast, both

components contribute to longer-term carbon sequestration, but quantifying this land-ocean

partitioning will require further improvements in _ models and better characterization carbon of
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remineralizationpathways.As theseimprovementsarerealized,continuationof global

SeaWiFSmeasurementswill provideabasisfor assessingchangesin Earthsystemcarbon

cycling.
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FigureLegends

1. Globalmonthlymeansandanomaliesin surfaceoceanchlorophyll(C_.,:mgChlm"3)and

landNDVI (dimensionless)for SeaWiFSmeasurementsbetweenSeptember1997and

July2000. AnomalieswerecalculatedasthedifferencebetweenC.t orNDVI for a

givenmonthandtheaveragevaluefor thatmonthduringthe3 yeartime series.(A) • =

Monthly meanC_.tin mgChlm"3(left axis). O= monthlyanomaly(rightaxis). 03) • =

Monthly mean NDVI (dimensionless; left axis). <7 = monthly anomaly (right axis).

. Seasonal average NPP (gC m ": month _) for the 3 year SeaWiFS time series as a function

of latitude. (A) Terrestrial NPP for (dashed line) December through February and (solid

line) June through August. The labeled, dotted line at >16°S shows the corresponding

NPP values from the northern hemisphere to illustrate differences in Austral and Boreal

summers. 03) Ocean NPP for (dashed line) December through February and (solid line)

June through August. As in (A), the labeled dotted line at > 40°S shows corresponding

NPP values from the northern hemisphere. The difference between the dotted and solid

lines between 40oS and 75oS illustrates the large 'missing' bloom in the southern

hemisphere during the Austral summer.

. Average biospheric N-PP and interannual differences for Austral (December to February)

and Boreal (June to August) summers. NPP (gC m "2month _) was estimated using

SeaWiFS data and the integrated CASA-VGPM biospheric model (7). (A) Average NPP

for the 1997 El Nifio and 1998 La Nifla Austral summers. 03) Average NPP for the 1998
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LaNifia and1999post-LaNifia Borealsummers.(C) AustralsummerNPPfor 1997

minus 1998. (D) BorealsummerNPPfor 1998minus 1999.Redandbluecolorsin (C)

and(D) denoteincreasesanddecreasesin NPP,respectively.
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