GEOPHYSICALRESEARCHLETTERS,VOL. 22, NO. 19,PAGES2617-2620,OCTOBER 1, 1995

Potential gross primary productivity
vegetation from 1982 - 1990

of terrestrial

Ranga B. Myneni and SietseO. Los
BiosphericSciencesBranch, NASA Goddard Space Flight Center, Greenbelt, Maryland

Ghassern Asrar
Office of Mission to Planet Earth, NASA Headquarters Washington, D.C.

Abstract.

Monthly mean global greenleaf area and pho-

angle, atmospheric gases,aerosolsand clouds, all of which

decreaseNDVI [Holben,1986]. The data wereuniformlycalibrated [Los, 1993] and correctedfor missingvalues,residlites wereusedto estimatepotential,(i.e., unstressed)
gross ual bidirectionaleffects,and backgroundeffects[Los et al.,
primary productivity of terrestrial vegetation from 1982 to
1994{].The data werespatially aggregatedto a resolutionof
1990. Mean annual gross primary productivity was esti- 1ø x 1ø from which a global data set of monthly leaf area
tosynthetically active radiation estimated from observations
made from several geostationary and polar orbiting satel-

matedto be about179.9q- 1.6 Pg C (1 Pg = 1015g)o index (greenleaf area per unit groundarea) was derived
Grassesand xerophytic vegetation on all continents exhibited high interannual variability. The evolution of monthly
grossprimary productivity anomaheswas similar to atmospheric CO2 growth rate during 1982-1990. This was ob-

servedboth globally and for the 30ø- 90ø N latitudional
band, but not at other latitudes. From this, we may conclude that total ecosystem respiration and GPP respond
similarly but disproportionately to chmate, such that the
difference between the two resembles the opposite of the
observed atmospheric CO2 growth rate.

[Sellerset al., l OO•].
The utility of AVHRR data has been demonstrated pre-

viouslyin studiesof global vegetationdynamics[Tucker et
al., 1085]and net primary productivity[ Tuckeret al., 1086;
Fun9 et al., 1087]. The objective of this study is to investigate the interannual variability in the satellite-measured,
spatially-continuousmulti-year data set. However, normal-

ized differencevegetationindex (NDVI) and leaf area index
(LAI) are both dimensionless
quantitiesin spaceand time.

Introduction

Grossprimary production(GPP) denotesthe amountof
carbon photosynthesized by plants. Some of this carbon is
respired, while the rest is invested in plant growth. This exchange of carbon between plants and the ambient involves
vast quantities of gaseouscarbon dioxide, which is an important green housegas. Seasonaland interannual variations in
GPP of terrestrial vegetation are therefore of considerable
interest. Results on monthly GPP estimated from monthly
mean global green leaf area and photosynthetically active
radiation derived from observations made from several geostationary and polar orbiting satellites for the years 1982
through 1990 are presentedhere.
Data

and

Met

Therefore, a conversion scheme is required, but this scheme
should not introduce additional variance as this will likely
degrade the value of the multi-year satellite data set.
The simplest conversion scheme involves estimation of
G PP utilizing plant green leaf area, incident photosyntheti-

callyactiveradiation(PAR; 0.4-0.7•um) andthe photosynthetic responseof a leaf to incident PAR [Gutschick,1991].
The canopy integration in this schemeis physically based

[Myneniet al., 1992],but requirescoincidentmeasurements
of incident PAR which match the multi-year satellite LAI
data set in terms of spatial and temporal resolution, and
accuracy. PAR data sets satisfying these requirements were
not available

to us. Therefore

we relied on a PAR

climate

data set, derived from the International Satellite Cloud Cli-

matology Project [Schiffer and Rossow,1985; Pinker and
Lazlo, 1992]. Generic C3 and C4 leaf photosyntheticresponsesto PAR under optimal conditions of temperature
and water status were used. Specifically, the nonrectan-

hods

Satellite-sensed greennessis usually expressedas normal-

gular hyperbolic form of the leaf light photosynthesisre-

ized differencevegetationindex (NDVI), which is indica-

sponse function was employed with the following parame-

tive of green vegetation amount, and therefore vicariously
of photosynthetically active radiation absorption and asso-

ters- initial slope of 0.0524 [Evans and Farquhar, 1991],

ciated physiologicalprocesses[Myneni et al., 1995]. The

thesisof 20 (C3) and 35 (C4) /• mol CO2/m2/s [Collatz

archived Advanced Very High Resolution Radiometer data
set is a maximum monthly value composite data set with

et al., 1991; 1992]. The choiceof the latter parameters
was based on trying to match, by trial and error, measured
rates of daily photosynthesisof several C3 and C4 canopies
reported in the literature [Boote and Loomis, 1991; Sellers et al., 1992]. A map of the global distribution of C3

a spatial resolutionof 7.6 km [the Global Inventory Monitoring and ModelingStudies(GIMMS) data set]. The compositing procedure minimizes the effects of sun angle, view

curvature parameter of 0.7 and asymptotic leaf photosyn-

and C4 species[Collatz, 1992]wasusedin conjunctionwith
the above responsefunctions to calculate global G PP rates.
This description of biosphericgrosscarbon assimilation ignores temperature and water dependencies;however, inhibition of photosynthesisat biome-specificlow and high temperature is included. Thus, for instance, although northern
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Figure 1.
Biome gross.photosynthetic rates estimated
from hydrological equilibrium theory and the mean GPP
estimated from multi-year satellite leaf area index data set.
The numbers in the plot correspond to different land cover

MEAN ANNUALGROSSPHOTOSYNTHESIS1982-1990 (10q2 g C)

Mean

( 1) Ice/Polar desert
(2) Semidesert
(3) Tundra
(4) Taiga
(5) Cold decidousforest
(6) Cool grass/sgrub
(7) Cool coniferforest
(8) Cold mixed forest
(9) Cool mixed forest
(10) Temperate decidousforest
(11) Evergreen/Warm mixed forest
(12) Warm grass/shrub
(13) Hot desert
(14) Xerophytic woods/shrub
(15) Tropical rain forest
(16) Tropical seasonalforest
(17) Tropical dry forest/savanna

0.0607
2.3720
2.2149
7.7962
2.0017
5.6423
2.6424
0.7932
5.6987
7.7283
14.9989
8.9113
8.9016
17.1024
23.1533
24.0256
45.8432

Standard
Deviation

0.0035
0.1156
0.0150
0.0204
0.0104
0.1480
0.1480
0.0060
0.0454
0.1245
0.2285
0.3037
0.4989
0.2321
0.1015
0.1323
0.3112

time period of calculation,and (b) no in situ empiricalobservationsare used for tuning the model, thus avoiding the
issueof scaling point measurementsto areal values. The dis-

advantages
are that (a) the methodignoreswater, temperature and nutrient functionalities,which is highly unrealistic,

and (b) thereforeresultsin GPP estimatesthat are suggestive of potential rather than actual photosynthesis. Detailed models that include temperature, water and nutrient

0.5

stresses,and many other aspectsexist [Runningand Cough!an, 1988; McGuire et al., 199œ;Potter et al., 1993; Warnant et al., 199•; Maisongradeet al., 1995]. Forcingone of
these models with our multi-year LAI data set may likely
produce realistic estimates of GPP, but assessingwhich of
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Figure 2. Mean annual grossprimary production for the
years 1982 through 1990.
I
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the interannual GPP variations are due to the multi-year
satellite LAI data set will likely be difficult. These considerations explain our choice of the simple GPP model.
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The amount of leaf area at a specific site can be estimated using the hydrological equilibrium theory, i.e., determining the leaf area required to balance potential evapotranspiration and precipitation. This was done globally,
and monthly, using the BIOME-BGC model [Running and
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Coughlan,1988]in conjunctionwith long-termclimatology
[Leeroansand Cramer, 1990]and soil information[Zobler,
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1986]. The resultingleaf area distribution is characteristic
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Figure 3.

The dependenceof biome grossprimary pro-

duction

on rainfall.

rate

Mean

and standard

deviation

of

both variables during 1982-1989 are shown. The productivity rate is normalized to a standard year of 365 days with
12 hours of sunlight per day. The numbers in the plot cor-

respondto differentland coverclasses[Prenticeet at., 1992]
(alsoseeTable 1).
coniferousforests may be green during the boreal winter,
carbon assimilationis turned off becauseof climatologically
low air temperatures.

The advantagesof this simple conversionschemeare that
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Figure 4. Coefficientsof variation (standarddeviation '
mean) of grossprimary productionfrom 1982-1990.Values

(a) it alleviatesthe needfor measuredtemperature,precip-

for hot deserts[biome13 of Prenticeet al., 1992]are not

itation and other data sets of comparable accuracy for the

shown because of low carbon

assimilation

rates.
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influences. Biome grossphotosynthetic rates estimated from
this potential leaf area data set agreed well with those esti-

I

I

,

I

I

[

I

I

I

I

I

I

0.4[--

I

I[

'• 4.0

]

Global

/

matedfrom satelliteleaf area (Figure 1). This comparision
offers a measure of vahdity to the GPP resttits presented
below. However, when the potential and satellite LAIs are

• 0•2

ø0'0

compared,the correspondence
is not good (resultsare not
presentedfor brevity). This indicates that the GPP results are suggestiveof potential rather than actual carbon
assimilation estimates, because leaf area derived from the
hydrological equilibrium theory is indicative of maximum
possible leaf area at a site, but since GPP is a non-linear
function of LAI, this difference does not translate into GPP
and therefore the good correspondenceobservedin Figure
1.

Annual GPP of terrestrial vegetation varied from about
177.5 Pg C in 1982 to 181.9 Pg C in 1988, with a mean value
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Figure 5. The progressionof mon•y
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of179.9PgC (1 Pg= 1015g). Thatis,theequivalent
of84 duc•iviW (GPP) anomaliesand a•mosphericCO2 growth
ppm of (•O2, or about one quarter of the atmospheric
concentration, can potentially be photosynthesizedby vegetation annually. The tropics contribute about 55% to the

annualintegral (Figure 2), whichis consistentwith reports
on net primary productivity (NPP) [Melillo et al., 1993].
July and February represent the extremes of photosynthetic
activity with about 13% and 6% of the yearly total.
A global vegetation map was used in this study to strat-

ify land cover [Prentice et al., 1992]. The biomestend to
occupydistinct precipitationand temperatureniches(Figure 3). Deserts(13) and tropical rain forests(15) inhabit
the extremes of rainfall regime. The rate of carbon assim-

ilation increaseswith rainfall upto about 150 cm/yr, after
which it tends to an asymptotic value. Thus, tropical rain
and seasonalforests (15 .&:16) have comparablerates of
carbon assimilation. When two or more biomes occupy the

ra•e.

A caveatwith respectto the previousresult (Figure 4)
needs to be addressed.

It is well known

that

NDVI

is a non-

linear function of LAI and therefore, the abihty of NDVI
to respond to changes in LAI at the higher-end of the LAI

domain(LAI > 3) decreases
significantly.
However,
since
canopy photosynthesis is also a non-linear function of LAI,
one could argue that such changesin LAI do not apprecia-

bly affectcanopyphotosynthesis
[Myneni et al., 1992]. This
is especiallytrue of potential(i.e., unstressed)
photosynthesis, where PAR is the only forcing variable. Therefore, the
lack of appreciable interannual variability in the potential
GPP of biomes with high LAI must not be construed as an
artefact

of the NDVI

data

set.

The interannual variability of GPP, q- 1.6 Pg C, is quite
small comparedto the mean annual GPP of about 180 Pg C.
Interestingly, this is in good agreement with results on the

samerainfall niche,evergreen/warmmixed forest (11) and
tropical dry forest/savanna(17) for example,biomesfrom
a warmerregion (17) have a higher assimilationrate than interannual variability of atmosphericCO2 increase[Conthosefrom a coolerregion (11). This temperaturedepen- way et al., 1994]. The largest year-to-year changesin atdency is evident in Figure 2, with tundra (3), taiga (4), mospheric CO2 increase, of the order 2-3 Pg C, occurred
coniferand mixed forests(7, 8, 9, & 10) occupyingthe in- during 1982-83 and 1986-87 E1 Nifio/Southern Oscillation
ner marginof the envelope,and xerophytes(14) and tropical events. Similar large year-to-year changesin GPP were also
observed(4.3 and 2.3 Pg C, respectively).In fact, the evoluforests(15, 16 &: 17) occupyingthe outer margin.
Average annual GPP of the various biomes is given in
Table 1. The tropical dry forest/savannahad the highest
annual GPP (45.8 Pg C), followedby tropical seasonal(24
Pg C) and rain (23.2 Pg C) forests. The three biomesaccount for about

52% of the total

annual

carbon

assimila-

tion of monthly GPP anomalies was similar to atmospheric

CO2 growth rate during 1982-1990(Figure 5). That is,
periods of increasing atmospheric CO2 growth were coincident with periods of higher-than-average biospheric GPP,
and, vice versa. This was observed both globally and for

tion, whichis consistentwith recentNPP estimates[Melilo
et al., 1993]. Their productivity is also stable from year

the 30ø - 90ø N latitudionalband (Figure 5), but not for
other latitudes(0ø - 90øN, 0ø - 30øS & 30ø - 90øS). If

to year, with an interannual variability of 0.55 Pg C. In

terannual variabihty are the hot and semi deserts, cool and

NPP is assumed to be a constant fraction of GPP, then
heterotrophic respiration and biospheric NPP must respond
similarly but disproportionately to climate in order to match
the observed atmospheric CO2 growth rate. This inability of heterotrophic respiration to balance biospheric NPP
could be the likely mechanism by which the so-called miss-

warm grasses/shrubs,
and xerophyticwoods/shrubs.Their

ing carbon[Tans et al., 1990]is being sequestered
into soils

annualGPPis 43+ 1.3Pg C, or about24%of theglobalto-

ultimately via biosphericnet fixation. But, this needs to be
confirmed, although some evidence of carbon sequestration

general,the regionswith low coefficients
of variation (standard deviation+ mean) are forestedareas tropical and
temperate, evergreen and decidous, broadleaf and needle

(Figure 4). On the other hand, the biomeswith high in-

tal GPP. These biomes occupy marginally habitable niches
with high precipitation variability. Therefore, they exhibit

in tropical soils has recently been reported [Fisher et al.,

highcoefficients
of variation(> 10%), andincludethe grasslands of mid-west United States, the prairies and savannas
of Argentina in South America, the Sahelian grassesand
shrubs in Africa, the grassesand xerophytic woods east of
Kalahari in Southern Africa, the Mediterranean shrublands,

cool grasses/shrubs
in the Anatolia plateau of Turkey, the
I•azakh and Mongolian steppesin Asia, and the grassesand

xerophytesin Australia (Figure4).

The assumption that NPP is a constant fraction of GPP
is perhaps valid only over large space and long time scales

[Prince et al., 1994]and not interannually.In spite of this
and the fact that our calculations are of potential photosynthesis, we may conclude that total ecosystemrespiration
and GPP respond similarly but disproportionately to climate, such that the difference between the two resembles
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the opposite of the observedatmospheric CO2 growth rate.
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