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ABSTRACT

Spatial and temporal variations in net primary pro-
duction (NPP) are of great importance to ecological
studies, natural resource management, and terres-
trial carbon sink estimates. However, most of the
existing estimates of interannual variation in NPP at
regional and global scales were made at coarse res-
olutions with climate-driven process models. In this
study, we quantified global NPP variation at an 8
km and 10-day resolution from 1981 to 2000 based
on satellite observations. The high resolution was
achieved using the GLObal Production Efficiency
Model (GLO-PEM), which was driven with vari-
ables derived almost entirely from satellite remote
sensing. The results show that there was an increas-
ing trend toward enhanced terrestrial NPP that was
superimposed on high seasonal and interannual
variations associated with climate variability and
that the increase was occurring in both northern

and tropical latitudes. NPP generally decreased in El
Nifio season and increased in La Nina seasons, but
the magnitude and spatial pattern of the response
varied widely between individual events. Our esti-
mates also indicate that the increases in NPP during
the period were caused mainly by increases in at-
mospheric carbon dioxide and precipitation. The
enhancement of NPP by warming was limited to
northern high latitudes (above 50°N); in other re-
gions, the interannual variations in NPP were cor-
related negatively with temperature and positively
with precipitation.

Key words: net primary production; interannual
variability; GLObal Production Efficiency Model
(GLO-PEM); Advanced Very High Resolution Radi-
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INTRODUCTION

Net primary production (NPP) quantifies the net
carbon fixed by vegetation; in effect, it is the begin-
ning of the carbon biogeochemical cycle. As a prin-
cipal indicator of ecosystem health, resource utili-
zation, and biospheric carbon fluxes, NPP is of great
importance to ecological studies, natural resource
management, and estimates of the terrestrial car-
bon sink. Terrestrial ecosystems drive most of the
seasonal and interannual variations in atmospheric
carbon dioxide (CO,) concentration and have taken
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up about one-fifth of the total anthropogenic emis-
sion of CO, since the Industrial Revolution (Pren-
tice and others 2001). Atmospheric measurements
and inverse modeling suggest that the net terrestrial
carbon uptake increased substantially from the
1980s to the 1990s (Battle and others 2000; Bous-
quet and others 2000), but the causes of the in-
crease are not well understood (Schimel and others
2001). Quantifying variations in terrestrial NPP
should provide insight into the processes and fac-
tors that regulate the terrestrial carbon sink.

Net primary production is highly variable in space
and time. Spatial variations of NPP are related to
factors such as climate, vegetation distribution, and
land use across the planet from local to global
scales. Temporal changes in NPP are linked to both
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“fast” processes (such as diurnal and seasonal vari-
ability in weather and the consequent physiological
responses) and “slow” processes (such as changes in
atmospheric composition, climatic changes, and
ecosystem redistribution). Process-based ecosystem
models have been widely applied as a means of
quantifying spatio-temporal variations in NPP at
large scales (for example, see Cao and Woodward
1998; Cramer and others 2001). However these
models use a “scaling up” approach to extrapolate
long-term estimates from short-term biological re-
sponses at small spatial scales; hence they often fail
to correctly capture the long-term responses at large
spatial scales. Moreover, process-based models are
usually driven by meteorological data recorded at
weather stations that are widely scattered and often
sparse in number, particularly in the vast remote
areas of the world. Therefore, the fine-resolution
variation of NPP cannot be captured.

Satellite remote sensing provides information on
vegetation patterns and activities at high resolution.
For example, the Advanced Very High Resolution
Radiometers (AVHRR) on board the National
Ocean and Atmosphere Administration (NOAA)
satellites have yielded global observations at a res-
olution of 1 km and 1-2 days for more than 20
years. Moreover, satellite observation can detect
actual vegetation changes over large areas directly,
hence avoiding the problems associated with “scal-
ing up” in process modeling and the extrapolation
of results from point measurements. Since 1984,
when global observations of terrestrial vegetation
were first made using the normalized difference
vegetation index (NDVI) (Asrar and others 1984;
Tucker and others 1985; Prince 1991a), various
satellite-based techniques have been developed to
measure vegetation changes. Many studies have
used NDVI to estimate interannual changes in veg-
etation growth in an attempt to quantify the terres-
trial carbon sink (for example, Myneni and others
1997, 2001; Zhou and others 2001; Tucker and
others 2001). However, NDVI is not a direct mea-
sure of plant productivity or carbon uptake. In ad-
dition to the absorption of photosynthetically active
radiation (PAR) by vegetation, which can be mea-
sured adequately with NDVI, NPP also depends on
factors such as plant radiation utilization efficiency
(RUE), which varies widely with the same NDVI
(Prince 1991b; Goetz and Prince 1999).

To establish a link between satellite data and NPP,
production efficiency models have been developed
that estimate plant PAR absorption, RUE, and au-
totrophic respiration (Prince 1991b; Potter and oth-
ers 1993; Prince and Goward 1995). These models
have mostly been used to estimate spatial and sea-

sonal patterns of NPP (Potter and others 1993;
Prince and Goward 1995; Field and others 1998),
but there have also been a few attempts to estimate
interannual variation in NPP (Malmstréom and oth-
ers 1997; Potter and others 1999; Behrenfeld and
others 2001). However, those estimates used only
NDVI from satellite data and still relied on coarse-
resolution meteorological data from weather sta-
tions.

Environmental variables that affect RUE and au-
totrophic respiration, such as temperature and air
humidity, can also be inferred from satellite data.
Surface thermal energy emission detected by satel-
lites has been used to infer temperature, humidity,
soil moisture, and precipitation (Prince and Goward
1996; Rundquist and others 2000). To make use of
the satellite data for estimating NPP, the GLObal
Production Efficiency Model (GLO-PEM) was de-
veloped (Prince and Goward 1995). It was designed
to run with both biological and environmental vari-
ables derived from satellites (Prince and Goward
1995; Goetz and others 2000); thus spatial and tem-
poral variations of NPP can be estimated at the same
resolution as satellite data. In this study, we used
GLO-PEM and the NOAA/NASA Pathfinder
AVHRR Land (PAL) Global Area Coverage (GAC)
data at resolutions of 8 km and 10 days to estimate
spatiotemporal variations in NPP from 1981 to
2000.

METHODS

The GLObal Production Efficiency Model
(GLO-PEM)

GLO-PEM consists of linked components that de-
scribe the processes of canopy radiation absorption,
utilization, autotrophic respiration, and the regula-
tion of these processes by environmental factors
(Prince and Goward 1995; Goetz and others 2000):

NPP = X (SN)e, — R] (1)

where S, is the incident PAR in time #; N, is the
fraction of incident PAR absorbed by the vegetation
canopy (Fapar), calculated as a function of NDVI
(Prince and Goward 1995; Goetz and others 1999);
g, 1s RUE in terms of gross primary production; and
R is autotrophic respiration calculated as a function
of vegetation, biomass, air temperature, and photo-
synthetic rate (Prince and Goward 1995; Goetz and
others 1999). The algorithms for calculating these
variables are described in Prince and Goward
(1995) and Goetz and others (1999). In this study,
the estimate of &, was improved, as will be described
in the following sections.
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Plant photosynthesis depends on the efficiency of
the photosynthetic enzyme system to assimilate
CO, and the stomatal conductance of CO, diffusion
into leaf intercellular spaces (Farquhar and others
1980; Collatz and others 1991). Therefore, g is
given as:

g, = €,0 (2)

where 85* is the maximum possible efficiency im-
plied by photosynthetic biochemical processes that
is affected by, among other factors, photosynthetic
pathway, temperature, and the CO,/O, specificity
ratio (Prince and Goward 1995). ¢ is the reduction
of eg* caused by environmental factors that control
stomatal conductance (Stewart 1988):

o = f(T) f(3q) f(36) (3)

where f(T), f (8q), and f (36) represent the effects of
air temperature, vapor pressure deficit (VPD), and
soil moisture on stomatal conductance, respec-
tively.

The temperature effect, f (T), reaches the maxi-
mum (1.0) at the optimum temperature and tapers
off for warmer or cooler temperatures (Raich and
others 1991):

T — Tmin)(T — Tmax
- ( )( )

(T — Tmin)(T — Tmax) — (T — Topt)? (4)

where T'is air temperature (°C); and Tmin, Topt, and
Tmax are the minimum, optimum, and maximum
temperatures (°C), respectively, for photosynthesis.
We define the Tmin and Tmax as —1°C and 50°C for
C; plants and 0°C and 50°C for C, plants, respec-
tively (Parton and others 1993; Melillo and others
1993). The optimum temperature is defined as the
long-term mean temperature for the growing sea-
son, based on the concept that plants grow effi-
ciently at the prevailing temperature (Sellers and
others 1992).

The water status of the leaf and soil are critical to
stomatal conductance. As the air dries, stomata pro-
gressively close to protect the leaf from desiccation
and so f (3q) decreases (Jarvis 1976):

f(d,)=1-10.055, 0<9%,< =15
=0.25 8,>15 (5)
8,=Qw(T) — q

where 3, is the specific humidity deficit (g kg™ "),
Qw(T) is the saturated specific humidity at the air
temperature, and ¢g is the specific humidity of the
air. Soil moisture affects stomatal conductance
through both hydraulic and nonhydraulic linkage
between roots and leaves (Gollan and others 1992).
Even if the water status of the leaf remains un-

changed, stomatal conductance decreases with de-
creases in soil moisture in response to the resulting
increases in abscisic acid in the roots (Tardieu and
Davies 1993). The effect of soil moisture is given as:

f(80) =1 — exp(0.081(36 — 83.03) (6)

where 860 is the soil moisture deficit (mm) in the top
1.0 m of soil. The soil moisture deficit is defined as
the difference between saturated water content and
actual water content, which is calculated with the
algorithms described in Prentice and others (1992).

Satellite Data Sources and Processing

Pathfinder AVHRR Land (PAL) data at resolutions
of 8 km and 10 days (Agbu and James 1994) were
used to drive GLO-PEM. They were derived from
channels 1, 2, 4, and 5 of the sensors aboard the
NOAA -7, -9, -11, and -14. The PAL AVHRR data
used in this study were reprocessed to incorporate
corrections in the calculation of solar zenith angles
and relative azimuth angles as well as corrections to
remove atmospheric effects. The desert target ap-
proach (Rao 1993) was used to calibrate the data
sets. GLO-PEM has algorithms to correct for cloud
screening and water vapor Rossow and others
1996). As the NOAA satellites aged or changed, the
equatorial crossing time changed significantly (Gut-
man 1999a). Therefore, data from channels 4 and 5
were corrected using a method that generally fol-
lows Gutman (1999a) but has major modifications
(Gleason and others 2002).

GLO-PEM includes algorithms to calculate NDVI,
Fapar, biomass, air temperature, and VPD from the
AVHRR data (Prince and Goward 1995; Goetz and
others 1999). The algorithms have been validated
with field observational data (Goetz and others
1999; Prince and others 1998; Czajkowski and oth-
ers 1997). The incident PAR was obtained from the
International Satellite Cloud Climatology Project
(ISCCP) (Pinker and Laszlo 1992; Frouin and
Pinker 1995). The Global Precipitat Clmatology
Project (GECP) version 2 combined a precipitation
data set inferred from infrared and microwave sat-
ellites (Huffman and Bolvin 2000). Monthly atmo-
spheric CO, concentrations came from the mea-
surements of the Mauna Loa Station; these values
are close to the means of the global observatory
network (Keeling and Whorf 2002). The aerosol
cloud released by the Pinatubo eruption in June
1991 covered over 40% of the planet (Robock
2002), preventing AVHRR from effective monitor-
ing of land surface conditions to the end of 1992
(Gutman 1999b). Therefore, the estimate for the
period from July 1991 to December 1992 was ex-
cluded from analysis.
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Figure 1. Temporal variation in net primary production
(NPP) and its response to the ENSO cycle. The NPP anom-
aly (2Cm~210d™") was calculated as a deviation from the
mean in the period 1981-2000. The multivariate ENSO
index (MEI) is positive for El Nifio and negative for La
Nifa.

RESULTS

Global Interannual Variation in Net Primary
Production

During the period 1981-2000, global NPP varied
greatly from 8 to 22 ¢ C m~2 10 d~! with a coeffi-
cient of variation (CV) of 28%. However, the
deseasonalized interannual anomaly showed an in-
creasing trend by 0.52% y~ ' (R* = 0.67, P < 0.01)
(Figure 1). The interannual variation in NPP was
clearly correlated with the El Nifio—Southern Oscil-
lation (ENSO) cycle, which creates an alternation of
dry and warm El Nifio episodes, with wet and cool
episodes over large parts of the tropics, and strongly
affects the climate of other regions through telecon-
nections (Ropelewski and Halpert 1987; Glantz and
others 1991). NPP generally decreased in El Nifio
episodes and increased in La Nifia episodes (Figures
1 and 2). The global mean NPP for El Nifio seasons,
defined as the period when the multivariate ENSO
index (MEI) was above 0.5 (Wolter and Timlin
1998) (Figure 1), was 3.6% lower than that for La
Nifia seasons, and the reduction was up to 10% in
strong El Niflo events, such as the ones that oc-
curred in 1982-83 and 1986-87 (Figure 1).

In El Nifio seasons, severe drought spread over
Indonesia, the Philippines, northern South Amer-
ica, Central America, northern and southern Africa,
India, and Australia, whereas warmer than normal
conditions were found along the west coast of
South America, southeastern Asia, and southern
Africa (Ropelewski and Halpert 1987; Halpert and
Ropelewski 1992; Moron and Ward 1998). For
these regions, our estimated NPP dropped by about

NPP (g C m™ per 10 days)

Figure 2. Anomalies in net primary production (NPP) (g
Cm~210d™") estimated for a typical El Nifio and La Nifia
episode as a deviation from the mean in the period 1981
2000.

Figure 3. Varying responses of net primary production of
(NPP) to different El Nifio events. The NPP anomaly (g C
m~ 210 d"! is the deviation from the mean for the period
1981-2000. The spread of aerosols from the Chichén
eruption in Mexico in 1982 might have affected the es-
timate of NPP changes in 1982-83 at low latitudes, but
the global NPP reduction, particularly in the north, was
caused mainly by the strong El Nifio.

8% in El Nino seasons (Figures 2 and 3). The stron-
gest connections between El Nifio and NPP reduc-
tion were found in India, northeastern South
America, and eastern Australia (Figures 2 and 3),
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because the El Nifio events suppressed the mon-
soon and greatly reduced precipitation in these re-
gions (Dai and Wigley 2000). In the 1982-83 and
1986—-87 El Nifio seasons (Figures 2 and 3), NPP in
India, northeastern South America, southern Af-
rica, and the sub-Sahara fell by up to 20%.

Variations by Latitudinal Bands and
Regions

Interannual variations in NPP had different charac-
teristics in different regions (Figures 4 and 5). In the
tropics (20°N-20°S), NPP increased by 0.48% y '
(R*> = 0.59, P < 0.01) during the study period. The
anomalies in NPP were significantly correlated with

Figure 5. Estimated changes in annual total terrestrial
net primary production (NPP) (Gt C) in various latitudi-
nal bands and on a global basis. K represents the annual
growth rate. A single asterisk (*) indicates that the esti-
mated K was significant at a 95% level; a double asterisk
(**) indicates that it was significant at a 99% level.

MEI (R* = 0.36, P < 0.01) (Figure 4). The mean
temperature increased by 0.46°C, precipitation fell
by 8%, and NPP was reduced by 4% during El Nifio
seasons. In the north (higher than 20°N), NPP in-
creased by 0.57% (R* = 0.67, P < 0.01). The inter-
annual anomalies in NPP had no significant corre-
lation with the MEI (Figure 4), but NPP still
decreased in El Nifio. The impact was substantial in
some regions—for example, North America (Fig-
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ures 2 and 3). The estimated NPP for North America
decreased in El Nifio seasons (R* = 0.39, P < 0.01),
particularly in the central and southwestern United
States, where severe warming and drought often
occurred in El Nifio seasons (Ropelewski and Halp-
ert 1986; Wilhite and others 1987). In contrast, the
NPP for Eurasia was not reduced significantly in El
Nifio seasons.

Although there are some consistent climate pat-
terns associated with the ENSO cycle, individual
events may have variable effects on climate and
hence on NPP. In spite of the general drying effect,
El Nifio events often bring heavy rainfall to certain
arid regions (Poliss and others 1997; Gutierrez
2000). For example, precipitation in southern Cal-
ifornia and the arid interior of Australia in the
1982-83 El Nifio season was respectively, 17% and
9% higher than the average, and estimated NPP
increased by 5-10% (Figure 3). However, NPP in
the same regions decreased in the 1986—87 El Nifio
season (Figure 2) due to reductions in precipitation.
In contrast to the 1982-83 and 1986-87 El Nifio
events, which caused global reductions in NPP, the
main impacts of the 1993-94 El Nifio was limited to
central Africa and the Asian Pacific, and the NPP in
northern middle and high latitudes increased due to
higher than normal precipitation (Figure 3).

In the transition from the 1987-88 El Nifio to the
1988-89 La Nifla, global NPP was still low (Figure
1) because precipitation did not return to normal
levels and temperatures remained higher than nor-
mal in the middle and eastern United States, South
America, central Africa, and Southeast Asia. The
1997-98 El Nifio was probably the strongest one in
the 20th century (Davey and Anderson 1999;
Parker and others 1998); however, estimated NPP
was only moderately reduced by this episode (Fig-
ure 1). The 1997-98 El Nifo event, as usual, caused
drought over eastern Brazil, southwestern Africa,
and northeastern South America (Parker and Hor-
ton 1999; Slingo 1999); hence, there were marked
reductions in NPP in these regions (Figure 3). How-
ever, the Indian monsoon rainfall was not reduced,
and the eastern regions of Africa and the United
States, southern South America, and western Eu-
rope experienced exceptionally wet weather
(Slingo 1999; Lau and Wu 1999); thus, the esti-
mated NPP for these regions was higher than nor-
mal (Figure 3). An independent estimate, using
data from the Sea-viewing Wide Field-of-view Sen-
sor (SeaWiFS) on the SeaStar spacecraft, also did
not detect significant decreases in NPP for the
1997-98 El Nifio (Behrenfeld and others 2001).

During the period 1981-2000, NPP generally in-
creased in the Northern Hemisphere but showed no

clear trend in the Southern Hemisphere (Figure 5).
During the 1980s, NPP increased at northern high
latitudes (above 50°N) by 0.71% y~' (R* = 0.40, P
< 0.01) and low latitudes (0-20°N) by 0.78% y !
(R*> = 0.66, P < 0.01), but it varied greatly between
years in other latitudinal regions. In the 1990s (af-
ter 1992), NPP increased in almost all latitudinal
bands, but the growth rate in the tropics—0.91%
vy ' (R* = 0.36, P < 0.01)—was about twice that in
the north (0.42% y~', R* = 0.25, P < 0.01). NPP
showed a higher growth rate (0.48% y~ ', R* =
0.38, P < 0.05) in Eurasia than in North America
(0.36% vy~ ', R = 0.26, P < 0.05) in the period
1981-2000.

Responses to Climate Variation

In the north (above 20°N), the mean annual tem-
perature increased by 0.45°C and precipitation in-
creased 12 mm in the study period. Interannual
variation in NPP correlated positively with temper-
ature (R*> = 0.21, P < 0.05) in the northern high
latitudes (above 50°N) but not in the middle lati-
tudes (20-50°N), where NPP was positively corre-
lated with precipitation (R* = 0.25, P < 0.05). In
the tropics (20°N-20°S), the mean annual temper-
ature increased by 0.32°C and precipitation in-
creased 22 mm in the study period. NPP responded
negatively to temperature (R? = 0.33 for the latitu-
dinal band 0-20°N and 0.48 for 0-20°S, P < 0.01)
and positively to precipitation (R*> = 0.57 for
0-20°N and 0.38 for 0-20°S, P < 0.01). The atmo-
spheric CO, concentration increased 28 ppmv from
1981 to 2000. NPP was correlated with the increase
in atmospheric CO, in all regions, with a correlation
coefficient higher than 0.50. The response of pho-
tosynthetic biochemical reactions to increases in
atmospheric CO, is higher under warmer condi-
tions (Long 1991; Kirschbaum 1994), so the CO,
fertilization effect is expected to increase with
warming in cool regions and to be the greatest in
warm environments. In addition, increases in at-
mospheric CO, can also enhance NPP by reducing
stomatal conductance and increasing plant water-
use efficiency, particularly in arid regions (Drake
and others 1997; Koérner 2000). According to the
analysis, the warming trend enhanced NPP in
northern high latitudes, increases in precipitation
helped to enhance NPP in the northern middle
latitudes and the tropics, and increases in atmo-
spheric CO, contributed to NPP increases in all re-
gions. Because northern high latitudes (above
50°N) accounted for only about 12% of the esti-
mated global NPP, the global increase in NPP was
mainly related to increases in atmospheric CO, and
precipitation.
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Comparisons with Studies Using other
Methodologies

Our estimated increases of NPP in the north are
supported by atmospheric measurements (Keeling
and others 1996; Braswell and others 1997). In
addition, the increases in the tropics are also con-
sistent with documented observations (Phillips and
others 1998) and process-based modeling (Grace
and others 1995; Tian and others 1998). Studies
based on atmospheric measurements and models
found no significant carbon releases from tropical
regions (Keeling and others 1996; Bousquet and
others 2000), suggesting that increases in NPP
counterbalance the carbon release caused by defor-
estation (Malhi and Grace 2000; Schimel and others
2001). Our estimate did not show a clear trend
toward increasing NPP in the 1980s, due to high
interannual variation; however, the authors of
other satellite-based studies (Malmstrom and others
1997; Potter and others 1999) reported that global
NPP had increased by more than 10% (but they
gave no explanation for such large increases). Our
estimates of increased NPP are in accord with the
results of studies that used NDVI directly as an
index of plant growth, but they contradict their
hypothesis that warming drove the increase in the
north (Zhou and others 2001; Lucht and others
2002). Our analysis showed that warming en-
hanced NPP in the northern high latitudes but not
in the northern middle latitudes, where plant
growth may decrease with warming because of
concomitant water stress (Barber and others 2000);
thus, our estimated NPP increases for this region
were correlated with increases in precipitation.
The interannual variations and trends in NPP
reflected in our estimates are in accord with the
results yielded by a process-based biogeochemical
model (Cao and Woodward 1998; Cao and others
2002) (Figure 6). Both of these methodologies pro-
duced similar findings of interannual variation (R?
= 0.41, P < 0.01); indeed, our estimated NPP in-
crease of 4.9% from the 1980s to 1990s is very close
to the estimate of 3.5% produced with CEVSA (Cao
and others 2002). Our estimate of NPP increases in
the 1990s is also in line with the findings of other
studies using atmospheric measurements and in-
verse modeling that suggested a substantial increase
in net terrestrial carbon uptake in the 1990s (Battle
and others 2000; Bousquet and others 2000). Our
estimated response of NPP to ENSO cycles is further
supported by atmospheric measurements that
showed decreases in terrestrial carbon uptake in El
Nifio seasons and increases in La Nifia seasons
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Figure 6. A comparison between interannual anomalies
in net primary production (NPP) estimated with the
Global Production Efficiency Model (GLO-PEM) and a
biogeochemical model, CEVSA (Cao and Woodward
1998; Cao and others 2002).

(Keeling and others 1996; Keeling and Whorf 2002;
Bousquet and others 2000) (Figure 7).

CONCLUSIONS AND DISCUSSION

Our estimates showed a trend toward increasing
NPP that was superimposed on high seasonal and
interannual variability and similar NPP increases in
the north and the tropics in 1981-2000. NPP gen-
erally decreased in El Nifio seasons and increased in
La Nina seasons; however, the response varied
widely in individual ENSO events and in different
regions. The interannual variation in NPP was cor-
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Figure 7. A comparison between the variation in net
primary production (NPP) and the net terrestrial carbon
uptake, as inferred from atmospheric inverse modeling
(Bousquet and others 2000). The NPP increases in La
Nifa seasons (1983—-84, 1989-90, 1996-97) and the NPP
decreases in El Nifio seasons (1982-83, 1987-88, and
1997-98) are consistent with the changes in terrestrial
carbon uptake. Nevertheless, other processes also affect
terrestrial carbon uptake; for example, its dramatic in-
creases in 1991-93 and decreases in 1995-96 were
caused by temperature-induced changes to soil hetero-
trophic respiration (Cao and others 2002).

related positively with temperature only in north-
ern high latitudes (above 50°N); in other latitudinal
bands, it was correlated positively with precipita-
tion. Global NPP increases were mainly related to
increases in atmospheric CO, and precipitation.
Our estimates are consistent with field observa-
tions and atmospheric measurements; nevertheless,
they should be read cautiously. Although various
calibrations and corrections were applied to the sat-
ellite data, bias arising from satellite adjustments to
the multiyear data cannot be ruled out. In addition,
satellite orbital degradation may cause increases of
solar zenith angles and hence lead to an underesti-
mation of NDVI and NPP for low-latitude regions
(Los and others 2000; Slayback and others 2003).
We excluded the period 1991-92 from our study
because of the effect of aerosols from the Pinatubo
eruption, even though some investigators reported
that the stratospheric aerosols probably did not
reach a steady state until after the 1990s (Robock
2002). In addition, the effect of the aerosols may
have caused real NPP decreases in 1991 and 1992
due to concomitant reductions in PAR and global
cooling (Lucht and others 2002; Cao and others
2002), but it is difficult to separate this real effect
from the interference with AVHRR observation
caused by the aerosols (Slayback and others 2003).
This study is the first attempt to quantify inter-
annual variations in NPP at the global scale using

variables based almost entirely on satellite observa-
tions. The fact that our results accord with atmo-
spheric measurements and field observations indi-
cates that this approach has the capacity to detect
NPP patterns and temporal variability realistically.
The estimated spatio-temporal changes in NPP re-
flect the response of this important indicator of
ecosystem health to global climatic phenomena
such as warming, ENSO cycles, and increases in
atmospheric CO,, as well as regional climate vari-
ability. Our analysis underscores the importance of
continuing global satellite observations of ecosys-
tem changes in this critical era of rapid environ-
mental change. To make better use of the long-term
AVHRR data, further improvements are needed to
remove the artifacts that may arise from various
types of interference.
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