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/7g. 2. Map of JVD P7 measurements integrated over the April to November 1982 observation period. The integration was computed by 

trapezoidal approximation of the area under the curve subtended by the ten three-week composite ND VI measurements. The ?ND VI 

measurements are displayed with a color code equivalent to that used in Figure 1 except that the numerical values are ten times larger. 
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Fig. 3. Temporal variations of the normalized difference vegeta 
tion index measurements for selected sites of natural and culti 

vated vegetation types. Vegetation-type identification was by 
means of maps presented in Figure 5 and Figure 6. The plotted 
measurements are the mean of a 3 X 3 array of ND VI measure 

ments centered on the cited locations, (a) Natural vegetation 
observed over the growing season, (b) natural vegetation with a 

growing season extending into winter months, (c) cultivated 

vegetation. 
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given. The observations are primarily from land 

dominated by natural vegetation although th? 

effects of human activities in these locations cannot 

be entirely overlooked (e.g., irrigated agriculture). 
The plots in Figure 3a are for locations where the 
seven months of AVHRR observations cover the 

majority of the growing season. The Lovelock, 
Nevada observations of desert conditions are pro 

vided for comparison. As previously noted the 

measurements increase in the spring and decline in 

the fall. The magnitude of the summer measure 

ments in general decreases with increasing latitude. 

Also, the duration of high summer values decreases 

to the north. However the grasslands observations 

from Nebraska peak at lower summer values than 

the boreal coniferous forest but with a longer 
duration of elevated values. These trends in the 

ND VI measurements correspond with the observed 

phenological patterns of these vegetation forma 

tions (Lieth, 1974). 
The plots in Figure 3b are for regions of the 

continent where the full growing season is not 

observed in this seven month period. The NDVI 

plots for both Oregon and California show high 
ND VI measurements in April suggesting a conti 

nuation of vegetation activity from the winter 

months. The California observations steadily de 

cline throughout the observation period which a 

grees with the increased vegetation dormancy obser 

ved in this region through the arid summer. The 

Oregon observations remain at high values until 

September and thereafter decline, reflecting the 

more humid character of this region as well as the 

physiology of these coniferous forests (Waring & 

Franklin, 1979). The South Carolina observations, 
from a region of pine forests, show a spring increase 

in the ND VI measurements and a small decline in 

the fall suggesting continued photosynthetic acti 

vity in the winter. No simple explanation of the 

mid-summer decline in NDVI values in South 

Carolina can be given. Several possibilities, includ 

ing drought conditions in this region during 1982, 
cloud cover contamination, and atmospheric water 

vapor effects, may explain or contribute to an 

explanation of this pattern. 

Representative temporal plots of ND K/measure 

ments from prime agricultural regions are presented 
in Figure 3c. Both the corn-soybeans and spring 

wheat regions green up later and senesce (and /or are 

harvested) earlier than local natural vegetation. The 

winter wheat observations show high values in April 
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with a peak in June and declining values thereafter. 

The California Central Valley observations are high 
in April and decline until early July when they again 
increase to a maximum in late August. These tem 

poral patterns are related to the calendar of cultiva 

tion and growth of crops which differs from natural 

vegetation phenology. This differential timing be 

tween cultivated and natural vegetation growth can 

also be observed in the three-week composites where 

the prime cropland areas display distinctive patterns 
in the images. For example the winter wheat region, 

extending from north central Texas through central 

Oklahoma and Kansas, stands out as an island of 

high ND VI values in the April image whereas the 

cornbelt shows up as an area of low values in this 

same image. 

The ND F/measurements and climatic conditions 

should be related if the ND VI measurements are a 

sensitive indication of vegetation activity (Hol 

dridge, 1947; Mather & Yashioka, 1968; Odum, 
1971 ; Box, 1981). The ND F/measurements, precip 
itation and temperature records for Point Barrow, 

Alaska and Phoenix, Arizona for the seven month 

period are plotted in Figure 4. At Point Barrow the 

ND VI measurements only increase above 0.0 after 

mid-June, when the temperatures rise above 0? C, a 

condition essential for vegetation growth. In the 

Phoenix, Arizona region temperatures are always 

above freezing point but moisture limits vegetation 

growth. NDVI measurements for Phoenix follow 

moisture seasonality, showing lower values in the 

dry season from April to July and an increase in late 

summer when rainfall increases. This interaction 

between the ND VI measurements and climatic con 

ditions is suggestive of the value of spectral vegeta 
tion index measurements in regional- to global-scale 

vegetation phenology research. 

Integration over the growing season 

The map of integrated normalized difference 

vegetation index (fNDVI) measurements (Fig. 2) 

displays a pattern of marked familiarity. The highest 
values occur in the southeastern and central west 

coast regions of the continent. The integrated mea 

surements generally decrease to the north and west 

across North America but display more heterogenei 

ty in the western one third of the continent. The 

north-south gradient of S ND VI measurements cor 

responds to the major temperature ecocline of North 
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Fig. 4. Comparison of normalized difference vegetation index 
measurements and climate data for Point Barrow, Alaska and 

Phoenix, Arizona. The ND VI measurements were computed in 
the same manner as those presented in Figure 3. The climate 
observations are thirty-year averages from the NOAA world 
weather station records (NOAA, 1982). 

America, whereas the east-west gradient corres 

ponds to the major precipitation ecocline of the 

continent (Whittaker, 1970). The geographic com 

plexity of the measurements in western North Amer 

ica is related to the mountainous terrain of the 

region. Note that elevation affects the measurements 

differentially dependent on latitude. North of 50? N 

latitude the $ND VI measurements decrease with 

increasing elevation. South of 40? N latitude the 
measurements increase with increasing elevation. 

This geography of J ND VI measurements compares 
well with the known patterns of North American 
natural vegetation activity (Shelford, 1963; K?chler, 

1964; Whittaker, 1970; Odum, 1971; Rodin et al, 

1975; Lieth, 1978). 



The pattern of S NDVI values in certain areas of 

the continent, particularly in the United States, 

appear 'anomalous' considering the natural vegeta 

tion and terrain of these locations. A region in the 

midwestern United States, extending from central 

Ohio to Iowa and including much of Indiana and 

Illinois, as well as portions of Wisconsin and Michi 

gan, produce S NDVI values that are lower than 

might at first be expected. A similar area of relatively 
low $ND VI values extends north-south in the Mis 

sissippi River Valley from extreme southeastern 

Missouri through Arkansas and Tennessee to 

northwestern Mississippi. Conversely selected re 

gions in the western United States, including the 

Columbia and Snake river basins in the Northwest, 
the Central and Imperial valleys in California and 

several locations in the Great Plains, exhibit higher 
than expected S NDVIvalues. These locations cor 

respond to the prime croplands in the United States 

as given by the World Atlas of Agriculture (1968). 
This map helped to explain the 'anomalous' areas 

observed in the integrated NDVIman (Fig. 2). The 

relatively low ?ND VI values in the U.S. Midwest 

occur because this region produces low ND VIvalues 

both early and late in the growing season, prior to 

planting and following harvest. Most agriculture in 

the western portion of the U.S. depends upon irriga 
tion to sustain plant growth which produces greater 

plant cover and thus higher _f ND VI values than 

observed from natural vegetation of this semiarid 

region. These patterns correspond to the observed 

impact of agriculture on regional net primary pro 

ductivity (Whittaker & Likens, 1975). 

jNDVI measurements and net primary productivity 

The relation between JND VI measurements and 
net primary productivity (NPP) was examined by 
computing the mean S ND VI value for each of the 

major vegetation biomes of the continent and com 

paring these figures to net primary productivity 
figures reported in the literature. The North Ameri 
can biome map from Odum (1971) was used as a 

means to identify the natural vegetation formations 
below. This map was used to determine the natural 

vegetation types on the continent for the J ND VI-net 

primary productivity analysis. The detailed western 

vegetation subregions were grouped to form the 
woodland and scrub category (sage subclimax, 

sagebrush, coastal chaparrel and pinon-juniper) and 
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the desert category (desert scrub and creosote-bush 

desert). ?NDVI samples were selected from sites 

within each formation based on the location of 

world weather observing stations used by World 

Meteorological Organization for global studies 

(NO A A, 1982). These sites were selected since they 
are uniformly distributed, approximately every 5? 

of latitude and longitude, across the continent. 

There are an average ten stations within each major 
biome. For each station the mean of a 3 X 3 pixel 
array of JNDVI measurements, centered on the 

station location, was computed. The mean of all sites 

within each biome was then computed. These bio 

me-averaged ND VI measurements were compared 

to net primary productivity figures provided by 
Whittaker & Likens (1975) supplemented by NPP 
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Fig. 5. Plot of biome-averaged fND VI measurements versus 

published mean biome net primary productivity rates. For each 
biome a well-distributed sample of fND VI measurements ^90 
per biome) were used to compute the biome average. The net 

primary productivity figures are predominantly from Whittaker 
& Likens (1975), supplemented with values from Whittaker 

(1970), Rodin et al. (1975), and Lieth (1978). The explained 
variance (r2) of the relation is 0.89. Excluding agriculture raises 
the r2 value to 0.94. 
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figures for subclimax pine and pine /oak forests 

from Whittaker (1970) and values for the ecotones 

from Lieth ( 1978) and Rodin et al (1975). The results 

(Fig. 5) show a strong direct relation between the 

ND VImeasurements and net primary productivity. 

Excluding agriculture the explained variance (r2) of 

the relation is 0.94. With agriculture included the r2 

value drops to 0.89. Further investigation is required 
before these results are fully understood. However 

the correspondence between these two variables is 

sufficient to suggest that satellite-derived spectral 

vegetation index measurements will significantly 

improve global studies of vegetation productivity. 

Conclusions 

The results from this analysis of NOAA-7 

AVHRR observations of the North American con 

tinent show that these high temporal frequency, 

large area spectral measurements of the Earth pro 

vide a major new source of information for investi 

gations of terrestrial vegetation characteristics. Sea 

sonal variations in the ND VI measurements agree 
with the known phenological patterns for natural 

and cultivated vegetation and, for natural vegeta 

tion, these temporal patterns vary in concert with 

climatic conditions which limit plant growth. Annu 

ally integrated patterns of ND K/measurements cor 

respond to known continental patterns of net prim 
ary productivity. The effects of human cultivation 
are clearly noted and these patterns agree with the 

known effects of agriculture on regional vegetation 

activity. Similar results have been derived for other 

continents (Tucker et al, 1985c; Justice et al, 1985). 
Use of AVHRR observations in macroscale studies 

of vegetation should significantly improve know 

ledge of global vegetation dynamics. Availability of 

several years of these high temporal frequency, glo 

bally consistent measurements will permit studies of 

interregional, interannual and seasonal vegetation 

phenomena not previously possible. 
Much remains to be accomplished before the full 

value of the observations is realized. For example, 
interannual analysis of the data is needed and the 

effects of atmospheric conditions and sensor confi 

guration on these measurements requires further 

investigation. However, even at this early stage of 

investigation, the results suggest that spectral vege 
tation index measurements provide a consistent and 

generalized means to conduct global vegetation stu 

dies. The AVHRR observations represent a major 
advance in realization of the promise of remotely 
sensed spectral observations for vegetation research 
because they provide the global overview of terres 

trial conditions needed in multistage analysis of land 

conditions. An ability to observe the global distribu 
tion and dynamics of vegetation activity opens nu 

merous new avenues of research for geographers, 

ecologists, climatologists and other earth scientists. 
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