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Introduction 
The Goddard Space Flight 
Center's (GSFC) Distrib- 
uted Active Archive Cen- 
ter (DAAC) has generated 
a global, long-term (1981- 
1994) remotely sensed 
land data set, using mea- - 
surements from the five- 
channel, Advanced Very 
High Resolution Radiom- 
eter (AVHRR) instrument 
(Kidwell, 1991) flown on 
the NOAA -7 ,  -9 and -11 
afternoon orbit satellites. 
Products from this data 
set are available free-of- 
charge to the public and 
are provided in  a variety 
of formats at spatial resd- 
lutions of 8-km and l o x l o .  
Generation of this Path- 
finder AVHRR Land (PAL) 
data set is a joint NOAA 
and NASA activity; NOAA 
is responsible for provid- 
ing the raw AVHRR 4-km 
Global Area Coverage 
(GAC) data and NASA is 
responsible for processing, 
qualitv checking, archiv- 
ing, and distributing the 
data sct products (James 
and Kalluri, 1994). A 
Land Science Working 
Group (LSWG) of scien- 
tists, chaired by Dr. J .  R. 
G. Townshend of the De- 
partment of Geography, 
University of Maryland, 
defined the algorithnls 
and validation procedures 
for the of the 
data set. 

Why is another coarse 
resolution, vegetation 
data set needed? 
A number of vegetation 
data sets were generated 

previously from the 
AVHRR instrument using 
different processing 
schemes. These data sets 
include the NOAA Global 
Vegetation Index (GVI) 
data set, the Global In- 
ventory Monitoring and 

data sets. The experience 
gained in generating the 
PAL data set will be of 
considerable value to the 
upcoming Earth Observing 
Systenl (EOS) mission 
(Asrar and Greenstone, 
1995). 

these parameters, an ex- 
perimental cloud condi- 
tion index (Stowe et al., 
1991), quality flags, and 
time also were provided 
for each pixel. 

NDVI is computed 
horn the visible-red (580- 

Parameter Units Geophysical Geophysical Quantization 
Minimum Value Maximum Value 

1 NDVI - 1 1 8 bit 
2 CLAVR Flag 0 3 1 8 bit 
3 QC Flag 0 3 1 8 bit 
4 Scan Angle radians -1.0472 1.0472 16  bit 
5 Solar Zenith radians 0 1.3963 16 bit 
6 Relative Azimuth radians 0 6.2832 16  bit 
7 C h l  Reflectance 0 100 16 bit 
8 Ch2 Reflectance % 0 100 16 bit 
9 Ch3 Btemp Kelvin 160 340 16  bit 
10  Ch4 Btemp Kelvin 160 340 16 bit 
11 Ch5 Btemp Kelvin 160 340 16 bit 
12 Day of Year DDD.HH 001.00 366.23 

- - - - -- 
16  bit 

9-- - - 

Modeling System's 
(GIMMS) continental 
data, the modified GVI 
data set, and the 1-km 
global land data set. All 
of these data sets have 
been produced at varying 
spatial and temporal 
resolutions, as well as in 
different nlap projections. 
Townshend (1994) has 
reviewed these data sets. 
The Earth scierlce com- 
munity recognized the 
need for a consistently 
processed and calibrated, 
long-term global data set. 
The Pathfinder AVHRR 
land project attempts to 
produce such a data set 
for global change research, 
and builds on the valuable 
lessons learned from the 
processing experiences 
of these previous AVHRR 

Overview of the PAL 
data set 
All data products have 
been generated using an 
invariant, community 
consensus algorithm, 
enabling this data set to 
bc used as a historical 
record to study global 
change. The PAL param- 
eters are listed in  Table 1 
and are generated at a 
spatial resolution of 8 km. 
They are archived as daily 
and 10-day composite 
global grids. The parain- 
eters may be divided into 
three main groups: Cali- 
brated reflectances and 
brightness temperatures 
from all the 5 bands of 
AVHRR; the Normalized 
Difference Vegetation In- 
dex (NDVI); and Sun and 
sensor geometry. Besides 

680 nm) and near-IR 
(725-1100 nm) reflec- 
t a n c e ~  from AVHRR 
channel 1 (R,) and chan- 
nel 2 (R,), [NDVI = (R,-R,)/ 
(R,+R,)]. The strong cor- 
relation of NDVI with 
vegetation characteristics 
is due to the near-IR ra- 
diation being strongly 
reflected by vegetation, 
while the visible-red 
radiation is strongly ab- 
sorbed. NDVI has a theo- 
retical dynamic range of 
-1 to +I .  Over land, NDVI 
increases with vegeta- 
tion density and green 
leaf area index, and typi- 
cal ground observations 
show NDVI values in the 
0. 8 to 0. 9 range for for- 
ests (Goward et al., 
1994). Bare soils have an 
NDVI close to zero. 
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Major processing 
features 

Original GAC data has 
been renavigated and pixel 
location was determined 
using an orbital model 
(Baldwin and Emery, 1993) 
and a closed form geolo- 
cation model (Patt and 
Gregg, 1994). Geolocation 
is considered to be accu- 
rate to 2 one pixel. 

Radiances from the 
three AVHRK instruments 
were recalibrated to cor- 
rect for post-launch in- 
strument degradation 
(Rao and Chen, 1994; Rao. 
1993). Measurements 
from the three AVHRR 
instruments flown, on the 
NOAA -7, -9, and -11 sat- 
ellites, were normalized 
to a common baseline 
defined by the NOAA -9 
AVHRR instrument. 

Visible and near IR 
reflectances have been 
corrected for the atmo- 
spheric effects due to 
Rayleigh scattering and 
Ozone absorption (Gordon 
et a]., 1988). 

Ten-day maximum 
value NDVI composites 
were generated from daily 
data. Pixels with scan an- 
gles of less than 42" were 
preferentially selected in 
the conlpositing to reduce 
the effects of surface an- 
isotropy. Both the daily 
and composite data have 
only pixels whose solar 
zenith angle was less 
than 8 0 .  

The global 8-km data 
set, is in the Interrupted 
Goode Homolosine equal 
area projection (Stein- 
wand, 1994), and has an 
image size of 5004 pixels 
by 2168 scan lines for the 
entire globe. 

A lower resolution 
global NDVI data set in 
the Plate Caree projection, 
with 1" latitude bv 1" lon- 
gitude bins, also has been 
generated for the climate 

modeling community by 
spatially averaging the 8- 
km reflectance and bright- 
ness temperature data. 
NDVI for the lo data set 
is recomputed from the 
average reflectances. 

To date, there are 
about 4800 daily images 
and 480 composite images 
stored in  the DAAC, near- 
on-line, tape archive. Sub- 
sampled, lower volume 
browse data sets facilitate 
previewing the image 
data when ordering. The 
data is in  HDF format 
(NCSA, 1990). 

A subset of the PAL 
parameters (composites 
only) for the period of 
1981-1994 is stored on- 
line in flat binary format 
for ease of user access, 
and is available via FTP 
or a Web browser such as 
Netscape. This subset con- 
sists of channel 1 and 2 re- 
flectance~, derived NDVI, 
and blackbody brightness 
temperatures for channels 
4 and 5. 

Known problems with 
current data set 
Three problems were dis- 
covered with the current 

data set. First, the visible 
and near-IR reflectances 
were not normalized for 
the variations i n  the solar 
zenith angle (sza). Second, 
an incomplete atmo- 
spheric correction had 
been applied. Third, 
there was an error in  the 
computation of the sza, 
due to a software coding 
error that caused the sza 
error to be seasonally de- 
pendent and increase in 
magnitude with increasing 
time from the reference 
year 2000. The maximum 
sza error was 57.5" for the 
earliest data year (1981). 
Post-processing code has 
been developed to remove 
this error, and test results 
indicate that the revised 
sza is usually within t 0. 
2 O  of its correct value. 

An analysis of the im- 
pact of these three errors 
on the NDVI and reflec- 
tance parameters showed 
that, when the corrected 
sza was used for normal- 
ization and a complete 
atmospheric correction 
applied, a typical NDVI 
value was changed from 
its uncorrected value by 
0. 02 NDVI units, while 
channels 1 and 2 reflec- 

t a n c e ~  were changed by 
about 2% and 3%, re- 
spectively. 

GSFC's DAAC is repro- 
cessing the original data 
set to remove these three 
errors and intends to re- 
issue a corrected data set. 
Ten-day composite data 
will be corrected first 
and should be available 
by December, 1996, along 
with a CD-ROM product 
(one diskette per data 
year for the parameters 
stored on the FTP data 
set). Corrected daily im- 
ages will be available by 
September, 1997. 

Potential applications 
Due to its high informa- 
tion content, the PAL data 
set can be used for a vari- 
ety of land science appli- 
cations: land cover classi- 
fication, monitoring 
desertification, Net Pri- 
mary Production (NPP), 
assessing crop conditions, 
and the deriving of land 
surface parameters for 
climate modeling. 

Global vegetation dynamics 
Although seasonal veg- 
etation dynamics at 

Continued on page 21 
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Highlight 

Figure 2. Interannual coefficient of variation of NDVI from PAL data set (1982-1993). 

Standard deviation of 12 
annual NDVI means 

The most surprising 
feature of the global coef- 

ecological, and human Continued from page 13 
continental scales have factors. Precipitation 

changes associated with 
El Niiio southern oscilla- 

been previously studied 
(i. e. Justice et al., 1985), 
the changes between 
years, at a global scale, 
are not so well under- 
stood. Tucker et 01. 
(1991) used the coeffi- 

Mean NDVI for ficient of variation image 
is the large area of high 
values in the northern 
temperate and boreal re- 
gions of Canada, Scandi- 
navia, Europe, and Asia. 
Hot spots occur in eastern 
Brazil, tropical Africa, 
China. and Australia. The 

12-year data period 
tion events have been 
invoked to explain varia- 
tions in NDVI in  eastern 
Brazil, Africa, and Aus- 
tralia. The variability in 
the areas affected by win- 

Figure 2 shows, for the 
first time to our knowledge, 
the global coefficient of 
inter-annual variation of 
NDVI for a 12-year period 
for almost the entire 
Earth's terrestrial surface. 
Although similar products 
for Africa (e.g. Goward and 
Prince, 1995) and some re- 

cient of variation of the 
mean growing season 
NDVI as a statistic to high- 
light vegetation changes 

ter precipitation (cape 
Province, South Africa, 
Chile, Western Australia, 
California, Morocco) may 
be a result of variability 
in the latitudinal circu- 
lation cells resulting in 
greater or lesser influence 
of winter westerlies. At a 

analysis of these signals 
should consider not only 

over the Sahel region in 
Africa. 

Figures 1 and 2 show 
the mean, and the coeffi- 
cient of variation derived 
from the PAL monthly 
maximum value compos- 
ites of NDVI for the time 
period 1982-1993. The 

inter-annual variations in 
the vegetation, but also 

lated analyses (e.g. Myneni 
et al., 1996) have been 
carried out, the PAL data 
set is ideal for globally 
comprehensive studies. A 

surface variations, such 
as snow cover and atmo- 
spheric changes caused 
by volcanic dust, as well 
as variations in the satel- 
lite platform itself, caused, 
for example, by orbital 
precession and hence 
solar zenith angle varia- 

finer scale, forest burning, 
grazing and agriculture 
can be expected to con- 
tribute variation. 

These and other factors 

complete analysis of this 
image requires significant 
effort: however. some of coefficient of variation is 

computed for each pixel 
and highlights areas 
with maximum inter-an- 
nual variability. For the 
1982-1993 data time pe- 
riod used in the study, 
the coefficient is defined 
as : 

the issues to be addressed 
in such an analysis are will have to be examined 

to account for the vari- 
ability in the Earth's NDVI 
signal between years. In 
so far as it can be shown 
that these effects are real 

tion between years. 
In the tropics, solar noted below. Bearing in 

mind that the data have a 
resolution of 8-km glo- 
bally, it is clear that there 
is a great deal of informa- 
tion in the PAL data. 

zenith angle and snow are 
not major factors and the 
NDVI is most likely to be 
affected by inter-annual 

surface changes, and not variations in climatic, 
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UMD Preliminary 8km Classification for 1984 AVHRR Pathfinder Data 

Figure 3. Preliminary global landcover classification map derived from the 8-km PAL data set for 1984. 

artifacts of the platform 
and measurement system, 
we are faced with the pos- 
sibility that the Earth as a 
whole varies significantly 
in important functional 
processes between years. 
NDVI is shown to be re- 
lated to several critical 
Earth processes. The PAL 
data set enables these to 

for biogeochemical and 
atmospheric chemistry 
models as well as for 
natural resource manage- 
ment (Townshend, 1992). 

Existing data sets of 
global land cover com- 
piled from ground-based 
sources have a number 

GVI to produce a general 
land cover classification 
for Africa, at a spatial 
resolution of 15 to 20 km, 
based on mean annual 
NDVI and seasonality. 
Townshend et al. (1987) 

rived from high resolution 
Landsat data: a prelimi- 
nary global Iand cover 
map was derived using the 
1984 PAL data (Figure 3) .  

In addition to mapping 
thematic land cover 
types, PAL data is being 
used to determine sub- 
pixel proportions of veg- 
etation characteristics 
that could provide more 

classified land cover for 
South America using 

of inaccuracies. These 
data sets were aggregated 
from local studies col- 
lected at different times 
and based on varying 
definitions of land cover 
type. Data reliability is 
an additional limitation: 
Such ground-based global 

- 
multiple images from 
different dates through- 
out the year. In addition, 
Loveland et al. (1991) used 
AVHRR local area cover- 

be explored in a manage- 
able data set for the first realistic descriptions of 

the land surface (DeFries 
et a].. 1995bl. One such 

time. 
age data at approximately 
1-km spatial resolution 
for an unsupervised clas- 
sification, which derived 
homogeneous land cover 

Global land cover classifi- 
cation using the PAL data 

method involves linear 
mixture modeling to de- 

Numerous experiments 
investigating effects of 
changes in land cover on 
climate found significant 
effects on surface tempera- 
ture, evapotranspiration, 
and precipitation (Lean 
and Warrilow, 1989; 
Shukla et al., 1990; Keller 
et al., 1991; Xue and 
Shukla, 1991; Bonan et al., 
1992). Thus, an accurate 
global land cover map is 

termine proportions in 
each pixel of woody veg- 
etation, herbaceous veg- 

data sets are known to be 
inaccurate and there is 
considerable disagreement 

regions for the cotermi- 
nous U.S., and currently 
are applying this method- 
ology at a global scale. 
DeFries and Townshend 
(1994b, 1995) produced a 
global distribution of ma- 
jor land cover types based 
on a global 1" x 1" NDVI 
data set (Los et al., 1994). 

Currently, studies are 
underway to develop 
methodologies to map 
global land cover from the 
PAL data. The methodolo- 

etation, and bare ground 
and empirical estimation 
of land cover (DeFries et 
a]., 1996). An alternative 
method is based on em- 
pirical relationships be- 

among them on the spa- 
tial distribution of land 
cover types (Townshend 
et al., 1991; DeFries and 
Townshend, 1994a). Con- 
sequently, researchers tween the percent forest 

cover derived from high 
resolution data and 
metrics derived from the 
PAL data (DeFries et al., 
in press]. 

have turned to remotely 
sensed data to provide 
internally consistent and 
more accurate maps of an important requirement 

for models that predict 
exchanges of water, en- 

global land cover. 
Phenologies of different 

vegetation types, as re- 
flected in intra-annual 
variations in the NDVI, 

Net primary production 
modeling 
Global net primary pro- 
duction (NPP) describes 
the accumulation of car- 
bon in the biosphere, 
and is an important com- 

ergy and momentum from 
the biosphere to the at- gies use all spectral bands 

and rely on decision tree 
methods to classify cover 
types (Hansen et al., 1996). 
Based on a network of 
global training sites de- 

mosphere. Furthermore, 
accurate descriptions of 
the distribution of veg- 
etation over the Earth's 

provide a basis for map- 
ping global and regional 
land cover. Tucker et al. 
(1985a) used NOAA's land surface are required 
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Biomass 1987 

Surface Temperature (deg. C) 
June 1 - 10, 1987 

I 

June 1 - 10,1987 in gCIMA21yr 

-- 1 - UMCP' 

Figure 4. GLO-PEM model results for 1987. The output has been resarnpled to display 8 x 8 krn results. (a) Biomass for year, (b) absorbed 
photosynthetically active radiation for year (APAR), (c) surface temperature (June 1 -lo), (d) air temperature (June 1-10), (e) vapor pressure 
deficit (June 1 -lo), and (f) net primary production for year. Thes images indicate the wide variety of ecosystems variables that are inferred 
from satellite data by GLO-PEM. 
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Highlight 
Temporal profile of monthly 

maximum NDVI over southern lowa 
age, efficiency, and effec- 
tiveness (MacDonald and 
Hall, 1980). Over the 
years, a great deal of ex- 
perience has been ac- 
quired in collecting, ana- 
lyzing and interpreting 
data from agricultural 
field trials of arable crops 
(Clevers, 1986). The tradi- 
tional method of acquiring 
quantitative data in the 
field is by multiple sam- 
pling. Such an approach 
is both labor intensive 
and time consuming. At 
regional scales, the only 
appropriate instruments 
for developing a continu- 
ous database are satellite- 
based sensors (Price, 1989). 

In dynamic agricultural 
growth models, the state 
of the system at any time 
is determined by a set of 
driving or forcing vari- 
ables such as evapotrans- 
piration (ET) and APAR. Year 

Figure 5. Monthly maximum NDVI for a20x20 pixel area over southern lowa from the PAL data (1982-1993). Research in remote sens- 
ing for agricultural studies 
mainlv has focused on ponent of the carbon of photosynthetically 

active radiation (PAR) 
absorbed by the plant 
canopy (APAR) and an 
efficiency of conversion of 
this energy into biomass 
(Prince, 1991; Prince and 
Goward, 1995). It differs 
from other global models 

data are used to compute 
these variables. The PAL 
data set is ideal for GLO- 
PEM, since it is the only 
AVHRR data set that is 
able to provide the indi- 
vidual channel data in a 
consistent form for the 
full observation period. 

chain in the environment 
(Field et al., 1995). Global 
AVHRR data sets have 

crop yield forecasting and 
dry matter accumulation 
(Tucker et a]., 1980; Kumar 
and Monteith, 1982; Aase 
e ta] . ,  1984; Maas, 1988; 
Doraiswamy and Cook, 
1995), on measuring agro- 

been previously used in 
NPP models of various 
types (Potter e ta] . ,  1993; 
Ruimy e ta] . ,  1996). Ini- 
tially, AVHRR NDVI data nomic and agroclimatic 

parameters such as ET 
and APAR (Price, 1990; 
Daughtry et al., 1992), on 
the evaluation of stress 
due to water and pest in- 
festation (Jackson and 
Ezra, 1985; Hatfield et al., 

were summed throughout 
the growing season and 
the total was related to 

in several important re- 
spects, most important is 
the use of satellite data for 

Figure 4 shows some 
model results for 1987. 
Satellite data alone are 

productivity using empiri- 
cal, regression models 
(Prince, 1991b, Tucker et 
a]., 1985b). More mecha- 

all model forcing vari- 
ables; no climate data or 
climatologies or field NPP 
calibration steps are used. 
Several innovative algo- 
rithms are implemented 
in GLO-PEM that are used 

used because of their 
unique advantages of re- 
petitive, continuous, time- 
specific observations; the 
measurement of actual nistic models have since 

been devised, inspired by 
a crop model proposed 
by Kumar and Monteith 
(1982) and Prince (1991a). 

Global Production 
Efficiency Model (GLO- 
PEMl is a mechanistic 

1985), and on measuring 
harvest indices and esti- rather than potential veg- 

etation cover: and their mating crop acreage 
(Badhwar, 1984; Rudorff 
and Batista, 1991). Veg- 

to compute a variety of 
forcing variables such as 

global coverage with spa- 
tially contiguous obser- 
vations. surface temperature, air etation indices such as 

NDVI also have been temperature, atmospheric 
precipitable water, vapor Crop monitoring 

In order to make an accu- 
rate assessment of crop 
condition and yield, agri- 
cultural forecasts should 

widely used to determine 
the temporal changes in 
crop growth (e.g., Wiegand 
and Richardson, 1990; 
Bennedetti and Rossini, 
1993). Sellers (1985,1987) 
has shown that vegetation 
indices can also be used 

primary production model 
to study global ecological 
processes. The basis of 
the model is the produc- 
tion efficiency approach 
in which the NPP is esti- 
mated from the amount 

pressure deficit, soil mois- 
ture stress, and above- 
ground biomass from the 
satellite data. In the 
present implementation, have the qualities of ob- 

jectivity, reliability, time- 
liness, adequacy of cover- 

the 8x8 k m  resolution, 
10-day composite PAL 
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to measure the rate vari- 
ables of the vegetation 
systems such as photo- 
synthesis and stomata1 
conductance. The Na- 
tional Agricultural Sta- 
tistics Service (NASS) of 
the U.S. Department of 
Agriculture (USDA) uses 
NDVI from AVHRR as one 
of the variables to monitor 
agricultural conditions at 
the county, agricultural 
statistics district, and 
state levels (Doraiswamy 
and Cook, 1995). Most of 
these studies were con- 
ducted over small geo- 
graphic regions using high 
resolution AVHRR Local 
Area Coverage (LAC) data, 
which has a nominal 
spatial resolution of 1 km. 
However, for practical 
reasons, when crop con- 
dition assessment has to 
be performed at a global 
scale, a coarse resolution 
data set is needed. 

The PAL data set pro- 
vides a continuous long- 
time record of multi- 
spectral measurements 
thus offering unique op- 
portunity to study the re- 
lationships between sat- 
ellite measurements and 
crop conditions. Figure 5 
shows the temporal pro- 
file of mean NDVI over a 
20x20 pixel area in an agri- 
cultural region of south- 
ern Iowa over a 12-year 
period. Peaks in the si- 
nusoidal profile coincide 
with the maximum pho- 
tosynthetic activity in a 
given year's growing sea- 
son. The 1988 growing 
and harvest season is the 
driest on record. The sig- 
nificantly lower levels of 
NDVI during the summer 
of 1988 correspond to one 
of the worst droughts of 
the century in this region 
(Teng, 1990). 

Data access 
Users may obtain AVHRR 
data products and docu- 
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mentation describing 
these products from the 
Goddard DAAC, 

NASAi'GSFC, code 902 
Goddard DAAC 
Greenbelt Road 
Greenbelt MD 20771 

Electronic access is avail- 
able through the Web or 
FTP . 
WWW access: 

http://daac, gsfc, nasa. 
gov1CAMPAIGN-DOCS/ 
LAND-BIOIGLBDST- 
main. hmtl 
FTP access: 
ftp daac. gsfc. nasa. gov 

login as anonymous, at 
the password prompt en- 
ter your email address, 
cd datalavhrr. 

A user help desk is 
available to assist users 
with problems: 301-614- 
5224 or 800-257-6151, 
fax 301-614-5268). 

Summary 
The PAL data is a valuable 
resource to the land sci- 
ence community. It was 
produced with an invari- 
ant algorithm and was 
carefully validated. It 
covers a long time period 
(1981-1994) and is avail- 
able at 8 km and l a x l 0  
spatial resolutions. 

Some of the potential 
applications of this data 
set are global vegetation 
dynamics studies, crop 
monitoring, and NPP 
modeling. The long time 
period of the PAL data set 
permits the exploration of 
inter-annual variability 
in response to El Nifio and 
other climatic fluctuations. 

For land cover studies, 
1"xl' resolution data ob- 
scure much of the hetero- 
geneity of the land sur- 
face. The 8 km resolution 
of the PAL data set pro- 
vides the basis to capture 
much of this heterogene- 
ity. While previous global 
land cover classification 
approaches relied mostly 
on NDVI (DeFries and 

Townshend, 1994b), land 
cover discrimination 
could be significantly im- 
proved when the reflec- 
tances and brightness 
temperatures from the in- 
dividual AVHRR channels 
are incorporated into the 
classification algorithm 
(DeFries et al., 1995a). 
Also, the individual chan- 
nel information from the 
continuous, long-term 
record could be used to 
derive the ecosystem vari- 
ables required to model 
annual global NPP using 
physically based models. 

For the climate mod- 
eling community, the long 
temporal period of this 
data set, which immedi- 
ately precedes the upcom- 
ing EOS mission, makes 
PAL an important, precur- 
sor data set for the Mod- 
erate-Resolution Imaging 
Spectroradiometer (MO- 
DIS) experiment to be 
flown on the EOS am 
platform (Asrar and 
Greenstone, 1995). 
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