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Abstract The relationship was analysed between the 
vegetation cover factor expressed as a percentage and the 
area-averaged normalized difference vegetation index 
(NDVI). On selected days the NDVI was calculated from 
channel 1 and 2 reflectance data of the National Oceanic 
and Atmospheric Administration (NOAA-11) satellite's 
advanced very high-resolution radiometer (AVHRR) for 
five test areas under agricultural and forestry use. No 
ground-based reflectance measurements could be made 
for validation of these data. Therefore the land surface 
NDVI, which varied with time, and percentage vegetation 
cover of the test areas were deduced from time-indepen- 
dent but site-specific statistical land use data updated by 
temporal phenological observations, and from surface- 
specific reflectance curves published in the literature. The 
result indicated that the area-averaged NDVI, as obtained 
from the NOAA-I 1 radiometer, was less than the value 
calculated from the land surface NDVI. After correction 
to reduce the offset of the data, the values would be a 
suitable indicator of the fraction of vegetation cover. 

Key words Vegetation cover factor. Normalized 
difference vegetation index • Phenological data 

Introduction 

Land surface studies are becoming more and more im- 
portant due to increasing anthropogenic influences on 
natural biogenic resources, such as water, soil, vegetation 
and air. Indicators for anthropogenic effects on the planet 
earth include the trends of atmospheric concentrations of 
greenhouse gases, e.g. CO 2, and consequently in air tem- 
perature or precipitation trends. Further anthropogenic 
effects can be identified in anomalies in the temporal be- 
haviour of vegetation. Variations in vegetative land cover 
occur in two ways: firstly, the annuals may vary accord- 
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ing to season with a more or less distinct long-term phe- 
nological trend induced by climatic change, i.e. with an 
annual premature or belated occurrence of phenological 
stages in relation to 30-year averages. Secondly, vegeta- 
tive cover may abruptly change due to human short-term 
activities in the biosphere, e.g. due to deforestation, 
changes in agricultural land use, urbanization or pollu- 
tion. 

Vegetation plays an important role in the exchange of 
energy at the land surface, in the biogeochemical cycle 
and in the hydrological cycle. Concerning the last-men- 
tioned aspect, stomata regulate the water vapour flux 
from the plant interior to the atmosphere depending on 
the existing biological, hydrological and meteorological 
conditions. Furthermore, leaves intercept rainwater ac- 
cording to the plant-specific water-holding capacity; thus 
only a fraction of the precipitation observed in the open 
can reach the earth's surface, where it moistens the soil 
and may produce runoff'. The partition of a defined area 
into vegetated and non-vegetated sub-areas is therefore 
an important aspect of land-surface modelling. 

To enhance our understanding of environmental 
events and processes, the biological and physical charac- 
teristics of land surfaces must be measured and classi- 
fied, in order to provide input to hydro-, meteorological, 
ecological and other models. Data are generally required 
about land-surface characteristics on a range of scales 
and often at several different times of year. Monitoring 
of the land surface can be done by ground-based observ- 
ers and by remote sensing systems mounted on aircraft 
or satellites. Remote sensing data provide radiation char- 
acteristics from the land surface at well-defined spatial 
and temporal resolutions. For this reason multispectral 
data are of some use in assessing the area-averaged bio- 
physical activity of vegetation. 

In this study reflectance data from the advanced very 
high-resolution radiometer (AVHRR) mounted on the 
National Oceanic and Atmospheric Administration 
(NOAA-11) satellite have been used to assess the per- 
centage vegetation cover as an important component of 
vegetation dynamics. Because it was necessary to quanti- 
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fy the relationship between the land-surface function and 
spectral land-surface signatures, the so-called normalized 
difference vegetation index (NDVI) was applied. The 
NDVI changes in magnitude according to the nature of 
the land surface cover, which is variable in space and 
time. Different surfaces generally have different reflec- 
tivities in different parts of the spectrum and therefore 
produce different NDVIs (see the cover-type stratifica- 
tion of NOAA-7 NDVI responses in Table 1 of Holben 
(1986)). 

M e t h o d s  

NDVI and NOAA-AVHRR data 

The NDVI is commonly used as a greenness parameter which in- 
dicates the biophysical activity of the land surface. The NDVI it- 
self is defined by a combination of the reflected near-infrared and 
visible radiation according to 

rNIR _ rVIS 
NDVI = rW s + rNIR (1) 

where r NIR and r vIs are surface reflectances for the near-infrared 
(NIR) and visible (VIS) wavelength intervals, respectively. Figure 
1 shows spectral reflectance curves of different surfaces in the VIS 
and NIR spectral bands. Each surface has a specific spectral signa- 
ture by which it can be more or less identified. 

The magnitude of the NDVI also depends on the spectral reso- 
lution of the radiometer. In this study multispectral data from 
channels 1 and 2 of the AVHRR of the polar orbiting NOAA-11 
satellite were used. Channel 1 operated in the visible range where 
chlorophyll absorption takes place, channel 2 in the near-infrared 
range where mesophyll reflectivity of the leaves is strong. Figure 1 
shows the relative spectral responses of the NOAA-AVHRR sen- 
sor. Only integrated reflectivities over the wavelength bands used 
in the scanner were obtainable. In addition, spatial averaging took 
place inside each pixel over an area characterized by a typical di- 
mension of 1.1.1.1 km 2 at nadir. Nevertheless, the sensor system 
of the NOAA-AVHRR has been thought to be suitable for bio- 
physical tasks (Sellers 1987; Sellers et al. 1992). Global monitor- 
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Fig. 1 Spectral reflectance curves in the visible and near-infrared 
wavelengths for different land surface covers, and the response 
function of channels 1 and 2 (Chl and Ch2) of the advanced very 
high-resolution radiometer (AVHRR) (after Bltimel et al. 1988). 
. . . .  water; - - -  soil; - -  - -  stubble field; - - - g r a s s  

ing of vegetation using channel 1 and 2 data of the NOAA satellite 
has been done by Justice et al. (1985) among others, while Bltimel 
et al. (1988) have used this satellite for calculating the NDVI for 
different parts of Europe, especially for Germany. In our study 
NOAA data of five test areas in western Germany with different 
types of land cover were analysed. 

Data selection, test sites and NDVI verification procedure 

Land-surface observations with optical sensors require cloudless 
conditions. For this reason, the study was based on up to 18 select- 
ed days between May 1992 and May 1993 with good remote sens- 
ing weather. Only afternoon overpasses of NOAA-11 (12:40 UTC 
- 14:30 UTC, UTC Universal Time Coordinated) were analysed. 
Although a geographical fine adjustment of the picture elements in 
relation to ground targets was made, there was an uncertainty in 
the spatial accuracy of NOAA-satellite picture elements of _+1 pix- 
el. For this reason no validation for each single pixel was made in 
the following investigation. On the contrary, the pixel scale was 
enlarged to a regional scale of a site-specific order of 10 km 2, and 
area averaging was then done to obtain representative information. 

To check the NOAA-NDVI data against land-surface values 
and to establish a simple formula for assessing the vegetation cov- 
er from the NDVI as subsequently described, five test areas of 
9-35 km 2 in size (equal to a set of 9-35 pixels) and with different 
types of land cover were chosen in western Germany. These areas 
were Wesermarsch (08 ° 24" E, 53 ° 16" N) covered by grassland, 
Altes Land (09 ° 45" E, 53 ° 30" N), Hildesheimer B6rde (10 ° 07" 
E, 52 ° 14" N) and Alzeyer Htigelland (08 ° 12" E, 49 ° 45" N) used 
for fruit-growing, arable farming and vine-growing, respectively, 

Table 1 Land use classification of five test sites 

Test site Land use portions (%) 

Wesermarsch 96 Grassland 
02 Water 
02 Concrete 

Altes Land 75 Apple orchards 
10 Cherry orchards 
10 Grass 
03 Deciduous forests 
02 Water 

Hildesheimer B6rde 28 Wheat 
20 Sugar-beet 
15 Mixed canopies 
14 Barley 
10 Soil 
05 Concrete 
03 Asphalt 
02 Rye 
02 Potato growing 
01 Fallow/waste land 

Rheinhessen 50 Vineyards 
20 Grass 
10 Wheat 
10 Soil 
04 Sugar-beet 
02 Rye 
02 Asphalt 
01 Fallow/waste land 
01 Concrete 

Pf~ilzer wald 37 Pine trees 
25 Copper beech 
12 Spruce 
12 Oak trees 
09 Deciduous forests 
05 Asphalt 



and Pf~lzer Bergland (07 ° 50" E, 49 ° 19" N) covered with forest 
stands. The typical land cover portions for the test regions (Table 
1) were obtained from agricultural, forestry and statistical agen- 
cies. The data of Table 1 indicate that the land surface of the test 
areas was spatially heterogeneous, i.e. most of the test areas con- 
tained vegetation of non-uniform physiology, leaf geometry and 
spectral properties. 

For validation the NOAA-NDVIs should be compared with da- 
ta obtained on the ground. Unfortunately, no ground-based mea- 
surements could be performed. Therefore spectral reflectance 
curves of a variety of site-specific types of land cover were taken 
from the literature (Kadro 1981; Huss 1985; Bowker et al. 1985; 
Szasz 1986; Bltimel et al. 1988; Buschmann and Sttitzel 1993) and 
averaged over the range of AVHRR channel 1 and channel 2 win- 
dows to construct a synthetic land surface NDVI for validation. 
The resulting magnitude of the synthetic NDVI was 0.7 for green 
biomass, 0.15 for bare soil and less than zero for water. The NDVI 
of the annuals depends on their phenological stage; e.g. the cano- 
py NDVI of wheat reaches somewhere in the region of 0.55 during 
emergence, 0.75 during shoot development, 0.3 during flowering 
and 0.05 during yellow ripening. A stubble field produces a cano- 
py NDVI of approximately 0.17. 

Some of the vegetation-related reflectance curves needed for 
analysis could not be found in the literature. In particular, there 
was a lack of data for different stages of the vegetation cycle of 
most plants. In other cases auxiliary reflectance curves were estab- 
lished, e.g. the unknown signal for deciduous trees was construct- 
ed from known signals of beech and oak trees, and the signal of 
fallow and waste land was represented by stubble-field reflec- 
tances. 

To adjust the synthetic time-independent land surface informa- 
tion (Table 1) to seasonal vegetation dynamics, actual ground- 
based phenological observations of the phenological network of 
the Deutscher Wetterdienst (DWD) were employed. These data 
indicated the time of onset of new stages in plant development. Us- 
ing this information it was possible to simulate the seasonal chang- 
es of greenness as a first approximation. This was done in two 
ways: the first was to choose from the literature the available syn- 
thetic reflectance curves of the actual plant development, e.g. those 
of emergence, shoot development, flowering etc. for wheat growth. 
The second method was applied when the reflectance curves for 
special phenophases were missing. In this case, the statistical cover 
portions of Table 1 were changed empirically in agreement with the 
observed phenological plant development. For example when leaf 
fall was reported by phenological observers the cover fraction of 
deciduous trees was diminished drastically and the soil cover por- 
tion (as a rough auxiliary parameter for dead organic matter) was 
augmented to bring the wooded area to its statistical total cover 
portion. When grassland dried out and its greenness was followed 
by yellowing, the statistical cover fraction of grassland was re- 
duced and equilibrated by that of a stubble-field as an auxiliary val- 
ue. Further discussion on this aspect is given later. 

To adapt the information content of synthetic subscale albedos 
or pixel-scale NOAA reflectivities to a regional scale, a spatial av- 
erage was calculated inside each test area. This resulted in a sim- 
ple mean NOAA-NDVI value per test site while the synthetic 
land-surface analogue was calculated according to Eq. (1) from 
the weighted sum of the individual albedos, ri z,, of n subregions, 
i.e. 

(2) 
i=1 

with 

n A/ 
Y ~ - =  1 (3) 
i=1 

where Ai=A1, A 2 .... A n are the dimensions of the land cover sub-ar- 
eas, A is the total size of the experimental test region and Ai/A is 
the cover fraction of a vegetation class defined in Table 1. The in- 
dex )1, corresponds to an average over the channel 1 or channel 2 
wavelength intervals of the AVHRR sensor. 
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Plant cover factor 

To assess the fraction of vegetation cover of the test areas, we took 
as a basis the statistical land cover data which were updated by 
phenological con-ections, as described in the foregoing section. 
All the sub-surfaces which consisted of bare soil, asphalt, con- 
crete, water, fallow, waste land and dead organic matter (e.g. soil 
and stubble field signatures as auxiliary values) were declared as 
non-vegetated. Deciduous wood, for example, which is integrated 
within the vegetated area during the vegetational period, was clas- 
sified as a non-vegetated area after phenologically reported shed- 
ding of leaves and during winter dormancy. 

Empirical (y-NDVI relationship 

The approximation of the vegetational cover fraction, c~, follows 
the idea of Deardorff (1978), who considered a so-called area-av- 
eraged shielding factor for the case of land-surface heterogeneity 
in surface-vegetation-atmosphere-transfer (SVAT) models. This 
shielding factor is defined as the degree to which the foliage pre- 
vents shortwave radiation from reaching the ground. It extends 
from the case of  no shielding of the ground by vegetation to com- 
plete shielding (0<o-<1). The lower boundary, o-=0, designates no 
foliage or bare ground, the upper, ~y=l, complete radiative block- 
ing of the ground by leaves, and therefore total vegetational cover. 

Deardorff (1978) used a linear interpolation of the general 
form 

¢ = (1 - or)* 0~=0 + cr*0G < (4) 

to combine the effects of bare ground-related variables, 0~0, and 
vegetation-related variables, 0o.=1. In his study he applied this for- 
mula to heat and moisture transfer coefficients, to state variables 
of in-canopy flow, and to radiational components, so that the re- 
sultant energy fluxes could be described as a function of fractional 
vegetation cover. The basic idea of using an area-averaged foliage 
shielding factor has been followed here. This factor has been de- 
fined more generally as an area-averaged weighting factor which 
varies between o-=0 for bare soil and dead organic matter and ~y=l 
for 100% living organic matter. 

Commonly it has been assumed that the plant cover fraction 
affects the NDVI response (Sellers 1985; Bliimel et al. 1988; Carl- 
son et al. 1990). An empirical working hypothesis has been that 
this factor can be described as a linear function of the normalized 
difference vegetation index, NDVI, according to 

o-= a*NDVI + b (5) 

with 

NDVI,~- o 
1 , b =  - ( 6 )  

a = NDVI~= 1 _ NDVI¢= ° NDVIc~=I _ NDVI~= ° 

Here NDVI~= 0 is that index which is produced by non-living or- 
ganic matter or bare soil, e.g. by land surfaces able to evaporate 
water but not to transpire it, while NDVIc~=~ is produced by a 
dense transpiring green canopy. Rewriting Eqs. (5) and (6) gives 

NDVI = (1 - o-)* NDVI~: 0 + o-* NDVIcr=~ (7) 

which is identical to the form of Eq. (4) with 0=NDVI. 
An alternative formula describing the vegetative cover fraction 

is based on the relation 

r ~ = (1 - ~y)* r~= 0 + ~* @=1 (8) 

where the wavelength .,~ stands for the VIS and NIR range of AV- 
HRR channels 1 and 2. Equation (8) conforms to that used by 
Bltimel et al. (1988) or Manzi and Planton (1994). 
When Equation (8) is included in Eq. (1) the result is 

c* NDVI - d 
o- = e* NDVI + f (9) 

with 
c=rC__ h l - ! - r  Ch2 d -  r C h 2 - r  TM e or=0, - 0=0 0=0, = c--rChl I --rChi (10) 

f =  - d  + rCh= 2 - rChl~=l 
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Results 

Case study 

Fig. 2 portrays,  as an example,  the seasonal  vegetat ive 
phenologica l  cycle  o f  the N D V I  in one o f  the five test 
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Fig. 2 Annual course of the normalized difference vegetation in- 
dex (NDVI) of the National Oceanic and Atmospheric Administra- 
tion (NOAA-I 1) satellite for the Rheinhessen test area (area aver- 
age, absolute maximum and minimum) and area-averaged synthet- 
ic canopy NDVI as given in Table 2 for May 1992-April 1993. 
The vertical lines near the top indicate the beginning of relevant 
phenological developments 

areas, the Rheinhessen area, between May 1992 and 
April 1993. The curves are based on NOAA-AVHRR 
data f rom 13 images,  and on synthetic data derived 
f rom statistical land cover  values, which were updated 
by empir ical  assumpt ions  based  on phenological  obser-  
vations. The statistical land cover  classification o f  this 
area gave 50% land cover  for  vineyards,  20% for grass, 
10% for wheat  fields etc. (see Table 1 and first line o f  
Table 2). 

The fol lowing modif icat ion o f  the statistical land-cov- 
er classification was made to obtain t ime-varying cover 
portions and t ime-dependent  weighting factors in order 
to assess the temporal  course o f  land surface albedos: on 
18.5.92, the day of  the first chosen overpass and 12 days 
after vine leaf unfolding, 30% of  the total area was as- 
sumed to be covered by photosynthet ical ly active green 
vine leaves and representing 20% less than the statistical 
opt imum. The remaining 20% portion was classified as 
poor  soil found in the rows between the vines. About  1 
month  later during the period when the vines flowered, 
all the vineyards were assumed to be covered by leaves. 
At  the same time the soil cover portion was reduced by 
20%. An  additional reduct ion of  the soil area by 1% re- 
sulted f rom the closing of  sugar-beet canopies o f  which 
the plant cover fraction was augmented by 1% from 3% 
to the statistical max imum of  4%. On the day of  the 
fourth overpass (30.7.92), 10 days after the beginning of  
the grain harvest, the 10% cover fraction o f  wheat  fields 
was set to 0%, and a 10% stubble field cover was as- 
sumed. During autumn the photosynthet ical ly  active 
grass cover was reduced to 8% and compensated  by a 

Table 2 Dates of phenological development, dates of the satellite 
overpasses, and land surface cover fraction of the Rheinhessen test 
area (V/vine, Gr grass, Wh wheat, Sb sugar beet, Ry rye, Fa fallow, 
Co concrete, As asphalt, So soil, Sf stubble field (as an auxiliary 
quantity). The statistical values are given in the top part of the 
table. In the following lines (third column) the cover fractions ma- 

nipulated by phenological information are specified for the dates of 
the satellite overpasses. The fourth column contains the synthetic 
spectral reflectances assumed for channels 1 and 2, F Chl and r ch2, 
the synthetic normalized difference vegetation index, NDVI, and 
the vegetation cover fraction, o- (NOAA National Oceanic and At- 
mospheric Administration) 

Beginning of phenological developments Date of NOAA-11 
overpass 

Cover fraction (%) 

Vi Gr Wh Sb Ry Fa Co As So (St) 

(Statistical values) 

50 2010 04 02 0101 02 1000 

Synthetic values 

F ChI F Ch2 NDVI cr 

(Statistical values) 

0.08 0.27 0.56 0.86 

02.05.92: winter wheat shoot development, 
06.05.92: vine-leaf unfolding 
05.06.92: sugar-beet canopy closing, 
14.06.92: vine full flowering 
20.07.92: grain harvest 

20.09.92: sugar-beet harvest, 
12.10.92: vine-leaf discoloration 
17.10.92: vine leaf fall, 
19.10.-15. l 1.92: grain emergence 

(Interseasonal values) 
16.04.93: sugar-beet emergence, 
19.04.93: winter-wheat shoot development, 
26.04.93: vine leaf unfolding 

18.05.92 

15.06.92 
30.06.92 
30.07.92 
09.08.92 
27.09.92 
13.10.92 
02.01.93 
02.03.93 
09.03.03 
20.03.93 
28.04.93 
29.04.93 

30 2010 03 02 0 1 0 1 0 2 3 1 0 0  

50 2010 04 02 0101 02 1000 
50 2010 04 02 0101 02 1000 
50 2000 04 02 0101 02 10 10 
50 2000 04 00 0101 02 10 12 
50 1500 0000 0101 02 16 15 
50 1500 0000 0101 02 16 15 
05 08 03 0001 0 1 0 1 0 2 6 7  12 
05 08 03 0001 0101 02 67 12 
05 08 03 0001 0101 02 67 12 
05 14 08 0001 0101 02 62 06 
15 2010 01 02 0101 02 48 00 
15 2010 01 02 0101 02 48 00 

0.10 0.26 0.44 0.65 

0.09 0.27 0.51 0.86 
0.09 0.27 0.51 0.86 
0.09 0.27 0.50 0.76 
0.09 0.27 0.49 0.74 
0.10 0.26 0.43 0.65 
0.10 0.26 0.43 0.65 
0.16 0.24 0.21 0.17 
0.16 0.24 0.21 0.17 
0.16 0.24 0.21 0.17 
0.15 0.24 0.25 0.28 
0.12 0.25 0.36 0.48 
0.12 0.25 0.36 0.48 
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NDVI and the synthetic vegetational cover fraction, o-, after Eqs. 
(5) and (9). The data set contains data of all the five test areas 

mixture of soil and stubble field covers due to yellowing 
and browning during winter dormancy. When the green- 
up phase began after the winter months, the various veg- 
etation covers were augmented up to their statistical 
maximum, while the auxiliary values (stubble field, soil) 
were reduced. 

The results of this classification, e.g. the assessed 
temporal courses of weighted synthetic land-surface re- 
flectance data for the wavelength intervals of channels 1 
and 2, the assessed synthetic NDVI and the assessed veg- 
etation cover portion, are given in the last column of Ta- 
ble 2. In addition, of the synthetic NDVI curves plotted 
in Fig. 2, the additional three NOAA curves represent: 
(1) the mean value taken over the whole test area cov- 
ered by 9 pixels including border zones; (2) the absolute 
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development of the synthetic o--data (from Table 2) and area- 
averaged vegetational cover fraction deduced from NOAA- 
AVHRR data (top) for the Rheinhessen test area 

minimum of NDVI inside this area (1 pixel); and (3) the 
absolute area maximum of NDVI (1 pixel). The curves 
show similar behaviour comparable to the variation of 
the synthetically derived NDVI. However, there is an off- 
set of about 0.15 units between the area-averaged 
NOAA-NDVIs and the synthetic values, which corre- 
sponded to the mean difference averaged over the five 
test areas (see Hansing and Wittich 1993). To find a sim- 
ple overall formula to reduce the offset of our data, the 
synthetically derived NDVIs of all five test areas are 
compared with NOAA-NDVI analogues in Fig. 3. The 
equation NDVIsyn=A*NDVINoAA+B can be made to fit 
the NOAA observations reasonably well when A=0.872 
and B=0.191. 

In Fig. 4 the synthetically derived area-averaged 
NDVI values of all the five test areas are plotted against 
the corresponding synthetic vegetation cover factors, if, 
for the dates of the satellite's overpasses. A linear re- 
gression analysis of Eq. (5) resulted in a=1.795 and b= 
-0.182 (r2=0.95) giving a lower extrapolated threshold 
for NDVI of NDVIc~=0=0.10 and an upper one of 
NDVI~=1=0.66. The non-linear regression of Eq. (9) re- 
sulted in c=0.312, d=0.046, e=0.088 and f=0.105 
(1"2=0.98) with extrapolated thresholds of NDVIc~=0=0.15 
and NDVI~=l=0.68. Because there are only minor differ- 
ences between Eqs. (5) and (9) (IAo1<0.06) in the data 
range of 0.18 < NDVI <0.69, in a first approximation the 
vegetation cover fraction was adequately described by 
the linear equation (Eq. 5). 

In Fig. 5 the annual course of the vegetation cover 
fraction, o-, deduced from average offset-corrected 
N O A A - l t - N D V I  values for the Rheinhessen test area 
on the basis of Eq. (5) is compared with synthetic ter- 
restrial data taken from Table 2. Additionally, the annu- 
al course of the offset-corrected and area-averaged 
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NOAA- 11-NDVI and of the synthetic NDVI, also from 
Table 2, are included. As is to be expected, the tempo- 
ral values of the vegetation cover fraction follow those 
of NDVI. 

Discussion 

The plant cover fraction as a synonym for the area-aver- 
aged biophysical activity at the land surface was analy- 
sed in relation to multispectral data. Firstly, the NOAA- 
NDVI was compared with land-surface NDVIs deduced 
for five test areas and the offset was corrected by a sim- 
ple linear relation. In agreement with our results, Bolle 
et al. (1991) have found that the NOAA-NDVI remains 
below the ground-based measured values due to atmo- 
spheric effects (e.g. turbidity of the atmosphere, residual 
subscale cloud contamination of pixels) and bidirection- 
al reflectance at the surface. These findings have been 
confirmed by Myneni et al. (1992), who have shown 
that atmospheric perturbations damp the satellite NDVI 
to values below the canopy NDVI. Additionally, 
NOAA-7 NDVI responses of dense green-leaf vegeta- 
tion yield maximum values of 0.5, as reported by Hol- 
ben (1986), compared to our synthetic value of c. 0.7. 
This offset of the data is in agreement with the results of 
Holben's theoretical simulation, showing a discrepancy 
of ANDVI approximately equal to 0.2 between NDVIs 
affected by an atmosphere with heavy aerosol mass 
loading and those affected by a clean Rayleigh atmo- 
sphere. 

In the second step of our study the validity was tested 
of a linear and non-linear relation between the vegetation 
cover factor and the spectral reflectance, as given by the 
NDVI. The empirical analysis showed in a first approxi- 
mation that the linear expression was adequate to de- 
scribe o- over a wide distributional range of heterogene- 
ous vegetation densities. In agreement with our results 
Carlson et al. (1990) have mentioned that the upper limit 
of NDVI for dense vegetation is in the range of 0.5-0.8 
depending on vegetation type, age and leaf water con- 
tent, while for bare soils the NDVI tends to vary between 
-0.1 and +0.2. Phulpin et al. (1990) have also obtained a 
linear trend in o--NDVI values, with NDVI~_ 0 approxi- 
mately equal to 0.15 and NDVIo-=_ 1 approximately equal 
to 0.7. This agrees with our findings based on Eqs. (5) 
and (9), i.e. NDVI~= 1 equal to 0.66-0.68 for solid vegeta- 
tion cover and NDVI~= 0 equal to 0.10-0.15 as a thresh- 
old for non-vegetated surfaces and non-living organic 
matter. Kustas et al. (1993) have also found a rough lin- 
ear trend in their o--vegetation index relationship based 
on aircraft spectral data. Ormsby et al. (1987) have relat- 
ed Landsat-NDVIs to the fractional vegetation cover. 
Their linear regression analysis showed a strong correla- 
tion between both parameters while Myneni et al. (1992) 
have pointed out that the slope of the increase of NDVI 
with respect to ground cover depends on the leaf area in- 
dex and on soil colour. 

The empirical o'-NDVI relationships of Eqs. (5) and 
(9) can be used for quick first-order estimates. In detail, 
however, the vegetation cover problem is more complex 
because the scattering coefficients for the leaves and the 
soil, the leaf-area index, the leaf angle distribution and 
the angle of incident radiation affect the NDVI. Further 
research is required to improve the algorithms to reduce 
the errors in estimates (see the offset in Fig. 2) by more 
sophisticated correction methods. 
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