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Abstract 
The utilization of NOAA-AVHRR NDVI data for crop yield fore- 
casting is of particular importance in semiarid regions where 
there are strong inter-year yield fluctuations due to meteor- 
ological vagaries. The present work deals with the use of 
monthly GAC NDVI data for the early estimation of cereal crop 
yield in Mediterranean African countries. A preliminary 
analysis showed that relatively high correlations were present 
between crop yield and mean NDvI values of specific months 
computed at  national levels. The stratification of the countries 
according to the ~ S G S  global land-cover map brought only 
marginal correlation increases. Greater improvements were 
instead reached by a statistical method which allows the 
estimation of the per-pixel fractions of agricultural and non- 
agricultural vegetation. When compared to available inde- 
pendent maps, the areas identified in this way were confirmed 
to be mainly covered by crop and forest land, respectively 
The methodology for cropland identification and yield 
forecasting was finally evaluated for operational applications. 

Introduction 
The necessity for timely and accurate crop monitoring systems 
working at a regional scale is particularly felt in arid and semi- 
arid countries, where temporal and geographical rainfall vari- 
ability leads to high inter-year fluctuations in primary 
production and increases the risk of severe famines (Hutchin- 
son, 1991). These environmental situations, along with the 
wide extent of the areas to monitor and the generally poor avail- 
ability of efficient communications, enhance the utility of 
remote sensing techniques, which can view large land surfaces 
synoptically and with high temporal frequency (Prince, 1990). 

Among the available remote sensing systems, the 
Advanced Very High Resolution Radiometer (AVHRR) mounted 
aboard the National and Oceanic Atmospheric Administration 
(NOAA) satellites is presently the most efficient for operational 
large-scale crop monitoring (Prince, 1991). The NOAA-AVHRR 
Normalized Difference Vegetation Index (NDVI) is in fact linked 
to several vegetation properties (percentage cover, leaf area 
index, active green biomass) and is an indirect indicator of pri- 
mary productivity through its quasi-linear relation with the 
percentage of absorbed photosynthetically active radiation 
(%APAR) (Prince, 1990; Los, 1998). Such a relationship makes 
possible the early estimation of crop yield, because this param- 
eter is mainly determined by the photosynthetic activity of 
agricultural plants in certain periods prior to harvest (Baret and 
Olioso, 1989; Rossini and Benedetti, 1993). Previous studies 
built on this property found useful statistical relationships 
between NDVI values at the peak of the growing season and final 
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crop yield once the perturbing effects of the geographical vari- 
ability in environmental features (natural vegetation and soil 
types and conditions, topography, etc.) had been removed 
(Maselli et al., 1993; Hayes and Decker, 1996). The same and 
other investigations showed that yield forecasting can be 
obtained by the use of NDW data of specific periods which 
depend on the eco-climatic conditions of the areas and the 
types of crop grown (Hayes and Decker, 1996; Lewis et al., 1998; 
Maselli et al., 2000). Most recent research also indicated that a 
decisive improvement in crop yield forecasting capability is 
linked to the selective consideration of NDVI values from 
cropped areas, because other vegetation types, having different 
seasonal developments, may introduce noise in the relation- 
ships N~vI/yield (Genovese et al., 1999; Maselli et al., 2000). 
This should be particularly the case in Mediterranean coun- 
tries, where areas cultivated with cereal crops are generally 
intermingled with other vegetation types, such as forests and 
maquis, which have a different phenology and response to 
meteorological factors (Lacaze eta]., 1996). 

In the current work, carried out within the EU (European 
Union) project CAMELEO (Changes in Mediterranean Semi-arid 
Ecosystems on the Long Term through Earth Observation), the 
use of multitemporal NDVI data was tested for the estimation and 
forecasting of cereal crop yield in Mediterranean Aftican coun- 
tries. In particular, the first efforts were devoted to finding which 
was the most suitable period for yield forecasting by NDVI data in 
each country. The research was then directed to the identifica- 
tion of cropped areas which could be selectively considered for 
improving the forecasting capability. This was attempted first by 
focusing on different land-cover types derived from an existing 
supervised classification. Next, a new statistical method based 
on correlation analysis was applied to identify single pixels spe- 
cifically containing agricultural and non-agricultural vegetation. 
The results obtained using the two methods were evaluated in 
terms of their correlation with final crop yield. Also, the areas 
identified as crop and forest land were compared to existing car- 
tography. The utility of the optimal methodology found was 
finally evaluated for operational crop yield forecasting. 

Study Area 
Environmental Features 
The study area corresponds to the four North African countries 
involved in the CAMELEO project: Morocco, Algeria, Tunisia, 
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and Egypt (Figure 1). With the exclusion of the completely 
desert zones without seasonal changes, nearly the whole area 
is part of the arid and hyper arid ecosystems of the Mediterra- 
nean bioclimatic region, according to the classification of 
Emberger (Emberger, 1955). In all four countries, the Mediterra- 
nean climate is typical for a large east-west belt bounded by the 
Mediterranean Sea on the north and by the 125-mm (annual) 
isohyete on the south. The north-south extension of this belt 
varies between 30 and 300 km. The Mediterranean area in- 
cludes the Atlas Mountains in Morocco and Tunisia and the 
coast massifs in Algeria, which form an effective barrier against 
the increase in width of the Sahara Desert with its extreme 
aridity and high temperatures. Where mountains are absent, 
the Sahara Desert almost reaches the Mediterranean coast. 
Annual rainfall ranges from 125 mm near the Sahara to 1000 
mm in some upper zones of the Atlas Mountains and the High 
Tell Mountains in lhnisia. Maximum annual rainfall is concen- 
trated in the coldest months of the year (from November- 
December to March-April), and is the main limiting factor for 
plant production in the whole area with the exception of the 
Nile valley, where water is provided by the river floods. 
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Figure 1. Example of an N ~ v l  Mvc image (April 1992) showing the four North African countries involved in 
CAMELEO (Morocco, Algeria, Tunisia, and Egypt). 

Agricultural features 
In general, North African agriculture has been intensifying for 
most of the present century, Over the past three decades, this 
process has accelerated significantly (Swearingen, 1998). 
Intensification has occurred in two key directions, horizon- 
tally and, above all, vertically. Horizontally, North African 
farmers have progressively expanded cultivation to lower rain- 
fall areas. In addition, they have expanded livestock raising to 
more marginal areas that previously were little used. Verti- 
cally, farmers have intensified agriculture through irrigation 
development, reduction of fallow, and intensification of stock 
raising. In the near term, the intensification processes have 
fueled economic development and enabled these countries to 
feed their growing populations. However, North African agri- 
culture is now a~~roachinr !  its environmental limits due to 
diminishing lanh &and water resources. 

As regards the crops grown, rainfed spring cereals are by 
far the most dominant in the three western study countries 
(Morocco, Algeria, and Tunisia), with wheat representing 50 to 
70 percent of total agricultural production. In these areas 
wheat is sown in November and December and is harvested 
from April to June. The sowing period is generally longer in 
Algeria and Tunisia than in Morocco, where the growing season 
usually begins earlier (MARS, 1997). A particular case is repre- 
sented by Egypt, where the peculiar cultivation systems used 

are fed by the regular Nile's floods and relevant irrigation sys- 
tems. Two growing seasons are therefore present, one with the 
peak in winter and the other with the peak in summer. During 
the former, wheat is mainly grown while, in the latter, there is a 
prevalence of maize and rice, which together represent more 
than 50 percent of total agricultural production (FAO, 1999). 

Data Used 

Cartographic Data 
Digitized administrative boundaries of all North African coun- 
tries were obtained from the Environmental Systems Research 
Institute (ESRI) ArcWorldn 1:3M Continental Coverage CD 
ROM. These are very accurate national, regional, and provincial 
boundaries reported as vector files in a geographic projection. 

A one-km digital land-cover map produced by the U.S. 
Geological Survey (USGS), the University of Nebraska-Lincoln 
(UNL), and the European Commission's Joint Research Centre 
ORC) was acquired through the Internet (Brown et al., 1993; 
Eidenshink and Faundeen, 1994). This is one portion of the 
global land-cover characteristics database that was develo~ed " 
on a continent-by-continent basis. All continents in the &bal 
database share the same map projections (Interrupted Goode 
Homolosine), have one-km nominal spatial resolution, and are 
based on one-km AVHRR data spanning from April 1992 
through March 1993. Each continental database has unique ele- 
ments that are based on the salient geographic aspects of the 
specific continent. The legend for the four study countries 
includes 11 land-cover classes which, from a preliminary anal- 
ysis, were found to be rather mixed (Maselli et al., 1998a). 

Regarding analog cartography, an agro-pedo-climatic map 
was available only for Algeria. This map, produced by a na- 
tional agency (BNEDER, 1994), reported the distribution of ten 
main land units at one-million scale. For Morocco, some carto- 
graphic data were available regarding cropland distribution in 
limited areas. 

Crop Yield Data 
Agricultural statistics for the main crops grown in the study 
countries were taken from the Food and Agriculture Organiza- 
tion (FAO) statistical database through the Internet. In particu- 
lar, time series of annual harvested area, total production, and 
productivity for wheat, maize, and total cereals over the period 
1982 through 1994 were taken from the database. Unfortu- 
nately, these data were available only on a country level, i.e., 
total values for each country and each year. 
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Out of these data, total cereal yield was considered for fur- 
ther processing as the most interesting agricultural parameter 
to estimate at the national level. According to what was stated 
above about the intensification of agricultural practices, cereal 
yield showed a general increasing trend in all study countries 
during the 13 years considered. However, a high inter-annual 
variability existed in Morocco, Algeria, and Tunisia, presum- 
ably due to meteorological (rainfall) fluctuations. Again, Egypt 
represented an exception because mean cereal yield was far 
higher than in the other countries (5 versus 1 Tlha) and there 
was a lower inter-annual variability thanks to the more regular 
water availability provided by Nile's floods. 

Satellite Data 
Following previous investigations, NOAA-AVHRR NDVI Maxi- 
mum Value Composites (MK) images were considered as the 
most appropriate for the estimation of crop yield (Groten, 1993; 
Maselli et al., 1993; Hayes and Decker, 1996). In particular, 
attention was directed to the collection of imagery covering the 
whole belt of North African countries (Morocco, Algeria, Tuni- 
sia, Egypt) with the highest possible spatial and temporal reso- 
lutions and for a relatively long time period (at least 10 to 12 
years). 

Only two data sets with these requisite data were found, 
both derived from Global Area Coverage (GAC) images. The first 
were ten-day N D ~ I M ~ C  images for the period 1981 through 1999 
produced by the Global Inventory Monitoring and Modeling 
System (GIMMS) (Los et al., 1994), and the second were ten-day 
NDW MVC images for the period 1981 through 1994 produced 
by the National Aeronautic and Space Administration (NASA) 
Mission to Planet Earth program (James and Kallury, 1994).' 
Both of these data sets were keely distributed and were recov- 
ered through the Internet. After a preliminary evaluation, the 
latter set was chosen, even if shorter, for its higher geometric 
and radiometric consistency in the North African region 
(Maselli et al., 1998a). 

The original NOAA AVHRR images used to generate this data 
set came from Goddard Distributed Active Archive Center 
(DAAC) Pathfinder Land (PAL) data set and from NOAA'S Satellite 
Active Archive (SAA). The final ten-day NDVIMvc imagery was 
produced through 

Unpacking and storing of GAC orbital data; this includes also 
retrieval of ancillary data needed for subsequent processing; 
Geopositioning of each scan using an orbital model; 
Application of calibration (Rao et al., 1993a; Rao et al., 1993b) 
and atmospheric corrections (Gordon et al., 1988); 
Calculation and appending of cloud flags; 
Resampling of data to an 8- by 8-km resolution and conversion 
into the Goode Homolosine projection (Goode, 1925; 
Steinwand et al., 1995); and 
Derivation of NDVI data and computation of ten-day composites 
(Holben, 1986); only pixels within 42 degrees of nadir were 
used in the composites. 

Data Processing and Results 
The entire image processing chain was carried out using both 
commercial software packages (DNSI and ENVI) and specific 
programs written in-house in Fortran and C codes. All commer- 
cial packages and some specific programs were used onPC Pen- 
tium platforms, while the other programs ran on a Digital 
Microvax 3500 computer system. 

Data heplocegslng 
All georeferenced digital maps and N D ~ I  images were first con- 
verted to I D ~ I  and ENW formats. Then, if in a different projec- 
tion, they were re-projected into the geographic reference 

lThe lengths reported are referred to the two data series available when 
the current work was completed (summer 1999). 
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Figure 2. Determination coefficients found between mean 
monthly NDV~ values of each country and final crop yield in 
the 13 study years (1982-1994). 

system maintaining approximately the original resolutions. 
This operation could not be performed by the commercial pack- 
ages for the Pathfinder data, which were originally in a projec- 
tion (Interrupted Goode Homolosine) unrecognized by DNSI 
and ENVI, and a specific C program freely provided by NASA 
was used in this case. The agro-pedo-climatic map of Algeria 
was digitized by a scanner, and georeferenced directly to the 
geographic projection. 

Because the ten-day Mvcs were still affected by cloud per- 
turbations and other atmospheric effects, all of these images 
were further composed over one-month periods, obtaining in 
this way 12 images for each of the 13 study years. These 
monthly wcs were visually checked for both residual atmo- 
spheric disturbances and geometric distortions, and were 
found to be of acceptable quality under both conditions. 

Comlah Analysb with W NDVl Data 
A first evaluation of the available NDW data for crop yield esti- 
mation was made by computing the monthly N D ~ I  wc aver- 
ages of each country and regressing them with the annual cereal 
yield values (Anderson, 1984). Each regression analysis con- 
sidered 13 points and was repeated for each study country for 
all months of the growing season. As previously explained, in 
the three western countries cereal crops are seeded in the fall 
and harvested in the spring of the following year, while in 
Egypt there are two growing seasons with the second ending in 
late summer. On the basis of this information and to maintain 
uniformity, all correlations were computed between crop yield 
of a season and monthly N D ~  values from October of the previ- 
ous year to September of the same year. In this way, it was possi- 
ble to identify the most suitable month for final yield fore- 
casting in each country as well as the efficiency of the process. 

The results of.all regression analyses are summarized in 
Figure 2 in the form of determination coefficients (r2). As can 
be seen, the maximum correlations between monthy NDVI val- 
ues and final crop yield were found in spring-summer months 
and were rather high even though the NDVI values were com- 
puted over entire countries. In practice, all maximum correla- 
tions were significant at the 99 percent confidence level, 
which, with 13 data points, corresponds to a determination 
coefficient of 0.47. The maximum correlations were found in 
different months for the four countries. The peak of correlation 
was in fact in March-April for Morocco, May for Algeria, May- 
June for Tunisia, and July for Egypt, where also a secondary 
peak in winter was present. These correlation patterns can be 
explained on the basis of the above-mentioned differences in 
the phenology of cereals, which is anticipated in the western 
zones and mainly linked to the summer growing season in 
Egypt. 
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Plate 1. usGs supervised classification windowed to the study area and degraded to the GAC pixel size (8 by 8 km). 

TABLE 1. THE USGS CLASSES WHICH ARE PRESENT IN THE STUDY AREA 

USGS Class Description 

Dryland cropland and pasture 
Irrigated cropland and pasture 
CroplandlWoodland mosaic 
Grassland 
Shrubland 
Savanna 
Evergreen broadleaf forest 
Barren or sparsely vegetated land 

Condstlon Analysls with NDVl Data of Sllrgle ~ V B I  Classeg 
After the preliminary analysis at the national level, attention 
was focused on the identification of areas where NDvI values 
were most correlated with crop yield. For this scope, the land- 
cover classification produced by the USGS was used as indica- 
tor of homogeneous zones (Brown et al., 1993). The global land- 
cover map was therefore windowed to an area corresponding 
to that of the GAC images. Plate 1 shows a version of the classifi- 
cation degraded to the GAC pixel size (8 by 8 km). As previously 
mentioned, this reported 11 land-cover classes for the study 
area, which were successively reduced to eight for Egypt and 
seven for the other countries by retaining only classes with 
more than 30 GAC pixels for each country and including a 
desert class. The legend of the modified U s G s  classification is 
summarized in Table 1. 

Because the USGS classification was available at a 1-km res- 
olution, a methodology was applied to extract the NDvI profiles 
of the pure classes at GAC resolution. This was a method 
recently proposed by our research group for the integration of 
data with different spatial and temporal resolutions (Maselli et 
al., 1998b). The method is based on an assumption of linearity 
in the composition of NDW values from different cover classes 
which, even though strictly valid only for the original bands, 
was found to hold with a good approximation also for the 
already composed index (Kerdiles and Grondona, 1995). First, 
a Boolean mask for each class of the 1-km U s G s  classification 
image was created. Next, the mask images of the eight classes 
were degraded to GAC resolution by simple averaging, obtaining 
abundance images which reported the proportion of each land- 
cover class in each GAC pixel (Kerdiles and Grondona, 1995). 
These abundance images were then regressed against the NDVI 
images by a multivariate linear procedure applied indepen- 
dently to each country. The extrapolation of the regression 
models found to complete class cover (fraction equal to 1 for the 
class considered and to 0 for all others) allowed the computa- 
tion of NDVI profiles analogous to end-member spectra for each 
USGS class and each country (Maselli et al., 1998b). Finally, the 
monthly N D ~ I  values of the classes were regressed against the 
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Figure 3. Determination coefficients found between mean 
monthly NDVI values of the most correlated usGs land-cover 
class of each country (class 6 for Morocco, Tunisia, and 
Algeria; class 3 for Egypt) and final crop yield in the 13 
study years (1982-1994). 

annual yield data in the same way as for the previous global 
analysis. 

The results of the ~ ~ W y i e l d  regressions were evaluated 
again by considering determination coefficients. To summa- 
rize the results obtained, the agricultural classes with highest 
correlations with cereal crop yield were selected, which cor- 
responded to class 6 (cropland/woodland mosaic) for Morocco, 
Algeria, and Tunisia and to class 3 (irrigated cropland and pas- 
ture) for Egypt. The determination coefficients of the NDW/ 
yield regressions for these classes are shown in Figure 3. As 
can be seen, the seasonal correlation patterns were very similar 
to those obtained for entire countries, and also the absolute val- 
ues were almost the same for Algeria, Tunisia, and Egypt, while 
a certain improvement was found for Morocco. This indicated 
that the use of the supervised classification brought only mar- 
ginal improvements to the yield forecasting capability, proba- 
bly due to the presence of mixed vegetation types within each 
land-cover class (Maselli et al., 1998a). 

Correlation Analysls with NDVl Data of Selected Plxels 
On the basis of the previous considerations, a different 
approach was tested for the identification of cropland pixels 
and the selective extraction of their NDm profiles. Because no 
reliable information was available on the spatial distribution 
of the cultivated areas at the GAC pixel resolution in all study 
countries, an image-based approach was applied for the identi- 
fication of cropland pixels. In practice, it was hypothesized that 
the pixels of each country most intensively cultivated had NDVI 
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Plate 2. Fraction images of agricultural and non-agricultural vegetation obtained with the procedure described in the text. 

Non Agricultural Vegetation - 
values in the best yield predicting period most correlated with 
the relevant final yields. This hypothesis relied on the assump- 
tion that the spatial distribution of cropland was approximately 
stable during the study years, at least at a GAC pixel scale. The 
best monthly NDW m c s  to predict crop yield were therefore 
selected for each country, which corresponded to images of 
April for Morocco, May for Algeria and Tunisia, and July for 
Egypt. A synthetic image was then generated for every country 
with each pixel expressing the correlation coefficient between 
these NDVI values in the 13 study years and the relevant values 
of final crop yield. This correlation image was considered as 
expressing information on the fractional cropland cover 
within each pixel. Because, however, it was noted that areas 
with very low NDW values also could show high correlation 
with crop yield, probably due to the presence of grasses with 
phenology similar to that of cereals, a vegetation mask was 
additionally applied. In practice, three images expressing vege- 
tation quantity in the selected months (April, May, and July) 
were computed by averaging the relevant NDv~Mvcs over the 13 
years. These mean vegetation images were stretched between 
0.2 and 0.4 NDW, which approximately corresponded to the 
limits of desert and quite homogeneous vegetation cover 
(Maselli et al., 2000). Each resulting "mean vegetation" image, 
re-scaled between 0 and 1, was finally multiplied with two 
images, the first expressing the correlations with crop yield 
(values between 0 and 1) and the second the complement to 
one of these values. A third image was obtained by subtracting 
the first two from 1. In this way, three synthetic images were 
obtained for each country, all with values between 0 and 1, indi- 
cating, respectively, 

The fraction of vegetation correlated with crop yield (agricul- 
tural vegetation), 
The fraction of vegetation not correlated with crop yield (non- 
agricultural vegetation), and 
The fraction of barren land. 

All three images were subjected to a Gaussian filtering with 
a 0.5-pixel standard deviation to reduce random noise. The 
three fraction images of each country were then re-composed to 
produce unique image for each land-use type (agricultural and 
non-agricultural vegetation and barren land) covering the 
entire study area. The first two of these images are shown in 
Plate 2 (the third is simply the complement to one of these two). 

Based on the above considerations, these images were con- 
sidered similar to abundance images, which could be used to 
extract the NDW profiles of the three "land-use types" as done 
previously with the abundance images derived from the USGS 
classification. This again assumed a linearity in the composi- 
tion of the NDW values from each fraction image, which, even 
though not strictly demonstrated, was considered reasonable 
because the synthetic images were derived from linear correla- 
tion analysis with crop yield. The same methodology used 
before (multivariate regression and NovI extrapolation to full 
class fraction for each country) was therefore applied to com- 
pute NDVI profiles of the three land-use types which again 
could be considered analogous to end-member spectra. The 
average annual profiles of the four countries over the study 
period are shown in Figure 4. It is worth noting that, in the three 
western countries, these profiles were typical of 

Areas cultivated with cereal crops, with a clear NDVI maximum 
in the spring months and low NDW values in summer; 
Forest areas with a slight NDW maximum in winter-spring 
months but with high ~ ~ v r  during the whole year; and 
Desert areas, with NDVI always close to 0. 

Egypt was again peculiar for the bimodal profiles of both 
agricultural and non-agricultural vegetation. In this case, the 
profile of the former land-use type differed from that of the lat- 
ter for its higher winter and summer NDw peaks and lower 
spring and fall minima. These features, as expected, were indic- 
ative of a more intense vegetation activity of cropped areas dur- 
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Figure 4. Average NDVI profiles for the three land-use classes (circle = agricultural vegetation, square = non-agricultural 
vegetation, triangle = barren land) identified using the described procedure. 
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Figure 5. Determination coefficients found between 
monthly NDVI values of agricultural vegetation for each coun- 
try and final crop yield in the 13 study years (1982-1994). 

ing the two growing seasons. Globally, the methodology 
applied seemed to decompose the N D ~  multitemporal data 
according to the main land use types of each country. 

Regression analysis was again applied between the esti- 
mated NDVI profiles and crop yield data for the 13 years. The 
determination coefficients found for the first land-cover type in 
the four countries are shown in Figure 5. As can be seen, a deci- 
sive improvement in correlation was obtained for Morocco, 
Algeria, and Egypt. It is also worth noting that the other two 
land-use types, and particularly non-agricultural vegetation, 
showed very low and non-significant determination coeffi- 
cients with final crop yield (0 to 0.3). This was interpreted as a 

further indication that the methodology applied separated 
well the main land-use components in the study area. 

From the comparison of the annual NDVI profiles of Figure 
4 with the relevant correlation trends of Figure 5, another inter- 
esting obse~ation was derived about the temporal relation- 
ships ~ ~ u t y i e l d .  Where in fact wheat was the main spring 
crop (Morocco, Algeria, and Tunisia), the N D ~  peak preceded 
the period of maximum correlation with final yield of about 
one month. This is in accordance with previous investigations 
which found that the most influential period for wheat yield 
determination follows the flowering phase (which approxi- 
mately coincides with the ~ ~ V I p e a k )  of 20 to 30 days (Rossini 
and Benedetti, 1993). On the contrary, this was not the case 
where maize and rice were the prevalent summer crops 
(Egypt). In this country, the NDVI peak of August in fact fol- 
lowed the period of maximum correlation of July, presumably 
due to the different physiological behaviors of these crops. 

Evaluation of the Maps Obtained 
An evaluation of the three fraction images obtained in the pre- 
vious section was first carried out by comparing them to the 
USGS land-cover classification. In Table 2  the kactional covers 
of the three land-use types are reported for each USGS class in 
the study area. It can be noted that, apart from UsGs classes 8 
(shrubland) and 19 (barren or sparsely vegetated land), which 
correspond to our non-vegetated land-use type, no complete 
correspondence exists. USGS class 7 (grassland) mostly corres- 
ponds again to barren land, while cIasses 2  (dryIand cropland 
and pasture), 3 (irrigated cropland and pasture), 6 (cropland1 
woodland mosaic), 10 (savanna), and 13 (evergreen broadleaf 
forest) are differently split among our three land-use types. In 
practice, the best correspondence with our agricultural vegeta- 
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TABLE 2. FRACTIONS OF THE THREE LANDUSE TYPES IDENTIFIED BY THE CURRENT 
METHODOLOGY FOR EACH USGS LANDCOVER CLASS 

Non- 
USGS Agricultural Agricultural Barren 
Class Vegetation Vegetation Land 

tion type was found for the uSGS classes 3 (present almost 
exclusively in Egypt) and 6. 

For a clearer interpretation of these findings, another com- 
parison was made against the independent ago-pedo-climatic 
map of Algeria produced by BNEDER (1994). Unfortunately, the 
geometric accuracy of the digitized map was found to be rather 
poor, having a mean error of about two GAC pixels. Thus, only 
comparisons over very large areas were deemed feasible. The 
fractions of the seven UsGs classes and our three land-use types 
were, therefore, computed for the 39 largest northern districts 
of Algeria and were compared to the relevant fractions derived 
from the ago-pedo-climatic map. The results, expressed as de- 
termination coefficients, indicated only a clear correspondence 
between the uSGS class 6 (cropland/woodland mosaic) and the 
agricultural agro-pedo-climatic class (r2 = 0.56). All other cor- 
relations with the uSGS class fractions were very low (rZ below 
0.2). On the contrary, the fractions of agricultural and non- 
agricultural vegetation from our images were correlated to the 
two corresponding classes of the agro-pedo-climatic map. As 
can be seen in Figure 6, the fractions of agricultural vegetation 
from the two sources had r2 = 0.62, while a lower, but still sig- 
nificant, correlation was found for forest m a s  (r2 = 0.32). The 
area correspondence of non-agricultural vegetation from the 
two sources, measured as mean bias error (MBE), was rather 
poor, but this was expected considering that the agro-pedo-cli- 
matic map reported other classes with mixed agricultural, pas- 
toral, and forest uses. 

Because incomplete cartographic information was avail- 
able for Morocco, only a visual evaluation of the u S G ~  classes 
and our images was possible for this country. This subjective 
evaluation confinned that only USGS class 6 had a certain cor- 
respondence with agricultural areas, while our fraction images 
were highly informative on crop and forest distribution. In the 
central and northern part of Morocco, for example, areas known 
to have agricultural and forest cover corresponded well to pix- 
els identified as crop and forest lands, respectively. 

Evaluation of the Procedure for Operational Yield Forecasting 
The identification of cropland areas is especially significant in 
the context of an operational yield forecasting system (Hutch- 
inson, 1991). This implies that, in addition to being correctly 
identified, cropland pixels should remain approximately sta- 
ble in different years. Having NDVI images and ground data for 
only 13 years, this stability was checked by a leave-one-out 
approach. The same procedure for cropland identification (cre- 
ation of correlation images, masking with mean vegetation 
images, and Gaussian filtering) was therefore repeated 13 times 
using each time data for 1 2  years, with the exclusion of a rotat- 
ing year. The three fraction images created for each time (with 
agricultural and non-agricultural vegetation and barren land) 
were then used to derive the three pure NDVI profiles for the 
remaining year by applying the multivariate regression 
method described previously to the relevant NDVI data. After 13 

1.0 - 

0.9 - 

5 0.8 - 

0.7 - 
- e =0.6 - + 80.5  - .-" . /' //' . 
%) 0.4 - 
3 0.3 - 

0.2 - d r2 = O.62Om 
0.1 - ruSE = 0.066 

o.O , r, 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Measured Cropland Fraction 

(a) 

1 .o 
0.9 . 

/ 
/ // 5 

0.8 0. 
0. 

// 

f 0.7 - / 
E ,0.6 0 . ,4' 

/ 

X . 
*. /= $ 0.3 . E 0.2 8 4. 

d 
0.1 , 
0.0 v e  8 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Measured Forest Fraction 

(b) 

Figure 6. Linear regressions between the fractions of 
agricultural (a) and forest (b) vegetation derived from the 
agro-pedoclimatic map (measured fraction) and our land- 
use fraction images (estimated fraction) for the main 39 
northern provinces of Algeria (** = correlation significant 
at the 99 percent confidence level). 

repetitions of this procedure, the NDVI values found for the best 
month of each country (April, May, and July) were again 
regressed against the relevant crop yield. In practice, this pro- 
cedure simulated a situation in which the fraction images iden- 
tified in a certain period are applied to crop yield forecasting 
in a following year. 

The results for the four countries are shown in Figure 7. 
Even if correlations were lower than previously obtained, the 
prediction capability of the procedure remained high. Determi- 
nation coefficients higher than 0.64 and root-mean-square 
errors (RMSE) lower than 18 percent of the mean yield values 
were in fact achieved for all countries using NDVI images taken 
1 to 2 months earlier than crop harvesting. 
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It can also be noted that, similar to the previous analysis 
with data for all years, different NDWyield slopes were obtained 
for the four countries, which indicates an increasing efficiency 
of NDVI conversion to grain products going from Algeria to 
Tunisia, Morocco, and, finally, Egypt (Prince, 1991). This is 
again in accordance with existing information, because Alge- 
ria is known to have the poorest agricultural technologies. 
while Egypt has the highest productivity thanks to its peculiar 
water provision systems (FAO, 1999). 

Morocco Algeria 

Summary and Conclusions 
The importance of yield forecasting in semiarid developing 
countries is clearly apparent and does not need to be further 
highlighted. Recent research demonstrated that NOAA-AVHRR 
NDVI MVCs are particularly suitable for this purpose, because 
they are sensitive indicators of vegetation conditions during crop 
growth and can therefore be related to final productivity. In the 
current work, we performed investigations on this subject in four 
North African countries involved in the EU project CAMELEO. For 
the investigation, we had to rely on GAc NDVI data, which, even 
though not optimal for spatial and radiometric properties, were 
the most consistent set available over the entire study area for a 
relatively long period (13 years). Moreover, because only annual 
crop yield estimates for each country were available, the compar- 
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isons had to be made at the national level, which obviously pre- 
vented a higher spatial detail of the analysis. 

In spite of these limitations, the first testing demonstrated 
that interesting relationships between final crop yield and 
NDVI values of suitable periods can be found, even at a country 
level. In particular, different optimal linear relations were 
found for each country when using NDW data for the spring 
(April-May) and summer (July) months. 

Next, it was verified that the UsGs land-cover classification 
was not very effective for cropland identification, probably 
due to the definition of broad classes which contain mixed veg- 
etation types. A specific method was therefore developed 
based on the assumption that cropped areas had NDVI values in 
the optimal yield forecasting period more correlated with final 
yield than did non-cropped areas. Correlation images were thus 
created and composed with mean NDVI images in order to esti- 
mate the distribution of agricultural and non-agricultural vege- 
tation. The consideration of these images as abundance 
estimates allowed the extraction of NDVI multitemporal profiles 
of three main land-use types which were analogous to end- 
member spectra and particularly correlated and uncorrelated 
with final crop yield. Also, the areas identified as agricultural 
and non-agricultural vegetation were found to correspond to 
crop and forest land derived from independent sources. The 
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four study countries (** = correlation significant at the 99 percent confidence level). 



application of a leave-one-out strategy finally confirmed the 
utility of the approach for operational crop yield forecasting. 

The methodology proposed obviously relies on statistical 
considerations which may not be valid in other environmental 
situations. The whole approach is, in fact, based on the assump- 
tions that the phenological development of the main cereal 
crops is approximately synchronous and constant within each 
country and that the distribution of these crops is stable in dif- 
ferent years, at least at the GAC pixel scale. These assumptions 
do not generally hold in temperate countries, where crops with 
different phenologies are usually intermingled, plant develop- 
ment is variable in time due to several factors, and inter-year 
crop rotations are often applied. The existence of suitable con- 
ditions for the application of the method must therefore be 
ascertained in each single case, considering both local environ- 
mental features and agricultural practices. Also, further modi- 
fications are possible in order to improve the performance of 
the procedure and to adapt it to different ecological situations. 
In general, however, the operational utility of the method can 
be notable in semiarid areas where scarce reference data are 
available, because it only requires low-resolution NDm data and 
large-scale ground yield assessments. 

The current findings also have important implications for 
the evaluation of the GAC data set utilized. Even though these 
data are known to suffer from relevant technical limitations, 
they proved to contain information which, if suitably 
extracted, can be very useful for land analysis, not only at a 
regional level, but also at per-pixel and sub-pixel scales. In this 
sense, the availability of long-period image series represents a 
counterbalance for the decreased spatial resolution of the data. 
The use of multitemporal NDm profiles, in fact, allows the 
extraction of sub-pixel information, at least in these semiarid 
environments with few principal land-use components. 

A final remark is worth noting about the future extension 
of the research work within the framework of the CAMELEO 
project. The ultimate objective of this project is the identifica- 
tion of land-cover changes which can be indicative of possible 
degradation and/or desertification phenomena, Because vege- 
tation variations can be generally ascribed almost exclusively 
to meteorological vagaries and human interventions, the iden- 
tification of areas where these two factors are contemporane- 
ously or separately active can be the basis for the analysis of 
relevant long-term vegetation responses. As a first ste 
identification of cropped and non-cropped areas coul f1  serve the to 
concentrate desertification assessment on the latter, because 
the former are mainly controlled by human activities. Within a 
more advanced strategy, the NDVI signal correlated to crop 
yield could be removed on a per-pixel basis, and the remaining 
information could be related to meteorological driving factors 
(mainly rainfall) to detect possible variations in water use effi- 
ciency not related to agricultural intensification and therefore 
indicative of environmental changes [Davenport and Nichol- 
son, 1993). These are the main research lines towards which 
our activity is presently directed within the CAMELEO project 
and other collaborations with the Agrhymet Centre of Niamey 
(Niger). 
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