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Abstract Year-to-year ¯uctuations of rainfall in the northern Negev desert provide an
opportunity to characterize and assess the temporal dynamics of deserti®cation, phenology, and
drought processes. Such information was retrieved and analyzed by combined use of satellite
imageries in the re¯ectivity and thermal spectral bands. Data covering four years of coarse spatial
resolution and images from a high revisit time satellite, namely the NOAA-14, were used. The
images were processed to produce the normalized difference vegetation index (NDVI) and the land
surface temperature (LST). These measures were applied to the sand ®eld in the northwestern
Negev (Israel), which is almost totally covered by biological soil crusts, and to an adjacent region in
Sinai (Egypt), consisting mainly of bare dune sands. Various manipulations of the data were
applied. Time series presentation of the NDVI and LST reveals that the NDVI values correspond to
the reaction of the vegetation to rainfall and that LST values represent seasonal climatic
¯uctuation. Scatterplot analysis of LST vs NDVI demonstrates the following: the two different
biomes (Sinai and the Negev) exhibit different yearly variation of the phenological patterns (two
seasons in Sinai moving along the LST axis, and three seasons in the Negev, where the NDVI axis
represents the growing season); the Sinai has an ecosystem similar to that found in the Sahara,
while the Negev, only a few kilometers away, has an ecosystem similar to the one found in the
Sahel; and drought indicators were derived by using several geometrical expressions based on the
two extreme points of the LST-NDVI scatterplot. The later analysis led to a discrimination
function that aims to distinguish between the drought years and the wet years in both biomes.
Results from the current study show that a great deal of information on dryland ecosystems can be
derived from four, out of ®ve, NOAA/AVHRR spectral bands. The NDVI is derived from the red
and the near-infrared bands and the LST from the two thermal bands. Combined use of these two
products provides more information than any product alone.

Management of Environmental
Quality: An International Journal
Vol. 14 No. 1, 2003
pp. 22-38
q MCB UP Limited
1477-7835
DOI 10.1108/14777830310460360

Introduction
The severe recurrence of droughts in the Sahel and other regions, as well as an
apparent accelerated southward advance of the Sahara Desert, led to extensive
international discussions and to the establishment of the United Nations
Conference on Deserti®cation (UNCOD). At this meeting, deserti®cation was
de®ned as ªland degradation in arid, semi-arid, and dry sub-humid areas
resulting mainly from adverse human impactº (UNEP, 1992).
The term ªphenologyº is usually de®ned as ªthe study of the timing of
recurring biological phases, the cause of their timing with regard to biotic and
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abiotic forces, and the interaction among phases of the same or different
speciesº (Lieth, 1974). The current study deals with natural vegetation
phenology, rather than that of agriculture.
Drought can be de®ned as a period of abnormally dry weather, which
persists long enough to produce a serious ecological, agricultural, or
hydrological imbalance (e.g. crop damage, water shortage, etc.). The severity
of the drought depends upon the degree of moisture de®ciency, the duration,
and the size of the affected area. In this context, meteorological drought refers
to lower than average precipitation for some time period (Wilhite and Glantz,
1985).
These three basic dryland processes, namely deserti®cation, phenology, and
drought, are strongly linked. Drought is part of the cause of deserti®cation and
certainly makes the situation worse. Mainguet (1994) states that deserti®cation
is ªrevealed by droughtº. The phenology of natural plants is changed by either
deserti®cation or drought processes. It is expressed, for example, by changes
between grasses and shrubs, C3 and C4 species, or palatable to unpalatable
species. The objective of the current paper is to characterize and assess the
temporal dynamics of these three processes, by jointly analyzing re¯ective and
thermal data acquired by satellite remote sensing means.
The advanced very high resolution radiometer (AVHRR), operated by the
National Oceanic Atmospheric Administration (NOAA), with 1km spatial
resolution and high temporal resolution of about one day, plays a signi®cant
role in monitoring regional and global processes. The most important AVHRRderived products for ecological applications are the normalized difference
vegetation index (NDVI) and the land surface temperature (LST).
The NDVI was formulated by Rouse et al. (1974) as:
NDVI = (r NIR 2

r R )=(r NIR + r R );

(1)

where r is the re¯ectance in the red (R) and near-infrared (NIR) bands of the
NOAA/AVHRR sensor. This index, as well as several other modi®cations of it
that are less common, are based on the difference between the maximum
absorption of radiation in the red (due to the chlorophyll pigment), and the
maximum re¯ection of radiation in the NIR (due to the leaf cellular structure
and the fact that soil spectra, lacking these mechanisms, typically do not show
such a dramatic spectral difference). The NDVI has been proven to be well
correlated with various vegetation parameters, such as green biomass (Tucker,
1979), chlorophyll concentration (Buschmann and Nagel, 1993), leaf area index
(Asrar et al., 1984), foliar loss and damage (Vogelmann, 1990), photosynthetic
activity (Sellers, 1985), carbon ¯uxes (Tucker et al., 1986), phenology (Justice
et al., 1985), and others. Also, they have been found to be useful for a variety of
image analyses like crop classi®cation (Ehrlich and Lambin, 1996), green
coverage (Elvidge and Chen, 1995), and change detection (Lambin and Strahler,
1994).
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The retrieval of LST from NOAA-AVHRR data is achieved mainly through
the application of so-called split window (Price, 1984). Several split window
algorithms have been developed on the basis of various considerations of the
effects of the atmosphere and the emitting surface, derived from the equation of
thermal radiation and its transfer through the atmosphere. However, the effect
of the atmosphere is so complex, that any treatment is dif®cult. Therefore,
various simpli®cations have been assumed for the derivation that has led to the
establishment of different forms of split window algorithm (Qin and Karnieli,
1999). Thus, if T4 and T5 are the brightness temperatures in bands 4 and 5 of
AVHRR data, respectively, which are given by inverting Planck’s equation for
the radiation received by the sensor, the general form of split window
algorithm can be expressed as:
LST = T4 + A(T4 2

T5) + B;

(2)

where A and B are the coef®cients affected by the atmospheric transmittance
and surface emissivity in spectral bands 4 and 5 of AVHRR data. All
temperatures in the equation are in degrees of Kelvin. The theoretical accuracy
of the LST can reach ± 1.68 C.
Study area
Perhaps the most spectacular phenomenon connected with deserti®cation vs
rehabilitation can be observed across the Israel-Egypt political border
(Figure 1). Although the sand ®eld of the Negev desert (Israel) represents the
eastern extension of the Sinai (Egypt) ®elds from the geomorphological and

Figure 1.
Location map based on
NOAA-AVHRR image
showing the study
polygons on both sides of
the border between Israel
and Egypt

lithological points of view, the area is arti®cially divided by the political
borderline. The borderline is characterized by a sharp contrast; higher
re¯ectance values (brighter) on the Egyptian side and lower re¯ectance
values (darker) on the Israeli side. This contrast has long drawn the
attention of many scientists. The traditional and popular explanation asserts
that the contrast is mainly due to severe anthropogenic impact of the Sinai
Bedouin, especially overgrazing by their black goat and sheep herds, as well
as gathering of plants for ®rewood. The Israeli side of the border has been
subject to a conservation of nature policy since the 1950s and especially,
under an advanced rehabilitation process since 1982. This interpretation was
pioneered by Otterman (1974) and summarized in Otterman (1996).
Classi®cation based on satellite and aerial photographs revealed that the
Sinai is dominated by bare sands (83.5 percent) while in the Negev, the
sands are overlaid by soil biological crusts (71 percent) (Table I).
Consequently, Sinai is characterized by shifting sand dunes while these
dunes have been stabilized in the Negev. As a result, a new theory, recently
proposed by Karnieli and Tsoar (1995) and Tsoar and Karnieli (1996),
suggests that the contrast is not a direct result of severe overgrazing of
higher vegetation but is caused by an almost complete cover of biological
soil crusts on the Israeli side, while human and animal activities have
prevented the establishment and accumulation of such crusts, as well as
trampling and breaking up any existing crusts on the Egyptian side.
Mean annual rainfall in the study area is 90mm. The current project lasted
four years from October 1995 to September 1999. Two of these years were
relatively dry (drought) years ± 1995/1996 and 1998/1999 ± with 32.3 and
31.2mm rainfall, respectively. The other two years were relatively wet ±
1996/1997 and 1997/1998 ± with 79.3 and 83.6mm rainfall, respectively.
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Methodology
The NOAA-AVHRR data were acquired in high-resolution picture
transmission (HPRT) format (2 1 £ 1km) by the ground receiving station
located at the Sede Boker Campus (Negev, Israel). NOAA-14 images were
obtained for four years from October 1995 to September 1999. The
geometrical distortion introduced by the large scan angle was reduced by
limiting the use of the images to those with a satellite zenith angle of 308 and
by using only cloud-free images.

Bare sands/playas
Biological soil crusts
Perennials
Note: Based on Qin (2001)

Negev (%)

Sinai (%)

11
71
18

83.5
12
4.5

Table I.
Percentage ground
cover of different
ground features in
the Negev (Israel)
and Sinai (Egypt)
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Three types of pre-processing were used in the study:
(1) radiometric;
(2) atmospheric; and
(3) geometric corrections.

26

The processing of the data in the visible and NIR bands was based on postlaunch calibration coef®cients suggested by NOAA/NESDIS (Rao and Chen,
1998). Atmospheric correction of the top-of-atmosphere re¯ectances was carried
out using the 6S code, including correction for molecular scattering, while
geometry of the sensor and the sun was also applied (Vermote et al., 1997). This
program also requires estimates of the water vapor, aerosol, and ozone contents
in the atmosphere. The total precipitable water and aerosol optical thickness of
the atmosphere were obtained from an automatic tracking sun photometer
(CIMEL), installed at Sede Boker, about 50km away from the study area (Holben
et al., 2001). Ozone content in the atmosphere was based on climatology derived
from the total ozone mapping spectrometer (TOMS) onboard the Nimbus-7
spacecraft between 1987 and 1993. The images were geometrically corrected to a
master image, using ground control points and applying a nonlinear second
order transformation. The accuracy of the correction lies at the subpixel level.
One subset of 150 pixels on each side of the border (about 15 £ 10km2 ) was
extracted, assuming homogeneous areas from each image (Figure 1). The NDVI
values were calculated from the surface re¯ectance values of the red and NIR
bands of the AVHRR images.
Radiometric correction of the two NOAA AVHRR thermal bands, 4 and 5,
was performed following Brown et al. (1995) and Weinreb et al. (1990).
Geometric correction and subset extraction were applied to the red and NIR
bands. These operations were necessary at this early step of the processing in
order to later apply the local characteristics of the split window algorithm (Qin
et al., 2001), used to correct the atmospheric in¯uence on the thermal infrared
bands. The algorithm used has a modi®ed form of equation (2) that requires
total precipitable water and surface emissivity to compute the constants. The
®rst constant was obtained from the CIMEL data, relative to the image date of
acquisition; the second was estimated by laboratory analysis of soil samples
taken in the study area (Qin, 2001). Based on this work, the emissivity value of
bare sand dunes (average value of 0.95) was assigned to the Sinai’s polygon,
while the emissivity value of the biological soil crusts (average value of 0.97) for
that of the Negev. The maximum value composite (MVC) method (Holben, 1986)
was applied to the NDVI and LST values for a one-month composition period.
Analysis and results
Temporal dynamics of NDVI and LST
The temporal variations of the NDVI and the LST along the four hydrological
years of the project are presented in Figure 2. Figure 2A shows that the Negev
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Figure 2.
Temporal variations of
NDVI (A) and LST (B) in
Sinai and the Negev
along the four
hydrological years of
research

ecosystem, under an advanced rehabilitation process since 1982, shows higher
values of vegetation index (mean NDVI for the whole data set= 0.124 ± 0.039)
and high reactivity to rainfall (from 0.116 ± 0.033 during the dry period to
0.143 ± 0.045 in the wet period), especially during wet years (1996/1997 and
1997/1998). In contrast, the Sinai area, under deserti®ed conditions, presents
a very low reaction to rainfall (from 0.086 ± 0.014 during the dry period to
0.096 ± 0.015 in the wet period), maintaining approximately constant NDVI
values (mean NDVI for the whole data set = 0.089 ± 0.015). A slight increase
in the vegetation index is visible only during the wet years. The differences
between the mean NDVI values of Negev and Sinai can be as high as 0.1,
following the rainy season of a wet year. Since it is well known that higher
NDVI values are caused by a dark soil background (Huete, 1988), NDVI
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differences during the dry periods seem to be related to the brightness
difference between the two sides of the border, due to the presence of the dark
biological soil crusts and, to a lesser extent, the higher vegetation on the Israeli
side (Karnieli and Tsoar, 1995).
Figure 2B demonstrates the monthly MVC values of the computed LST in
the sampling polygons on both sides of the border. No clear differences in
phase are evident. On the contrary, the cyclical temperature trends are similar
in the Negev and in Sinai and follow the climatic variations throughout the four
years. During the relatively wet winters, evaporation determines large losses of
energy from the wet soil surface; low sun irradiance also contributes less
signi®cantly than in summer to the soil heat balance. Thus, the minimum LST
values are always found in the rainy period during the winter, and can be as
low as 208 C. In these seasons, the difference in the amplitude between the
polygons is almost negligible. The maximum temperatures are found at the
height of summer and can reach values of 588 C. The temperature differences
between the two sides of the border can be as high as 78 C.
The explanations for the amplitude differences evident in the dry period are
addressed in Qin et al. (2001). Since the sand dunes on the Israeli side are almost
completely covered by dark biological soil crusts, they absorb more incident
radiation and emit stronger thermal radiation than the bare sand on the
Egyptian side. Moreover, although more higher and lower vegetation is present
on the Israeli side, these desert plants, due to their scarcity and dormancy in the
hot, dry summer, contribute almost nothing to the regional evapotranspiration
that cools the surface. Thus, in the dry season, the Israeli side presents higher
values of surface temperatures than in the Sinai.
Deserti®cation assessment
The combination of re¯ective and thermal data for determining soil water
status or surface water availability has been reported in numerous studies
(Goward and Hope, 1989; Nemani et al., 1993; Lambin and Ehrlich, 1996; 1997).
This type of analysis has usually been undertaken by plotting LST against
NDVI values (Figure 3A). Such a method is used in the current research in
order to characterize the deserti®cation processes in the study area. A
scatterplot of multi-year NDVI vs LST values was created (Figure 3B).
Applying a K-mean analysis of two clusters for the data, it was shown that the
combined values of the Negev are signi®cantly different from those of Sinai.
Comparing the location of the clusters to the African continental scheme of
Lambin and Ehrlich (1996), the current scatterplot demonstrates that the Sinai
deserti®ed ecosystem overlaps the area covered by the Sahara biome, while the
Negev recovered side of the border, although located only a few kilometers
away, exhibits characteristics similar to those of the Sahel biome (although it
®ts even better to that in the Southern African hemisphere, discussed in the
same paper).
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Figure 3.
(A) Scatter diagram for
schematic discriminating
of different biomes in
Africa as proposed by
Lambin and Ehrlich
(1996). (B) Data obtained
for this study

Phenology
Results of the K-mean analysis reveal that 5 clusters characterize the study
area (Figure 4). Statistics for each cluster are described in Table II. The Sinai
area, under a deserti®cation process, is characterized by just two clusters (1 and
2) corresponding to the dry and wet seasons respectively, and de®ned by the
¯uctuations of land surface temperatures throughout the year. In this area, the
biological activity is almost non-existent, therefore only the physical
meteorological factors are responsible for the movement inside the LSTNDVI space. On the other hand, the recovered ecosystem of the Negev shows
relatively intense biological activity and is characterized by movements over
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Figure 4.
Groups obtained from
the cluster analysis of
NDVI and LST data

Cluster Season

Table II.
Description of the
clusters obtained
from the NDVI and
LST data analysis

1
2
3
4
5

Dry
Rainy
Dry
Rainy
Growing

No. of Negev pixels No. of Sinai pixels Mean NDVI (SD) Mean LST (SD)
14
4
51
16
9

48
33
7
5
0

0.082 (0.010)
0.095 (0.010)
0.120 (0.012)
0.123 (0.013)
0.182 (0.018)

47.7
33.0
49.2
28.5
39.1

(3.6)
(5.8)
(4.6)
(4.6)
(8.1)

Note: Based on Dall’Olmo and Karnieli (2002)

three clusters of the LST-NDVI space. In the Negev ecosystem, as in the Sinai,
both dry and rainy seasons are evident (clusters 3 and 4) while the third cluster
(number 5) represents the growing season, which is evident only on the Israeli
side of the border and which includes the highest values of NDVI. Only a few
points are presented inside cluster number 5, because it corresponds to the very
short period of the year in which the desert reaches its maximum greenness due
to the blooming of the annuals.
It is interesting to note that several points belonging to the Negev are located
inside cluster 1, which represents the Sinai. The explanation for this fact can be
found in Holling (1973). Natural arid land systems show a resilient character
rather than a resistant one: their stability is not de®ned by a unique equilibrium

state, but according to ¯uctuations of environmental parameters. Beyond
certain limits, they can be associated with multiple-equilibrium states of a
domain, inside which the ecosystem does not change its structure. This is the
result of adaptation to the harsh, extremely variable desert environment. The
overlapping points of cluster 1 are relative to the very dry years (1995/1996 and
1998/1999). In periods extremely lacking in water, the recovered ecosystem is
able to reduce its activity to the minimum needed for surviving in the area of
the LST-NDVI space typical of deserti®ed ecosystems. However, as soon as the
precious resource of water is available again, it can immediately react and
produce relatively high values of NDVI. On the other hand, the disturbed
ecosystem (Sinai) shows the result of a man-made perturbation that has
changed its structure: in wet years only an extremely limited response to
rainfall is detected.
The multi-year average of the combined NDVI and LST values are presented
in Figure 5 in terms of month-by-month trajectories. Phenology starts in
October and ends in September of the following year. It is shown that the
deserti®ed Sinai ecosystem exhibits the highest variability mostly along the
LST axis and is almost unaffected by the NDVI, except for a slight deviation
from the straight line between April and July, most likely due to some
greenness of perennials. On the other hand, the recovered Negev side of the
border exhibits variability on both LST and NDVI axes. Here, the NDVI axis is
dominant especially during the wet months (January-July) due to the greening
of biological soil crusts, annuals, and perennials. During the summer months,
the trajectory moves only along the LST axis.
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Figure 5.
Multi-year average of the
combined NDVI and LST
values in terms of monthby-month trajectories
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Drought assessment
Figure 6 exhibits the breakdown of Figure 5 into the four hydrological years
under investigation, to demonstrate the annual dynamics. In the Sinai, little
difference can be seen between the wet and the dry years, with the same
general trajectory shape ± long, narrow, and with a vertical pattern along the
LST axis. In the Negev, however, there is a considerable difference between the
wet and dry years. During the wet years (1996/1997 and 1997/1998) the shape
of the graphs is stretched towards the high NDVI values and the phenological
cycle is much more pronounced, whereas during droughts (1995/1996 and
1998/1999) the NDVI component is much less remarkable and the phenological
cycle shrinks signi®cantly.
Figure 7 shows, for each of the hydrological years and for the Negev and
Sinai ecosystems separately, the lines connected between two points de®ned as:
(1) the maximum LST 2 minimum NDVI; and
(2) minimum LST 2 maximum LST.
It may be seen that the Sinai lines are very similar in terms of position and
length; however, two groups can be distinguished between the Negev lines. The
lines of the wet years are longer and with gentler slopes, whereas the dry years
lines are shorter and steeper. These characteristics can be quanti®ed by three
geometrical expressions as schematically illustrated in Figure 8:
Angle = arctan(DLST=DNDVI);

(3)

Area = DNDVI ¤ 0:5DLST;

(4)

Length = [(DLST)2 + (DNDVI)2 ]0:5 :

(5)

These three expressions can be used as indicators for quantifying drought
years. Their calculated values are presented in Table III. Evaluation of the
three indicators was performed by applying the following discrimination
function (DF) for each year (i) and each region (j):
DFij = (Xij 2

Xmeanj )=(Xmaxj 2

Xminj );

where Xij is the calculated value for each indicator, either in Sinai or in the
Negev, in any particular year. Xavg, Xmax, and Xmin, are the yearly average,
maximum and minimum values for each region, respectively. The objective of
this function is to discriminate the drought years from the wet years on both
sides of the border.
Results of the discrimination function for each of the drought indicators are
presented in Figure 9. It can be noticed that for the Negev, each of the indicators
successfully separates the two drought years from the wet years, since the DFij
receives either positive or negative values. However, for Sinai, only the ªlengthº
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Figure 6.
Trajectories of conmined
NDVI and LST values
for each of the four
hydrological years
(October (10) !
September (9))
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Figure 7.
Lines connected between
maximum
LST/minimum NDVI
and minimum
LST/maximum NDVI for
the Sinai and the Negev

Figure 8.
Schematic illustration of
three geometrical
expressions for
indicating droughts

Angle

Area

Table III.
Calculated values
for the three
drought indicators

Length

Year

Sinai

Negev

1995/1996
1996/1997
1997/1998
1998/1999
1995/1996
1996/1997
1997/1998
1998/1999
1995/1996
1996/1997
1997/1998
1998/1999

80.36
83.20
83.31
83.23
0.43
0.38
0.41
0.24
22.38
25.16
26.42
20.22

74.85
70.63
72.06
77.78
0.83
1.31
1.45
0.50
24.75
27.31
29.95
21.17
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Figure 9.
Results of the
discrimination function
procedure for each
drought indicator

indicator is able to show this phenomenon. The other two indicators ± slope
and angle ± produce mixed results. Consequently, the ªlengthº indicator will be
used for further analysis.
Using the ªlengthº indicator, Figure 10 presents the DFj values as a function
of the yearly rainfall of each year. Despite the fact that only eight points are
involved in the regression analysis, a clear trend is exhibited between the
drought-year cluster (negative values) and the wet-year cluster (positive

Figure 10.
Discrimination function
values vs the yearly
rainfall amounts of
each year
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values). The crossing point between the regression line and the DF= 0 line can
be used to quantify the threshold between wet and drought years in terms of
rainfall amount (54mm in the current example).
Summary and conclusions
Results from the current study show that deserti®cation, phenology, and
droughts processes can be detected and characterized by using four out of ®ve
NOAA/AVHRR spectral bands. The NDVI is derived from the red and the NIR
bands and the LST from the two thermal bands. Combined use of these two
products provides more information than any product alone.
Time series presentation of NDVI and LST reveals that the NDVI values
correspond to the reaction of the vegetation to rainfall and that LST values
represent seasonal climatic ¯uctuation. Scatterplot analysis of LST vs NDVI
demonstrates the following:
.
The two different biomes (Sinai and the Negev) exhibit different yearly
variations of the phenological patterns: two seasons in Sinai moving
along the LST axis, and three seasons in the Negev, where the NDVI axis
represents the growing season.
.
The Sinai has an ecosystem similar to that found in the Sahara while the
Negev, only a few kilometers away, has an ecosystem similar to that of
the Sahel.
.
Drought indicators were derived in terms of three geometrical
expressions based on the two extreme points of the NDVI-LST
scatterplots. Evaluation of the suggested indicator shows only one that
can successfully separate between the drought and the wet years. It is
concluded that the AVHRR imagery can provide valuable information for
drought monitoring and characterization.
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