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The rel ationship man-tree nust have religious di nensions again.
Only if you love the tree |like yourself you will survive

Hundertwasser, April 1991
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ABSTRACT

ABSTRACT

Nine wadi localities in a hyper-arid environment have been registered in the field and
studied using earth observation data. Branch height, crown — and trunk — diameter, and
indicators of land-use such as present traces of browsing, lopping and charcoal production
were registered for arboreal vegetation, mostly Acacia tortilis and Balanites aegyptiaca. A
point mapping (GPS) was selected to optimise subsequent integration with raster data and
to facilitate a detailed interpretation of change images. Field data and change images are
interpreted according to two gradients, one cultural and one hydrological.

Derived tree maps are overlaid referenced TM data in order to detect differences between
pixels with and without vegetation. The Red band is the most consistent spectral band in its
content of vegetation information. Nevertheless it is apparent that several methodological
and technical factors constrain the possibilities to register vegetation in this environment of
very scarce vegetation cover. Similar problems are also recognised in the change analysis
which is based on the difference between Red bands of the years compared. Four different
datasets are part of the analysis. 1973, 1979, 1984 (al Landsat MSS images) and 1996
(TM).

Field data indicate that changes are taking place in the cultural landscape of the Eastern
Desert, and the change is primarily due to processes that both in causes and consequences
is associated with ‘deforestation’. Although several sources of errorsintroduce variationsin

the change images, the images do reflect the field observations.
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INTRODUCTION

Temporal changes in dryland vegetation have been discussed in several studies (e.g.
Banjaw et al. 1991, Cole 1989, Helldén 1991, Lamprey 1988, Olsson 1993, Thomas and
Middleton 1994). The majority of these have been a response to the severe droughts in the
Sahel zone, in particular those of 1968-1973 and 1979-1984. Parallel to these droughts the
concept of desertification increased in importance and soon became an issue of global
concern (Thomas and Middleton 1994). Both causes and consequences have been
extensively discussed, in political, public and scientific media. Today, however, there is a
scientific debate about the concept itself (Helldén 1991, Olsson 1993, Thomas and
Middleton 1994). Rather than there being one process in drylands, there are severd
different processes that may result in a changed environment there that is often perceived
‘desert-like’ (Thomas and Middleton 1994). One of the main processes causing change in
dryland vegetation has proved to be deforestation (op. cit., Christensen 1998, Cole 1989,
Hammer Digernes, T. 1979, Olsson 1985) i.e. it is the arboreal vegetation that is subject to
change. Not only increasing fuel-wood demand but also commercialisation of resourcesis a
driving force of this process (Christensen 1998).

The seventies and eighties were decades in which satellite data became an important source
for monitoring the environment. In particular dryland vegetation and changes in it have
been a maor theme of satellite monitoring (Chavez and MacKinnon 1994, Dregne and
Tucker 1988, Franklin and Hiernaux 1991, Franklin et al. 1991, Matheson and Ringrose
1994, Otterman et al. 1974, Pickup et al. 1993, Prince et al. 1990, Ringrose et al. 1990,
Tucker 1986, Tucker et al. 1991). Data of high spatia resolution, e.g. SPOT HRV XS and
Landsat TM and MSS, have been applied in studies focusing on local areas; and results
have confirmed field observations and therefore the potentia of the data as well
(Christensen 1998, Krzywinski 1993Db).

Because of the great international interest of the Sahel in the seventies and eighties most
temporal studies have focused on this zone. The central and northeastern parts of the Sudan
are among the areas where studies involving severa different disciplines; and as part of
them satellite monitoring was performed, e.g. Christensen (1998) and Krzywinski (1993a,
1993b) as part of the RESAP project, and by Helldén (1984, 1988), Larsson (1993) and

Olsson (1985). The current study is to be considered as an extension of the satellite
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monitoring of vegetation change conducted in the Sinkat area, the Sudan (Christensen
1998, Krzywinski 1993a, 1993b). In this study, however, the focus is shifted northwards to
the Eastern Desert of Egypt. This is an area that has several similarities to the Sinkat
district, both in cultural identity and in natural environment. The main difference in natural
factors is aridity. Ayyad and Ghabbour (1985) classify this area as hyper-arid, and it has
been classified as one of the most extreme deserts of the world. Nevertheless, perennial
vegetation grows in wadis and in other landforms where run-on water conditions prevail.
On the other hand, arboreal vegetation, which is subject to change, is very sparse.

This sparse arboreal vegetation cover introduces new challenges to monitoring vegetation
and its changes with remote sensing data. Both radiometric and spatial resolution are
limited for these data, and information content relating to vegetation will therefore decrease
towards a theoretical limit below which the detection of vegetation cover is severely
reduced or impossible. Field registrations in monitored areas too have to be carried out, but
methods have to be reconsidered, because an optimal integration with raster data is
required in order to interpret change in as much detall as possible. Problems have also been
reported from other, less arid areas. Notwithstanding, relationships between vegetation
cover and spectral reflectance that allow an absolute interpretation of digital data have been
derived (Larsson 1993, Olsson 1985).

Objectives
The general objective isto study changesin wadi vegetation in the Eastern Desert of Egypt

in the period between 1973 and 1996, using Landsat MSS and TM images. Two different
guestions are raised:
Have there been temporal changes in the arboreal vegetation cover there; and if so, to
what factors can they be attributed?
At what level is it possible to extract vegetation information from optical satellite

images so as to interpret temporal changes in a hyper-arid area?
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THE CONCEPTUAL FRAMEWORK AND

THEORETICAL BACKGROUND

Vegetation changes in the African drylands

Changes in land cover in African drylands have been observed for several decades.
Environmental change was reported already from the thirties. Climate, i.e. drought, was
held by many to be a main cause of these changes though native misuse of land was aso
blamed (as referred in Thomas and Middleton 1994, and by Bovill (1921) and Stebbing
(1935) in Banjaw et al. 1991). However, it was the Sahelian® drought between 1968 and
1974 that attracted worldwide attention to dryland changes, i.e. to desertification; and
drought again came into focus as a main cause. Human suffering and famine were brought
to the attention of the general public through the powerful new mass media, in particular
TV, and the scientific and political interest of the seventies reached a maximum at the 1977
UN Conference on Desertification, UNCOD. Thomas and Middleton (1994) described the
new aspect of the dryland change issue generated by UNCOD as being ‘the

conceptual i sation of desertification as a serious problem of global
rather than local interest, and as sonething inmportant for the political

agenda’.

The word desertification was aready introduced in 1949 by Aubreville’ (Thomas and
Middleton 1994). Since then more than one hundred definitions of the term have been
presented in the literature (Glantz and Orlovsky 1983, as referred in Thomas and
Middleton 1994). As this number suggests, the concept of desertification is a subject of on-
going discussion. However, the various definitions have many points in common, and these
can be summarised as‘l ong | asting changes’ resultingin ‘desert-1ike conditions’,
usually meaning some kind of ‘decrease in productivity' (Helldén 1991). The three
definitions below are all UN definitions and show the differences of opinions even within

this organisation.

Y In Groom (1958) Sahel istranslated as The shore of a sea or a great river”.
% His definition is as referred in Banjaw, et al. (1991) “t he i ncrease of deserts, dry areas with few
plants, into sem-arid | ands”.
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1. The most cited definition is the one adopted by the UNCOD (as referred in Thomas and

Middleton 1994); “- the dimnution or destruction of the biological
potential of the land that can lead ultimtely to desert |ike
conditions. It is an aspect of the w despread deterioration of

ecosystens and has di m nished or destroyed the biological potential,
i.e. the plant and aninmal production, for multiple use purpose at a
time when increased productivity is needed to support grow ng
popul ations in quest of devel opnent.”

2. Before the UNCED in 1992 (Rio de Janeiro), UNEP adopted a new definition;

“Desertification is land degradation in arid, semarid and dry sub-
humid areas resulting mainly from adverse human i npact”

3. Inthe United Nations Convention to Combat Desertification in Countries Experiencing
Serious Drought and/or Desertification, Particularly in Africa (1994) the definition is,

however, different; “desertification nmeans |and degradation in arid, semi-

arid and dry sub-hum d areas resulting fromvarious factors, including

climatic variations and human activities”.
So defining desertification has been a problem, and today the debate is about the concept
itself and what it was all about (Helldén 1991, Olsson 1993, Thomas and Middleton 1994).
Even so, most people have arather clear perception of desertification and the end state, viz.
the desert. Perhaps the strongest visualisation of desertification was the ‘marching desert’.
It was the conclusion of Lamprey’s report from 1975 (Lamprey 1988) that spread this
image of the desert invading fertile land south of the former desert boundary. As reported
in Hammer Digernes (1979), active sand dune systems became one proof of this advancing
desert; “Just to the north and west of Bara a number of dunes are on the
move again, burying villages, farming land, and grazing areas.” Helldén

(1991) presents several similar examples reflecting the same perception of desertification.

However, Lamprey’s (1988) conclusion that the desert had moved 5,5 km annually
between 1958 and 1975 was the result of a methodological mistake. He compared the
vegetation boundary of 1975 as seen from aerial reconnaissance with the vegetation
boundary of the map of Harrison from 1958 and concluded that it had moved 90 km
southward. However, the 1958 map based the vegetation boundary on the 75 mm isohyet
that was interpolated from a scanty network of rainfall stations, and Harrison had neither
visited this area nor inspected its vegetation in detail (pers. com. K. Krzywinski).

Moreover, the fifties was a period of favourable rainfall, while 1975 was a year after a
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severe dry period. Thus his sources of information were not comparable. But more

important:

Despite little agreement upon a definition of desertification Lamprey’s (1988) observation
and conclusion already breaks with the first point requiring ‘long lasting change'. In the
concept of vegetation change it is important to distinguish between groups of plants with
different life strategies. These strategies are discussed in detail below; but, in brief, plants
are either drought-enduring or -escaping. After rain the drought escaping plants contribute
significantly to the vegetation cover. Thus vegetation coverage and extent differs between a
dry and wet period. Severa satellite studies have confirmed the great variability of biomass
in the Sahel zone (Dregne and Tucker 1988, Malingreau et al. 1996, Tucker 1986, Tucker
et al. 1991). Hence the ‘change’ Lamprey found was not long-lasting, but most likely an
artefact of an inappropriate methodology and the natural variability of drylands.

In retrospect the most prevalent conception of the desertification may refer to conditions
that never occurred. Were there, then, no changes,; was desertification only a myth? Thisis
a question raised by some authors (Helldén 1991, Thomas and Middleton 1994). In
accordance with parts of the later UN definitions desertification is recognised today to be
land degradation; more specifically five different processes are described by Thomas and
Middleton (1994). These are overgrazing, overcultivation, deforestation, salinisation of
irrigated land, and industrial activities. None of these processes are restricted to drylands
alone, and it is hard to distinguish what links them to deserts except that the desert isin
their vicinity. Especialy the deforestation process challenges the meaning of the concept of
desertification, for deforestation too is an ongoing process in the desert itself. To say that a
desert becomes desertified is, however, tautology. Some of this confusion is perhaps linked
to the perception of deserts. One such example is from the UNEP Caendar * Stop deserts
growing. Save soils.” (1991, Nairobi, as referred in Helldén 1991 and Olsson 1993);

“Desertification results in deserts, which are not just |ess productive
| ands, they are non-productive | ands unsuitable for human life”.

Another example is from Schlesinger et al. (1990, as referred in Kassas 1992); “ Al t hough
desertification is often assuned to result in a reduced |evel of plant
growh, net primary productivity is simlar in the native grasslands and
the invasive shrub comunities .. However, changes in the quality of net
primary production with shrub invasion lower the economic potential of
the Ilandscape, especially as rangeland. Thus, total net primary
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production nmay not always be the best neasure of desertification
processes.”

These examples are very different, even contradictory, but illustrate the misuse and
misunderstanding of the terms applied. The first statement builds upon the conception that
deserts are less productive than most other environments; but in its exaggeration it is
exceptional. People possessing a lifestyle adapted to the desert environment have been
living there for millennia and still are. The second quote is more generous when it comes to
recognising deserts in terms of productivity, implying that a desert can be even more
productive than the origina environment; however, the economic value or potential of a
desert is less than that of the original environment. Common to the statements is that the
end-situation is ‘worse’, in terms either of productivity or of economic potential, than the
original situation. And this change is measured on the scale of desertification where the
lowest rank apparently is desert. Ranking is an important part of the notion of land
degradation. As recognised by Blakie and Brookfield (1987) the Latin derivative of
degradation implies ‘reduction to a | ower rank’. Ranking requires a scale, and the
process of degradation moves the land considered from ‘better’ to ‘worse’ on this scale.
Defining such a scale is, therefore, dependent upon people’s perception of ‘better’ and
‘worse’ and thus their valuation of nature and land-use. However, perceptions vary
between and within cultures and among persons and are therefore not suitable for defining
a rank. Hence the suitability of the term ‘land degradation’ may aso be questioned. The
term ‘change’ is at least neutral and therefore perhaps more appropriate.

Summing up, there are two main problems with the term ‘desertification’, one related to

perceptions, the other to the concept itself;

1. Most people understood desertification as the advancing desert. This never happened.
Admittedly, there are activated dunes, but they are not a part of the desert front, to the
extent that such afront exists. These dunes are old; and, as Evenari (1985b, and one of
his references Tricart 1969) has pointed out, they are relatively stable. Last, but not

least: “Only about one-third to one-quarter of the world s deserts are

covered by aeolian sand, so its role in deserts should not be

exagger at ed” Goudie and Wilkinson (1977).

1. Thereis, therefore, aconceptual confusion about the term *desertification’, and it seems

impossible to define it. Actually it implies different forms of land-use change. These
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processes are global and by no means limited to deserts. However, due to the spatial
vicinity of deserts to drylands, the end-state is usualy perceived as desert-like. This
brings up the question about the perception of deserts and whether the desert concept
itself iswell defined.

It is evident that a better understanding of the desert ecosystem is needed before one can

discuss what actually constitutes a change.

Deserts - seeking a definition
Most people have some idea about what a desert® is, as is clearly seen in quotes from the

desertification debate. The most important aspect is aridity, i.e. the water deficit. Looking
up ‘desert’ in a dictionary adds other commonly perceived characteristics to the term
(Hornby et al. 1987); “barren land, waterless and treeless, often sand-
covered, -barren; wuncultivated, -uninhabited’. Some of these are not just
perceptions of our time, similar terms are found aready in biblical times: © when you
followed me in the wilderness, through a |and unsown”, Jeremiah (2:2)* This
statement can be understood as the point of view of an outsider who considered agriculture
as important. Actually, the other terms too have to be interpreted in relation to more humid
conditions. However, these terms, or rather perceptions of an outsider, do not contribute to
an understanding of the desert ecosystem. Describing or defining an ecosystem requires
knowledge about it as it is, not as seen from or compared with a moist environment. To
make a useful definition of desert has, however, proved to be difficult (Evenari 1985b,
Louw and Seely 1982, McGinnies et al. 1968); and this difficulty in defining desert makes

adiscussion of change and creation of deserts equally difficult.

Water is a prerequisite for life; and characteristics of deserts are, as seen in both the
examples above, often conceptually opposed to water. Agriculture, trees and humans, al
kinds of life, require water to exist. And most definitions suggested are meteorological, and
focus exactly on the water regime; “wat er control | ed ecosystenms with infrequent,
discrete, and largely unpredictable water inputs” (Noy-Mer 1973). This

definition highlights why water is particularly important in deserts.

% From Latin desertum — fundamentally absence of human inhabitants

4 Trandations may, however, differ « when you followed ne in the wilderness, in a land that was
not sown”.lnone Norwegian trandation ‘wilderness’ isinterpreted as‘desert’, “da du ful gte neg i
grkenen, i et land der ingen kan sd.” (Bibelen 1985).
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Another aspect of defining deserts is to delimit them geographicaly. However, there is a
problem in devising ways to express dryness/aridity (Goudie and Wilkinson 1977). Some
attempts, shown in table 1, visualise the diversity of borders defined and concepts applied.
Primarily two different measures have been used to define desert borders, i.e. precipitation
values and the aridity index. However, both concepts are problematic in use. The use of
isohyets constitutes a problem since the amount of precipitation per se is not of primary
interest, what is essential is the availability of water, and the two are not necessarily
connected. The aridity index is an empirical expression that combines water-supply and -
need. Evenari (1985b) recognises a system developed by Meigs (1953) who treats one of
the aridity indicesas “t he nost appropriate” to delimit the hot desert environments of
the world. However, the aridity concept itself is also problematic in application (Reitan,
and Green 1968). This is due to the theoretical and practical problems inherent in the term

‘potential evapotranspiration’® which expresses the water need.

Tablel Attemptsto define desert-boundariesand -typesaccording to the amount of precipitation
and aridity indices.

Concept Category Definition; mm of annual Author

precipitation
Desert - <100 Le Houérou (1970)
Desert; sensu stricto - <250 Evenari, et al. (1985)
Hot deserts - 0-600 Evenari et al. (1985)
- Extremely arid environment < 60-100 Meigs (1953)
Extreme desert Arid ecosystem <70 Shmidaet al. (1985)
True desert Arid ecosystem <120 Shmidaet al. (1985)
- Arid environment 60-100 — 150-250 Meigs (1953)
Semi-desert Semi-arid ecosystem mean 150 - 300-400 Shmidaet al. (1985)
- Semi-arid areas > 400 Le Houérou (1970)
- Semi-arid environment 150-250 - 250-500 Meigs (1953)
Index type Category Definition; scaled on an

index
Moisture index Sub-humid 0--20 McGinnies et al. (1968)
Moisture index Semi-arid -20--40 McGinnies et al. (1968)
Moisture index Arid <-40 McGinnies et al. (1968)
Aridity index Semi-arid <0.03 UNESCO, 1979°
Aridity index Arid 0.03-0.20 UNESCO, 1979
Aridity index Hyper-arid 0.20-0.50 UNESCO, 1979

However, many factors other than water are also common to the hot deserts of the world
(Evenari 1985b). Even without taking into consideration cold deserts and chemical deserts,

aglobal definition of desertsisdifficult mainly due to the variable nature of criteriaand the

® The equations devised to quantify potential evapotranspiration by Thorntwaite (1948) are described as“t he
best known, nost widely used and | east understood equations” Reitan, and Green (1968).
® Asreferred in Ayyad and Ghabbour (1985)
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presence of transition zones in the actual areas. Instead of selecting a strict definition of
desert that attempts to catch the totality, it may be advisable to consider a desert syndrome.
Factors such as climate, weather, geomorphology, hydrology, soils, vegetation and animal
life have to be considered. Some keywords are given in table 2, the main emphasis in the

following is, however, placed on plants and their adaptations to desert conditions.

Table2 Factorsand variablesin adesert syndrome.

Factors Variables

Climate and weather ~ Temperature, wind, precipitation; variability & unpredictability, evaporation,
dew, fog, relative humidity

Geomorphology Landforms, catchment, slope

Hydrology Run-off/run-on, evaporation, transpiration, subsurface water
Soils Nutrients, composition, depth, texture, moisture

Vegetation Life-forms and —strategies

Animd life Life-forms and —strategies

Adaptations of hot desert plants

Living organisms adapt to their environment and to each other’. Thus different
environments can be defined by the organisms living there, and it should be possible to
describe deserts by the inventory of their desert plants. The basic life process of plantsis
photosynthesis and understanding adaptations of plants requires understanding of this
process. Requirements for photosynthesis and hence plant growth are: optimal
temperatures, minerals, light, water and carbon dioxide. Plant production is also limited by
these inputs, and productivity can never exceed the restrictions set by the most limiting
factor. In deserts, water is (generally) the limiting factor; hence the description of deserts as

‘water controlled ecosystems' is, on the whole, well founded.

The water available for photosynthesis in an ecosystem has, however, to be differentiated
from the total water input to that ecosystem. The latter is, in the final analysis, given by the
precipitation received in the area. Water available to plants is not only soil water but also
water available for direct uptake. The latter can be fog and dew, both of which have been
shown to be important for the water economy of desert plants (Louw and Seely 1982).
However, water uptake from soil by roots is the primary strategy for plants; and as Noy-
Meir (1973) put it, “Soil water in deserts is far from being a single
honmogenous resource; it is highly diversified in several dinensions”.

Precipitation is redistributed under the influence of factors like run-off/run-on, evaporation,

" Noy-Meir (1979/80) discuss to what extent competition among organismsis prevalent in deserts or whether
only the physical factors of the environment can describe the adaptations of the organisms.

10
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transpiration, soil drainage and texture (op. cit.). This redistribution of water is especially
important in deserts. One good example is from Egypt, near Cairo, where annual rainfall is
only 25 mm but where the run-on is high and the effective water availability is 500 mm
(Walter 1973, as referred in Furley and Newey 1983). Redistribution and run-on depend
upon topography; therefore, lower lying areas receive more water than higher ones. After
hitting the ground precipitation percolates under the influence of gravity. This causes a
depth time lag gradient, lower lying areas and deeper soil layers receiving later and
retaining more water than higher areas or upper soil layers. Also, different depths are
subject to different evaporation pressures. Final water storage is also influenced by soil
texture, and in arid and semiarid areas an ‘inverse texture effect’ is recognised (Noy-Meir
1973). In contrast to conditions in humid climates sandy and rocky soils support taller and
denser perennia vegetation than finer soils do (op. cit.). Water-holding capacity is low in
the upper layers of such sandy and rocky soil as water will percolate to deeper layers. Finer
soils (clayey, silty and loamy soils) have greater water retaining capacity, but usually desert
rains cannot penetrate deeper than 30 cm (Noy-Meir 1973). Thus, these are the water-

uptake conditions desert plants have to adapt to.

Several authors have classified desert plants into different groups (Evenari 1985a, Goudie
and Wilkinson 1977, Kassas 1966, Kassas and Batanouny 1984, Noy-Meir 1973); and
these systems are usually related to the water strategies of such plants. The following
classification is based on the one described by Noy-Meir (1973), see table 3. His
classification is based on length of, and coincidence between photosynthetical period and

water availability.

Table3 Groupsof desert plantsreflecting water strategy (according to Noy-Meir 1973).

Poikilohydric Ephemerals Drought persistent
Annuals Perennial Fluctuating Stationary
ephemerals Evergreen | Succulent

Poikilohydric species

These plants maintain all their structures independent of water availability, but they are
only photosynthetically active when water is available. Transition between active and
inactive states involves only reversible biochemical changes in the presence or absence of

moisture. This group includes lichens and algae, and afew ferns and higher plants.

11
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Ephemerals

These plants use only water from the upper soil layers. In their photosynthetically active
form they are thus temporally related to rainfall. They germinate only after heavy rainfall or
a sequence of rain events; while between moist events they are photosynthetically inactive,
surviving either as seeds or as dormant plants. Another common term for this group is
‘drought evaders or ‘drought escaping’ plants, and the majority of desert species fall

within this group. Two groups of ephemerals are recognised.

Annuals
The members of this group complete their life cycle from seed to seed within a few weeks

of rainfall. During dry periods the only surviving organ is the seed. They are small herbs
and both summer and winter annuals are recognised according to the rainfall regime of the
area in which they occur. Their water resources are usually restricted to the upper 30 cm of

the sail.

Perennials
These species are able to survive in a dormant state beyond the first weeks after rainfall.

This is possible due to special organs that store water and energy. Hence this group can
complete its lifecycle in another season than it began. These ephemerals extract water from

deeper layers than the annuals (30-60/120 cm).

Drought persistent species
This group includes all perennia species that maintain some photosynthesis also during

longer dry periods. This not only requires a stable water uptake but aso a good internal
water economy. These species have developed several features which tend to restrict water

loss either permanently or temporarily.

Water uptake

A primary way to secure long-term water input is to extract soil water from deep layers
that exhibit less temporal variation in water availability. Root depths of up to ten meters are
common; even fifty meters were reported when the Suez channel was constructed (as

referred in Kassas and El-Abyad 1962)%). During fieldwork a huge Acacia tortilis spp. was

8 The roots of Tamarix sp. “could be followed during the building of Suez Canal in places to a
depth of 50 neters” (Rubner, 1948, quoted by Polunin, 1960, p. 541.)

12
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observed growing next to a 55 meter deep (Murray 1925)° and periodically dry well*
(indicating the considerable depths that may be required to reach permanent soil moisture).
Several species develop specialised root systems. there are horizontal rain-roots in the
upper layers to increase short-term water uptake after rainfall. Higher osmotic pressure also
increases the ability to take up water from the dry desert soil. Water absorption through the
leaf epidermisis also reported to contribute significantly to plants’ water uptake (Louw and
Seely 1982), but less is known about the total influence of this source of water. Severa
species have crusts of salts upon their leaves, e.g. Tamarix, and this feature probably

enables them to condense the moisture of the air (Hassib 1950).

Reducing water loss

The main cause of water loss is due to the gas exchange needed for photosynthesis and
respiration when stomata are opened to release oxygen and take up carbon dioxide. In
genera, at least ninety-five percent, perhaps even more, of the water absorbed by roots is
lost through transpiration (Kassas and Batanouny 1984). Only about ten percent is lost
through the cuticle (Louw and Seely 1982). Adaptations to reduce water loss can be

physiological, morphological or anatomical.

Physiologically, it is possible to reduce transpiration by restricting gas exchange to periods
of lower transpiration pressure. Two different strategies have been observed, both binding
carbon dioxide in intermediate compounds. This is opposed to the normal C3 pathway
where carbon dioxide is used directly. Intermediate carbon dioxide compounds alow
photosynthesis without gas exchange. In the Crassalucean Acid Metabolism (CAM)
pathway carbon dioxide uptake is restricted to the night, thus avoiding both high
temperatures and strong light. The C4 pathway reduces uptake to shorter periods during the
day.

Morphologically, adaptations to water loss can be seen in both leaf and shoot
characteristics. Usually, the parts above ground constitute only a small part of the total
plant. Low shoot to root ratio is a typical feature for drought-enduring desert plants. A
further reduction of the transpiring surface is an effective means of limiting transpiration.

This is possible either by shedding leaves in dry periods or by dwarfing. Features such as

® According to Murray this well was 55 m deep after it was dug in 1906. However, during a visit at the station
aqguard told usthat it had been cleaned recently and consequently is somewhat deeper today.
19 F|-K anais, on the Idfu — Marsa-al Alam road, see fig. 20.

13
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thorns'* and succulence are other effective means frequently seen. Another way to meet
high transpiration is to deal effectively with the high temperatures. It is mainly IR-radiation
that causes the high leaf temperatures. Usually the leaf temperature is more than 10°C
higher than the surrounding air. In genera plants are unable to withstand temperatures
above 55°C (Strasbourger's textbook 1976)2. Transpiration has a cooling potential of 2400
Jg (Louw and Seely 1982) and is therefore an effective way to reduce high temperatures.
However, this entails too much water loss. Different protection strategies exist. These
strategies can be having small and/or narrow leaflets that increase dissipation of heat by
convection. Nyctinastic movements of leaves in the presence of high light intensities, e.g.
daytime sleep movements, are seen in Acacia. Increasing reflection by growing white hairs

is another strategy.

Anatomically, leaves™ of plants in extremely sunny and relatively dry places often exhibit
some specia features. They may be equi-facial and have little or no distinction between
palisade and spongy mesophyll (1976). The mesophyll of xerophytes is small-celled and
thick-walled, and it is often reinforced by special sclerenchymous elements (sclereids). The
intercellular spaces are often few in number. Some special structures involve a thickening
of the epidermis (more layers, thicker outer wall), a thickening of the cuticle, and a sinking

of stomata.

In this variety of adaptations and strategies to increase the efficacy of their water economy
some different subgroups of drought-persistent plants are recognised. The main difference

iswhether a constant or reduced photosynthetically active biomassis seen during drought.

The fluctuating persistent species, mainly shrubs, reduce their photosynthetically active
biomass and transpiring surface during dry periods. They do this by shedding leaves or
stems or by replacing them with smaller, denser leaves with lower gas exchange rates (as
referred in Noy-Meir 1973). Roots in the dry upper soil layers can aso be shed.
Photosynthetic activity is maintained, but water and energy losses are reduced and

therefore small water reserves are needed.

The stationary persistent species are the true drought-enduring species. They attempt to
keep green biomass constant throughout the year. Although stationary persistent species

YThorns reduce incident radiation and heat loads on desert plants. A boundary layer of air is created that
protects the plant and disperses heat.
12 Exceptions of 80°C are also mentioned (op. cit.)
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meet the same challenges, the two subgroups, the evergreens and the succulents, respond to
them differently. While the succulents accumulate internal water reserves to cope with

drought, the evergreens seek the deep and permanent water resources.

Change in desert vegetation

Understanding the water conditions desert plants deal with and how they have adapted to
them sets the background for discussing change. The following discussion will lay its main
emphasis on the ephemeral species and the arboreal perennial species because they are the

chief concern of this study.

One possible definition of change in an ecosystem could be ‘a process, induced

and/ or controlled by disturbances, that permanently nmoves an ecosystem

away froma stable (equilibriunm state’.Inthiscaseadisturbanceisthought of as

a phenomenon that the system is not naturally adapted to.

Understanding what constitutes a change depends upon the interpretation of the stable
state. Clearly, stability has to be considered on a temporal scale. All ecosystems exhibit
variation in time. One obvious example is the seasonal variations seen in humid climates.
However, this is not considered to be a change since, after one year, the circle is
completed; once again anew cycle starts. Thus, variability can be, and often is, an aspect of

stability. However, the time scale of the cycle of variation can differ among ecosystems.

An ecosystem constituted by ephemeral desert species exhibits a stability based on a
recurring life-cycle, but in this case it has neither a constant time-period nor a temporally
predictable start, unlike the temporal regularity that constitutes a basic factor in the area
where the factors determining life-cycle are seasona in origin. In terms of water

availability the temporally irregular life-cycleis perfectly stable.

This may aso be visudised by the ‘pulse-reserve’ paradigm, see Fig. 1. The
photosynthetically active part of ephemeral life is considered as the pulse and is triggered
by rainfall. The pulse ends in the production of seeds, the reserve form, from which a new
pulse can be triggered by the next rainfall event. The time-scale does not regulate this

process. In terms of this paradigm “Stability will be endangered only by

mechani sms  causing overexploitation of the reserves or consistent

prevention of backflow to reserves” (asreferredin Noy-Meir 1973).

3 A general description of leaf anatomy is given in the section about vegetation monitoring.
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Figurel The pulse-reserve paradigm (after

Nov-Meir 1973).
A stable system can react to a disturbance in different ways. It might be able to withstand
the disturbance, i.e. the system is resistant**. On the other hand, it might only temporarily
move away from its stable state before returning to it, i.e. it has a high resilience. In neither
of these two cases a change has occurred. If, however, the system cannot withstand or
recover from a disturbance and hence is permanently moved away from its stable state, a

change has occurred.

Clearly, re-growth and, more importantly, regeneration are main factors in a process that
can produce changes. The pulse of the ephemera life-cycle is temporally restricted, but
gpatially it is widespread. Both these characteristics reduce the effect of potential
disturbances and reduce the probability of over-exploitation. The production of seeds is
high, and their small size and light weight facilitate their dispersal. Hence back-flow, both
locally and regionally, is good. Finaly, a new pulse, with its resulting seed production, is
easily triggered by optimal rainfall conditions™. Thus, the ephemeral life-cycle seems to be
highly resistant to disturbances and/or to be very capable of dealing with them.

The case for arboreal, desert species is, however, different. They are spatially restricted to
areas of deep, permanent soil moisture, while temporaly there seem to be few natura
restrictions to their growth. Hence they are valuable resources but are also more vulnerable
to disturbances. Their seeds are fewer, bigger and heavier than those of ephemerals (Kassas
1953a), and are spread either by domestic animals or floods. Both these agents are by

comparison more local, rare and restricted. Also their regeneration is different from that of

14 Such systems are al'so said to be highly stable (Holling 1973, Walker and Noy-Meir 1982); however, |
prefer to distinguish between the natural stability of a system and “ stability” as aterm related to how a system
responds to a disturbance.

1> According to Kassas (1966) germination is restricted by both too little and too heavy rainfall.
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ephemerals. A single rain event is not sufficient for the regeneration of trees. Successive
events are required to provide enough humidity for roots to penetrate deep soil water
resources (Krzywinski 1990, Krzywinski 1993a). The highly variable rainfall pattern of
deserts makes this a very rare, though not unlikely pattern. In each rain event there is a
wasteage of seeds because they are either washed away or killed after germination. The
latter occurs either when tempora moisture disappears or because permanent moisture does
not exist at that spot. Mechanical destruction caused by floods following precipitation can
also kill seedlings. Thus, only avery low percentage of seeds is successfully germinated, as
has been shown experimentally by Seif El Din and Obeid (1971).

Although little is known about the natural regeneration, growth and age of arboreal desert
species, present information as described above, indicates that this system is one that
requires along time to complete alife-cycle and hence to maintain its structure. Therefore,

it a'so seemsto be very vulnerable to disturbances of high intensity.

Against this background it is easy to discern a fundamental error in the desertification
debate. Differences in rainfall regime, or prolonged lack of rainfall, are not a * disturbance’
but a constant in the natural regime that desert species are adapted to. The highly variable
life-cycle of ephemera speciesis also one of high stability. As a consequence, the natural
variability of the stable drylands has been mistaken for change, and drylands have been
referredto as“ extrenely fragile ecosystems” (Lamprey 1988); whereas, in reality
they are very stable. This highlights the importance of understanding the specific

ecosystem under consideration and the concepts involved when discussing change.

However, understanding human life as a part of the ecosystem is equally important. People
living in deserts usually have a strategy that includes migration or transhumance, adapted
to the temporal and spatial variability of ephemeral resources and limited perennia
resources. In longer dry periods, which is the rule in deserts, perennial species, mainly
arboreal, are the only dependable resources. However, they constitute a dispersed resource;
and utilisation of these resources must extend over huge areas if over-exploitation is to be
avoided. Traditionally, trees are utilised both as fodder for domestic animals and as a
source of energy. As long as these utilisations are spread over large areas and neither is
allowed to become too intense, utilisation may be sustainable. During the last decades,
however, there has been an intensified use of trees as a source of energy, particularly in

extensive charcoal production Christensen (1998). Not only branches but also whole trees
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are used in the process. This is such an intense utilisation that over-exploitation of
resources ensues. The system also becomes more vulnerable to the traditional landuse;
especialy browsing of seedlings will have a far more adverse effect in this combination
with ‘prevention of backflow of reserves’. Hence it is legitimate to talk about a process of
‘deforestation’ - and, as seen, that is a process which introduces a new factor in the

equation of stability and change in the desert environment.

Once the concepts are defined and understood correctly, it becomes apparent that the
perennial arboreal species, being subject to increased utilisation, are also subject to change
in the desert environment. Consequently, they are the species considered in this study of

vegetation change in the Eastern Desert of Egypt.

Vegetation description and mapping

Studying vegetation requires description and mapping. Parameters of interest are overtly
set by the aims of the study, implicitly by the type of vegetation studied. However, to
accomplish the process of description and mapping, certain assumptions and
approximations are made since neither time nor techniques are available to draw the

complete picture; i.e. al:1 description of nature.

Description and mapping of vegetation involves two different steps. first to select a
representative sample area within a study area and then to select the measures and
parameters to be described and mapped. In both of these steps the best approach possible
under the circumstances has to be chosen in order representatively to reflect the vegetation.

Hence it is obvious that methodology changes with the aims of a study and with vegetation
typelG.

The sample area is either predefined by plot size or outlined during the description phase
(plot-less techniques). When plots are used, the size should reflect the species studied and
the vegetation type. Thereis a close relationship between diversity and areg; the larger area
the more species are included in the plot. The slope of such a species-area plot approaches

zero when an area is reached that reflects the plot-size which catches most of the species

1°0One example is the differences between methods applied by continental European and North American
ecologists (Mueller-Dombois and Ellenberg 1974). The latter have developed a set of methods reflecting the
diverse set of trees. Either individuals within a plot are counted or a plot-less method is applied. In
continental Europe, however, there are few indigenous species of trees; and in most forests the few species
present are planted (op. cit.). Therefore undergrowth vegetation in forests presented a greater analytical
challenge (op. cit.)
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variation within the study area. The plot-size is not constant. It varies according to the
vegetation layer and vegetation type studied. Studying herbs only requires small plots if
vegetation is dense. A larger size has to be chosen in more scattered vegetation. Studying

trees requires larger plots; therefore trees may be studied using plot-less techniques'”.

The next step is to define the parameters of interest. Some common parameters are
frequency, cover, density, yield and performance. Parameters are often described by a
rating scale, primarily to save time and because absolute measures often are impossible to
obtain. The most common rating systems are the Domin and Braun-Blanquet scales. They

are measures of frequency as a percentage of cover (Table 4).

Table4 TheDomin and Braun-Blanquet scalesfor vegetation description (after Kershaw and
L ooney 1985).

Cover frequency Domin scale Braun-Blanquet scale
Cover about 100% 10 5
Cover > 75% 9 5
Cover 50-75% 8 4
Cover 33-50% 7 3
Cover 25-33% 6 3
Abundant, cover about 20% 5 2
Abundant, cover about 5% 4 2
Scattered, cover small 3 1
Very scattered, cover small 2 1
Scarce, cover small 1 1
Isolated, cover small + +

These scales highlight the importance of the type of vegetation/area under study. Obviously
these ratings are only applicable in areas of quite dense vegetation cover. Drylands, which
are recognised partly by their scattered and low vegetation cover, were not taken into
account when these scales were developed. However, the vegetation type has to be
considered before applying such scales. Usually the perennial vegetation cover in arid and
semi-arid regionsis less than 25%, thus only using the bottom half of these scales. Thisisa
recognised problem and the Log-series survey method*® has been developed in response to
this (McAuliffe 1990).

”Among plotless techniques that are available are the Bitterlich variable radius method and the Wisconsin
distance methods including the wandering quarter method.

8This defines classes on alogarithmic scale, the midpoint of each interval being double that of the preceding
one, and allows rapid estimates of density and cover.
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Integrating dryland vegetation data with spatial raster data

Working in drylands makes it necessary to reconsider field methodology, in particular
when the species of interest are perennial arboreal species. Further considerations have to
be taken when integrating field- and remotely sensed- data. Remotely sensed data are
spatial data of the raster type, the smallest unit is a square possessing a value that describes
its reflective characteristics. It is this value that links vegetation and remotely sensed data.
Two parameters are thus prerequisite when describing the vegetation; spatia distribution

and a measure that relates to the reflective characteristics of the vegetation.

When the objective of the study is to monitor temporal changes in vegetation at the pixel
level, the possible field options are further constrained. It is important to recognise the
individual trees or stands at the pixel level on the satellite image. Using quadrates as the
smallest mapping unit is unfortunate because the information within the limits of the

guadrate is averaged, and thus vauable information is lost; “One of the nost

i mportant descriptive paraneters of desert vegetation is the absolute

amount of perennial plant cover.” (McAuliffe 1990). The next step is integration of
the two types of quadrates, the field and the raster quadrate. Integration requires optimal
overlapping. Thisis problematic primarily when seeking information at the pixel level.

| Sub-

| satellite

| track

| Sample

| plots

|®

| vegetation

Figure2 Quadrate mapping and
satellite data, quadratesa, b, and ¢
illustrating different problems
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A big quadrate excludes extraction of information at the pixel level. A quadrate smaller
than the pixel size, on the other hand, makes correlation between pixel value and
vegetation variables difficult because the quadrate may not catch all the vegetation in the
pixel, see Fig. 2, quadrate a. Olsson (1985) had problems integrating her field data,
guadrates of 50 x 50 m or 2 x 25 x 25 m, and explains the bad correlation between cover
and pixel value by the fact that “it was inpossible to localise them (the
quadrates) on the pixel level in the satellite images”. A quadrate of equal
size is thus optimal in size but exhibits another problem integrating quadrates, see Fig. 2,
guadrate b and c. The sub-satellite track decides the spatial setting of the pixels, so the
sides of the field quadrate should be aligned to this track to facilitate the comparison
between satellite and field data. This is mentioned by Blomberg (1992), and selecting
localities and gradients fitting the orbit might be one way to approach the problem, but only
in one dimension; the quadrate will still have to be outlined and accordingly may overlap

two or more pixels, see Fig. 2, quadrate b.

The way around the problem then seems to be to use point observations instead of
quadrates. A point is easily integrated with raster data on the level of interest. Different
plot-less mapping methods have been developed, e.g. those of the North American
ecologists. The main idea is that number of trees per unit area can be calculated from the
average distance between the trees. These methods are, however, developed for forestry, in
regions of dense forest. In scattered vegetation their success is disputable™ (Mueller-
Dombois and Ellenberg 1974). A scattered perennial vegetation cover also raises doubts
about the need for generalisation at all because a complete mapping of treesis possible. A
complete point mapping, i.e. drawing a picture as complete as possible, is the best way to

achieve the detailed level of information that is required for integration at the pixel level.

Point mapping and positioning methods
All observations have to be labelled in space when integration with spatial data is intended.
However, the accuracy required for the positionsis different for a quadrate and a point. The

guadrate is a unit that supposedly represents the totality of a larger area. As long as the

19 One of these well-accepted methods, the point centred quarter, has problems when dealing with widely
spaced individuals. Applicability is also restricted to only random distribution. Some modifications to
overcome this are implemented in the wandering quarter method Catana Jr (1963). These methods, however,
encounter the same limitations as the quadrate methods, for in essence they only try to describe the frequency,
cover or density, not the distribution within the area examined.
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position puts the quadrate within this larger areq, it is sufficient for further analysis. A point

only representsitself; hence its precise location is very important.

The interrelation of selected points on earth’s surface is part of geodetic science.
Positioning is done in a selected reference system, or a datum. One of the elements that
describes this datum is an ellipsoid, a mathematical expression of the geoid. The geoid
reflects the earth’s topography. Over the ellipsoid is laid a coordinate reference system.
This system specifies locations on the surface of the earth, and they are based on the datum.
The coordinate value can therefore change when their interpretation is based on another
datum; i.e. the same position on the surface of the earth will have another coordinate value
when it is based on a different datum. This difference is called the datum shift (Fig. 3) and
it is described by seven parameters. Three translation parameters describe the positional
difference between origos, three rotation parameters describe the direction of the axes and
one parameter the scale. Except in cases where high precision is required the coordinate
systems are assumed to be parallel (rotation parameters are zero) and the scale parameter is

Set to one.

Geodetic techniques of point positioning can be either direct or indirect. Different
horizontal positioning methods are recognised. Of the older methods, four are described by
Smith (1997): astronomical techniques, triangulation, trilateration and traversing.
Especially the first three methods are very laborious and difficult although high accuracy is

achievable.

The newer techniques are satellite based. The breakthrough came in 1957 with the launch
of the first artificial satellites. The main idea is that if it is possible to position objects in

predictable orbits around the earth then it is possible to calculate the position of an

E—

Ay o AX

Figure3 Thedatum shift.
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observer on earth. The present approach to the use of satellites for positioning is the

NAVSTAR, usually known as the global positioning system, GPS.

The Global Positioning System

The GPS is a military system (US Department of Defence) but provides civilian users with
both navigation and surveying data. Compared to conventional positioning systems the
GPS has some advantages because it is weather independent and is available 24 hours a
day, because positions are given directly in a global reference system®™ and because it is
relatively fast and cheap. This is a short presentation, which aims only at providing the
understanding necessary for the purpose in this study. The information is retrieved mainly
from Blankenburgh, Leick (1995) and Smith (1997).

The main method for positioning is to measure the distance between the observer and three
or more satellites with known positions. Thus three factors have to be known to decide a
position: the signal frequency, the time used by the signal to travel from the satellite to the
observer, and the position of the satellites (described by the ephemerides) at the time of
signal transmission. Both time and ephemerides information® are part of the signal

transmitted.

Two different services are provided by the GPS. They are the Precise Positioning Service
and the Standard Positioning Service. Originally these served military users (10-20 m
accuracy) and civilians (20-30 m accuracy) respectively. The difference in accuracy is due
to different codes modulated on the carrier frequencies of the signal. These codes are
pseudo random noise (PRN) codes. They appear randomly, but actually follow a

predictable sequence in which they weaken the precision of the receiver accuracy.

The positioning accuracy is further influenced and reduced by the effect of other elements.
Five of these are: the satellite, the signa and the atmosphere, the receiver, selective
availability (cf. below) and the datum® (Smith 1997).

The orbit of the satellite has to be known precisely but is influenced by such factors as the

earth’s gravitationa attraction, ocean and earth tides. Such errors are tentatively predicted

“The global reference system of the GPS is the datum World Geodetic System of 1984 (Smith 1997).

2 Thisinformation is part of the navigation message which is modulated on the carrier frequencies and also
contains information on clock behaviour and system status.

%2 The datum mainly influences the height accuracy, henceiit is not discussed here.
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by global models, are broadcast by control stations, and are expected to decrease as the
models get better.

Both the ionosphere and the troposphere can delay the signal, thus contributing to an error
of several meters. Shading of antennae by mountains, buildings etc. also influences the

transmission of the signal and reduces accuracy.

The receiver is subject to both clock errors and atmospheric effects. The time difference
between receiver's clock and satellite’'s clock is the basis for estimating the distance
between them. Any discrepancy between these two clocks will directly affect the range by
an amount related to the velocity of the signal.

Selective Availability (SA) is an operator-introduced error that degrades the positioning
accuracy of the Standard Positioning Service by manipulating the clock and the satellite
ephemerides information. The SA has been operating permanently on some of the satellites

since 25 March 1990. The SA can, however, be reduced if required by military operations.

In spite of all these sources of reduced accuracy, civilian users are supplied with an

accuracy that iswithin 100 m 95% of the time.

New techniques are being developed to reduce the effect of these sources of error.
Differential GPS is one such technique: two receivers are used together, ideally one of
them operating at an accurately known position. Hence positional error sources, such as SA
and PRN codes, can be quantified and subtracted to achieve very accurate positions.

However, atmospheric or shadowing effects cannot be removed this way.

Satellite data as a historical information source

Remote sensing is a broad concept. One definition is “the science and art of obtaining
information about an object, area, or phenomenon through the analysis of data acquired by
a device that is not in contact with the object, area or phenomenon under investigation”
(Lillesand and Kiefer 1994). This definition catches a variety of processes; using both eyes

and earsin an information gathering process will be remote sensing by this definition.

As distinguished from remote sensing by living organisms, the present, instrumental
remote sensing technologies have a device/sensor that is physically separate from the
interpreters of the data. Satellite remote sensing data are data collected by a sensor that
measures radiometric energy and is located on a satellite. Satellite data can be processed in
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several ways, and can also usualy be displayed as an image. The use of a radiometric
sensor to create images has, however, a long history as compared to the short history of
satellite data (Estes and Cosentino 1989). As the technology and its uses have developed,
there has been a parallel shift in the platform, from balloons, to rockets, to aeroplanes, to
today’s satellite. The first civilian satellite carrying radiometric sensors, later known as the

Landsat-1 satellite, was launched in 1972.

Dry-land degradation and satellite remote sensing
The launch of the Landsat-1 satellite took place in the first decade of the ‘desertification’

debate. At the time of this launch there was considerable optimism concerning the
contribution of satellite data to environmental monitoring (Prince et al. 1990) and in
particular to early warning of drought and famine (pers. com. K. Krzywinski). In 1981
another satellite was launched, viz. the NOAA with its sensor, the AVHRR. This satellite
has contributed significantly to the monitoring of the Sahelian environment. Some
characteristics of the satellites most commonly used to monitor drylands are shown in
Table5.

Table5 Somecharacteristicsfor the most commonly used satellites monitoring drylands

Sensor Satdllite Operating Coverage Frame No. of Bands Ground
years cycle®  coverage resolution
Visble  Infrared®
MSS Landsat 1-5 1972-1992 180r16  180km? 3 1 80m?
™ Landsat 4-  1982- 16 180km? 3 3 30m?
HRV-XS  SPOT 1986- 26 60km? 2 1-2 20m?
AVHRR  NOAA 1981- 12hours  2400km? 2 2-3 1.1 km?

For those working with remote sensing, the choice of platform and instruments is a choice
of price, coverage and resolution. Three types of resolution have to be considered; spatial,
temporal and spectral resolution. The spatial resolution, or the pixel size, is defined by the
I nstantaneous Field Of View (IFQV, cf. p. 29) and the altitude of the sensor. Thus the
pixel isthe smallest element in the image, and any features smaller than this element can’t
be visually distinguished from their surroundings. The temporal resolution is set by the
type of satellite orbit, and the spectral resolution is determined by the number and widths
of the bands/channels sel ected.

%3 Combination of the cycles of different satellites and tilting of the sensors (not MSS and TM) can reduce the
time between coverage of an area.
2 The number varies for some sensors, as seen on HRV-XS and AVHRR.
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Common to all satellite remote sensing is the large amount of spatial and temporal data
supplied. This is of utmost importance when studying large-scale processes. Therefore,
gathering satellite remote sensing data is recognised as the only satisfactory way both to
obtain systematic regional observations and to undertake spatially comprehensive
monitoring of the Sahelian environment (Prince et al. 1990). The satellites that have
contributed to the Sahelian and dryland monitoring can be divided into two groups.

The first group consists of the NOAA AVHRR series. It has a high temporal but coarse
spatial resolution, which gives a great coverage for each frame, i.e. an overview of alarge
region/area. It is possible to extract a full Sahelian coverage every tenth day and thus to
monitor seasonal variations and to compare different years. Tucker et al. (1991) compared
seasona vegetation images based upon NDVI (see Table 9) between 1981 and 1989 and
found that one of the most characteristic features of the Sahel is the large variation between

years. Other studiestoo have reached similar conclusions (cf. p. 6).

These studies were made in a response to and as a contribution to the desertification
debate. Although they contribute to large-scale information, their information content on
change (cf. p.15) isminimal or at least difficult to assess. The great variability in vegetation
shown by the AVHRR studies is due to natural fluctuations in annual herbs/ephemerals and
IS not connected to processes of change. Perennial vegetation is widely scattered in
drylands, and within the one million square meters of the NOAA-AVHRR pixel it is
almost impossible to detect changes in this vegetation. This very low and scattered
vegetation cover will disappear in the other background pixel information. Although they
are different from Lamprey's (1988) study; since comparable data sources are applied, they

are equal in status when it comes to ng change — both approaches are of little use.

The other group of satellites consists of MSS, TM and, to some extent, SPOT HRV-XS>.
These sensors monitor smaller areas (180 x 180 km and 60 x 60 km) but have finer spatial
(between 400 and 4000 square meters) and a poorer temporal resolution. A more detailed
spatial impression of vegetation is given. Thus, in many cases local studies are more
interesting; and a long-term aspect can be approached since time coverage extends back to
1972. This long-term view is an important aspect in studies of vegetation change. Thus,

many of the studies based on these sensors have highlighted the occurrence of perennial

% Today also other satellite data, such asfrom IRC 1 and Nimbus, are of high spatial resolution and offer
therefore a great potential for future studies of dryland vegetation and change.

26



THE CONCEPTUAL FRAMEWORK AND THEORETICAL BACKGROUND

arboreal species (Christensen 1998, Franklin and Hiernaux 1991, Franklin et al. 1991,
Helldén 1984, 1988, Krzywinski 1993a, 1993b, Larsson 1993, Olsson 1985, and more
studies are summarised in Prince et al. 1990). This type of research has highlighted the
spectral characteristics of different species of trees and the correlation between different
tree-size/ biomass measures and spectral indices as well as tempora changes and

estimation of removed biomass.

The kind of study it is possible to complete is closely connected to the type of satellite data
acquired. A detailed change study requires high spatial resolution but also data over along
time scale. The only data presently fulfilling both these requirements are Landsat data.

The Landsat Program
The following information has been retrieved mainly from Colwell (1983), Harris (1987)
and Lillesand and Kiefer (1994).

From 1972 until today, 7 Landsat satellites have been launched (Table 6) under the Earth
Resource Technology Satellite Program. At the outset the Earth Resource Technology
Satellite Program was a part of the NASA satellite program. The program was developed
as a response to the observations and deductions from the Mercury and Gemini orbital

flights.

Table6 ThelLandsat satellites

Satellite L aunched Decommisioned
Landsatl July 23, 1972 January 6, 1978
Landsat2  January 22, 1975 February 25, 1982
Landsat3 March 5, 1978 March 31, 1983

Landsat4 July 16, 1982 Standby mode since Dec. 14, 1993
Landsat5 March 1, 1984 -

Landsat6 October 5, 1993 Failure upon launch
Landsat 7 April 15, 1999 -

The technical characteristics, both of sensors and choice of orbit, were formed by the needs
of two of the potential users, the United States Geological Survey and the United States
Department of Agriculture. The orbit characteristics became a compromise between the
geologists need for long shadows and the maximum illumination required by the
agricultural department. Finally, a mid-morning equatorial crossing time was selected to
avoid the alternative mid-afternoon clouds. On the sensor issue, however, no agreement
was reached; and this resulted in there being two sensors on the first generation, Landsat 1-

3, satellites. The geologists got their Return Beam Vidicon, the RBV, and the agricultural
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department its MultiSpectral Scanner, the MSS. On the second-generation satellites,
Landsat 4 and onwards, the Thematic Mapper, the TM, replaced the RBV. This is an
improved version of the MSS, both spectrally and radiometrically and in its resolution.

Landsat 7 has one sensor only, the Enhanced Thematic M apper Plus (ETM+)%.

In the further description of the sensors only MSS and TM are highlighted because these
are the ones applied in this study.

Landsat general characteristics

All of the Landsat sensors are passive; they register reflected sunlight. The sun-
synchronous orbit (Fig. 4) secures equa sun conditions since the satellite observes the
same area at the same time whenever it crosses it. The orbit is near-polar and repeating. A
near polar orbit has its limitations, however, for observation north of a certain latitude is
impossible. In the case of the Landsat satellites this limit is at about the 82™ parallel of
latitude.

After a certain time period the orbit repeats itself, giving new observations from exactly the
same area as the satellite has registered before. The time period is dightly different
between Landsat 1 - 3 and Landsat 4 - 5, and this is one of the reasons for the distinction
between two Landsat generations. Other differences between the two generations of
Landsat satellitesare givenin Table 7.

Table7 Some differences between the two Landsat generations.

Landsat 1-3 Landsat 4-5 (7)
Altitude 913 km*’ 705 km
Orbital cycle 18 days 16 days
Equatorial crossing time (40° N) 9:30 10:30
Sensors RBV & MSS MSS&TM
MSS resolution 56m x 79m 56m x 81,5m

The lower orbit of the second-generation satellites makes them retrievable by the Space

Shuttle and simplifies problems associated with achieving the higher resolution of the TM.

All Landsat images are catalogued according to the World Reference System, the WRS,
where each orbit within a cycle is designated as a path. The centre of each frame is

designated as arow.

% According to the plans, ETM+ has a 15m-resolution, panchromatic band in addition to the other bands of
the TM. However, some improvements have been made (Lillesand and Kiefer 1994).

%" 913km is the height given in Colwell (1983), while 900 km is the height given in Lillesand and Kiefer
(1994), specified to vary between 880 and 940 km.
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The across-track scanning sensors
Both the MSS and TM are across-track or whiskbroom scanners. The basic principles of

this sensor type is a moving scanning device, arotating or oscilliating mirror that scans the
terrain along scan lines that are at right anglesto the flight line (Lillesand and Kiefer 1994),
see Fig. 5.

The energy to be detected is seen within the system’s IFOV, described by the dimensions
of the detector’ s fiber optics (Lillesand and Kiefer 1994), see eqg. 1.

Equation 1 The IFOV of the sensor.

D=Hb

Where:

D = diameter of the circular ground area viewed
H = sensor height above the terrain

b = IFOV of the system, expressed in radians

The incoming energy is separated into different spectral bands. The spectral bands of the
MSS and TM are described in Table 8. The bands on Landsat 1 - 3 were numbered from 4

to 7 since the band numbers 1 - 4 were applied to the RBV. In this study all MSS bands are
referred to asMSS1 - MSHA.

Total field of view

One of six lines
imaged simultaneously
in each mirror sweep

185+ km

Satelhte orbit /

Figure4 The sun-synchronous or bit, Figure5 The acrosstracking scanner
retrieved from Lillesand and Kiefer examplified by Landsat M SS, retrieved from
(1994). Lillesand and Kiefer (1994).
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Table8 The spectral bandsof MSSand TM

Instrument Bandl Band2 Band3 Band4 Band 5 Band6 Band7

(mm) (mm) (mm) (mm) (mm) (mm) (mm)
T™ 10 045052 052-060 0.63-0.69 0.76-0.90 155175 104-125 2.08-2.35
MSS 0506 0607 0708 0811

In each band detectors register radiance values within a maximum and minimum radiance
level (Lmax and Lmin). An Analog-to-Digital (AD) converter calculates the digital numbers
from the radiance values. The converter can have different bit-levels. While the AD-
converter of the MSS is 6 bits, the TM converter is 8 bits. The analog to digital conversion
is completed before data transmission to the ground receiving station. Connected to the
detectors is a calibration device (Colwell 1983, Markham and Barker 1987), usualy
calibration lamps and a shutter. After scanning a line the detectors are exposed to the

calibration lamps, and these data are saved and used in the ground processing of the data.

MSS
The scanning device of the MSS is an oscillating mirror that scans in the cross track

direction with a swath of 185 km, see Fig. 5. Six lines are scanned simultaneously in each
west-east mirror sweep. The mirror focuses the scanned ground cover in the focal plane. In
this plane 24 light-pipes are arranged in a6 x 4 array. Six light pipes are vertically arranged
for each of the four bands. Each light pipe leads to a filter-detector arrangement that
responds to the radiance focused on it. Each detector views an area two ground pixels to
the west of the band immediately preceding on its line. The dimension of the fiber-ends
provides the angular IFOV. In the case of the first generation sensors the IFOV is 0.086
mrad (11,56°) which gives an area of 79 square meters. However, there’s a discrepancy

between this IFOV and the actual pixel size of 56 x 79 square meter.

The oscillating mirror sweeps across the terrain at a speed of 5,612 m/ns. Every 9.958 ns
an electrical output of each detector is sampled (Colwell 1983). Thus the detectors' focus
moves only 56 m between each electrical sample. This gives an actual pixel size of 56 x 79
m?, but the brightness value of the pixel is derived from the square of 79 x 79 m?. In
practice, this means there is an 11 m overlap between two pixels; the ground features of
these 11 x 79 m? are sampled in both the neighbouring pixels, see Fig. 6. This over-
sampling of pixels also occursin the MSS of Landsat 4 and 5, but with a dightly different
IFOV: (14,92°) 81.5 m x 81.5 m, giving afinal pixel size of 56 x 81.5 m?. This problemis,

however, avoided in the TM which gives a pixel size of 30 m?.
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| Ground resolution c¢ll Pixel width
&
~
56 m 56 m 56m
79m

Figure6 The discrepancy between ground resolution and
pixel size, modified from Lillesand and Kiefer (1994).

The detectors of the MSS are of different types. Bands 4, 5 and 6 have Photo Multiplier
Tubes (PMT) as detectors, while band 7 has silicon detectors. The noise level of the PMTs
limits the system signal/noise performance at high light levels. At low light levels the

limiting factor is quantization noise.

All MSS have an internal calibrator system consisting of a pair of lamp assemblies and a
rotating shutter wheel (Markham and Barker 1987). The shutter blocks off light during
scan retrace, and the lamps output alight pulse that rises rapidly. This pulse, also called the
calibration wedge, saturates all the detectors for a short while; and it is samples from this
calibration wedge that are used for the ground processing calibration. Similar samples were
taken before the satellites were launched to calculate pre-launch gains and offsets; and if

different, these new ones are also taken into consideration in the calibration process.

™

The TM differs from MSS in a number of details. There are more bands, and equivalent
bands are narrower giving an improved sensitivity. Also the resolution is improved to 30
m. Moreover, to attain higher resolution a number of improvements were made to the
scanner. There is a second set of scanning mirrors, and scanning is performed in both
directions. In each of the reflective bands there are sixteen detectors. In the thermal band,
band number six, there are only four detectors, hence the 120 m resolution of this band.
The optical bands (1-4) have silicon detectors and are focused onto a prime focal plane.

The detectors of band 5 to7 are cooled ones, focused on the cooled focal plane to obtain the
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required sensitivity. Bands 5 and 7 have InSb® detectors, while band 6 has HgCdTe™
detectors.

The internal radiometric calibration system for the TM reflective bands consists of three
calibration lamps and a shutter. The calibration data is analysed to determine the actual
gains and biases. Before applying these to all the detectors, al detectors are equalised such
that each histogram has the same mean and standard deviation as the overall band

histogram.

Vegetation monitoring

A general introduction -the green case
Vegetation interferes with sunlight in several ways. Especialy in areas of high vegetation

density the leaf isthe most characteristic and influential component of this interference.

A plant leaf (see Fig. 7) is a highly specialised structure adapted to photosynthetic activity.
It consists mainly of four different layers, an upper and lower epidermis, a layer of
elongated parenchymatic cells and a layer of spongy mesophyllic cells. Especidly in the
latter layer large air filled volumes predominate between cells. The epidermis, with its
stomatal cells, secures gas exchange (CO,, O,) and is largely transparent to incident
Photosynthetically Active Radiation (PAR; 0.4-0.7mm). The chloroplasts in the
parenchyma cells do the solar energy absorption, while the hydrated mesophyll cells

contribute water to photosynthesis.

T

|

PAR high H gl [
absorption reflectan ce1‘
]‘

T

i

TRANSITION

— Upper epidermis -

O O +» Elongated
parenchymatic cells

a ble

g |
S0 ] |
3 , | 7N
10045p NI ZAAPS
g - o W o
D Q mesophyll cells /;_ i Msovsean
O M ~ | Lol 0 !
» Lower epidermis .25 .50 .75 1.00 T.EZ GTl.5(] 1.75 2.00 225 2.50
WAVELENGTH (um)
Figure7 Schematic cross section of typical Figure8 Leaf and soil hemispherical reflectance
citrusleaf (after Harris 1987) (after Tucker and Sellers 1986).
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The function (photosynthesis) and structure of the leaf generate a special spectral signature,
as illustrated in Fig. 8. From this figure it is possible to recognise three main regions of

hemispherical reflectance.

1. In the region of PAR (sub-regions a-c) the leaf absorption is very high, due to the
pigments of chlorophyll a and b, and the caretenoids in the chloroplasts. The Red
wavelengths (0,62-0,70 nm) usually stand in the strongest contrast to soil reflection due
to high chlorophyll absorption. Another factor increasing the pigment absorption is the
high scatter™ of the PAR, giving pigments multiple chances to absorb the active

wavelengths.

2. Between 0,74-1,1mm, in the near-IR region, the reflectance is very high. Thus
absorption is minimal, and scattering amplifies the spectral reflectance, especialy for
dense canopies. The sub-region from 0,79-0,90 nm is considered most appropriate for
monitoring vegetation because it avoids atmospheric water vapour absorption. The
reflectance can reach fifty per cent on the ‘IR plateau’, the level of which depends on
the internal structure of the leaf. The level increases with the number of layers of cells,

their size and the orientation of cell walls (Guyot and Riom 1988).

3. Intheregion of 1.3-2.5 nm, mid-IR there is high absorption due to the liquid water of

the mesophyllic cells.

As seen from Fig. 8, soil reflectance increases steadily over visible and near-IR
wavelengths; and in the mid-IR wavelengths it oscillates like, but above, reflectance from
vegetation. Potentially the best regions to obtain vegetation information separately from
background information are thus the Red and the near-IR (0,79-0,90 nm) which are closely
connected to chlorophyll density and green leaf density respectively (Tucker and Sellers
1986). A multi-spectral, optical satellite image is usually displayed as a false colour
composite of three layers: ablue, green and red layer. The IR channel is normally displayed
in the red layer, and the Red channel in the green; and this combination of high valuesin

the red layer and low valuesin the green layer gives vegetation ared colour.

The hemispherical reflectance of leaves is not, however, the only factor influencing the

vegetation canopy reflectance. Colwell (1974) mentions several other parameters which

%High scatter is due mainly to differences in the refractive index between the air spaces (1.0), hydrated cells
(1.4), and theirregular facets of the exteriors of cells.
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can change vegetation canopy reflectance even if the leaf hemispherical reflectance
remains constant, or vice versa. These parameters are important at different levels and to a

varying extent:

1. Leaf hemispherical transmittance: This parameter is correlated to hemispherical
reflectance of leaves but is different for Red and IR wavelengths. Red is positively
correlated, while IR is negatively correlated. Changing leaf- condition or structure (e.g.
stress, drought, or species composition), while all other canopy characteristics remain
constant, may not change IR canopy reflectance because the change in reflectance is
partially compensated for by the transmission change. The same case will, however,
give asignificant change in the Red canopy reflectance. Thisinfluence is mainly on the

species and individual level.

2. Leaf area and orientation: A change (smaller leaves or more vertical orientation of the
leaves) in one or both of the parameters might increase Red and decrease near-IR
reflectance, making vegetation approach the soil reflectance curve. These parameters

are important at the individual level.

3. Hemispherical reflectance and transmittance of supporting structures (stalk, trunks,
limbs, petioles): Guyot and Riom (1988) have studied the reflectance of bark on spruce.
The reflectance increases progressively from visible to mid-IR and resembles soil
reflectance. When the density (of needles) is low, the effect of bark reflectance is

particularly sensitive in the near-IR and mid-IR (Guyot and Riom 1988).

4. Effective background reflectance: Its importance increases as coverage becomes

thinner, and its influence changes with different background types. The effect islocal.

5. Angular effects: Three angles are important for the registered reflectance; solar zenith
angle, look angle and azimuth angle; and their effects are inter-related. Solar zenith
angle is the angle between the direction of incident sunlight and the vertical line from
nadir to zenith. Look-angle is similar to zenith angle, but is defined by the sensor. Both
of these angles can vary within their planes, and it is the angle between these planes
that the azimuth angle describes. These angles are illustrated in Fig. 9. The solar zenith
angle changes daily and yearly. When vegetation coverage rises beyond a certain
threshold, the reflectance is saturated and thus insensitive to a further increase in

coverage. This point of insensitivity to greater vegetation coverage varies with the solar
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zenith- and look-angles. If the zenith angle increases while the look-angle is kept at 0°
(nadir viewing), the point of insensitivity is at alesser coverage (the same reflectanceis
registered for vegetation coverages that it was possible to distinguish with a smaller
zenith angle). The same trend is seen if the solar zenith angle is kept constant and the
look angle increases. The sensitivity of the IR band is greater than that of the Red band.
Also, the effects of the azimuth and look-angles has to be considered together. If the
azimuth is 90°, a change in look-angle gives a symmetrical spectral response around
the nadir axis. However, the symmetry is different for visible and IR wavelengths. If
the azimuth is 180°, looking up-sun, it gives a lower reflectance than when looking

down-sun, i.e. when the azimuth is 0° (Colwell 1974, Guyot and Riom 1988).

6. A last factor influencing the final reflectance or digital number (DN) of the pixel isits
size. High spatial resolution better reflects the diversity of the environment monitored,
while increasing the pixel size better catches the homogeneity of the environment.

Observed variability is reduced as the pixel size increases.

Most methods for monitoring vegetation are based upon the characteristic differences
between the leaf hemispherical reflectance of the visible and IR region. Plotting the Red —
IR data-space for a vegetated surface draws a characteristic feature, commonly known as
the ‘tasseled cap’. Thisisillustrated in Fig. 10, and the outlined feature is explained by the
high IR DNs accompanying the low Red DNs. Jasinski and Eagleson (1989) discuss the
structure of the red-IR scatter-gram using a linear stochastic geometric canopy-soil
reflectance model for semi-vegetated landscapes. They recognise two axes, the first, known

as the soil line, is aresult of the correlation of soil over different wavelengths. The second

Zenith

Nadir

a - solar zenith angle
b - instrument look angle
¢ - azimuth angle

Figure9 Thethreeanglesthat influenceregistered reflectance.
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axis, orthogonal to the first, indicates increasing vegetation coverage (see Fig. 11b). A third
“canopy” line can sometimes be discernible as an envelope curve along the top, in which
case it indicates differences in vegetation reflectance caused by parameters, such as those
referred to by Colwell (1974). Some of these parameters are specific to the species
registered.

The Red and IR wavelengths are combined into different indices to relate registered
reflectance to vegetation parameters. Several authors sum up the different indices that are
in use (Estes and Cosentino 1989, Olsson 1985, Perry Jr. and Lautenschlager 1984, Tucker
1979) and Perry Jr. and Lautenschlager (1984) mention 48 different versions of vegetation
indices. Such indices are used to amplify the vegetation characteristics, by normalising data
and thus reducing topographical effects; and also the amount of data is reduced to one
dimension only. Broadly these indices can be grouped into three different types; difference

indices, ratio indices and orthogonal indices.

The ‘difference indices’ calculate the difference between the IR and Red reflectance. A

high positive difference is characteristic for vegetation cover.

The different ‘ratio indices are basically variations on the simple ratio between IR and red.
The addition of constants, squaring or taking sguare roots are common operations
performed to normalise output values (e.g. to give positive values only, or values only
between 0 and 1). All of the indices do, however, produce lines radiating out from an origo

in the data-space, see Fig. 11a. Pixels on one such line have similar vegetation indeces.

The “tasseled cap’

Increasing DN, IR band

Increasing DN, red band

Figure10 Thetasseled cap of the |R-Red data-space (data are

axtracted from a mid-aimmaer M SS data-cat from \Western Niorwawv)

36



THE CONCEPTUAL FRAMEWORK AND THEORETICAL BACKGROUND

.
o
.

Increasing DN, IR band
Increasing DN, IR band

Increasing DN, red band Increasing DN, red band
a) b)

Figure1l Basisfor interpretation of different typesof vegetation indices: a)

ratio indices, b) orthogonal indices.
This type of index effectively normalises spectral variations both in soil background
(Colwell 1974) and in irradiance conditions (Tucker 1979). However, they overestimate
vegetation cover over dark soils and underestimate it over bright soils (Elvidge and Lyon
1985).

The *orthogonal indices are based upon the observation that soil or background plots on a
single soil line and from this line vegetation emerges orthogonally (Richardson and
Wiegand 1977). Thus variations in soil and vegetation are described by orthogonal axes.
Both the two-dimensional red-IR data-space and a n-dimensional data-space of all channels
from the sensor can be the starting-point for an analysis. Different methods, such as linear
regression, principal component analysis (PCA) and Gram-Schmidt orthogonalisation®,
are used to find the axes of variation. The first axis coincides with the soil line and explains
most of the variation in the data set. The second axis indicates increasing vegetation cover.

The units of these vegetation indices are therefore parallel to the soil line, see Fig. 11 b.

These types of vegetation indices are therefore quite distinct when it comes to interpreting
the Red — IR data-space. However, only small differences are seen between studies using
one or the other vegetation index, regardless of whether a comparison is between or within

the groups (Perry Jr. and Lautenschlager 1984). The same authors aso point out the

% In aPCA the experimenter imposes no prior order physical interpretation on the principal directions. A
Gram-Schmidt orthogonalisation does, however, allow the experimenter to influence the process by choosing
the order in which the calculations are performed (Perry Jr. and Lautenschlager 1984).
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functional equivalence of many of the indices used. Some of the most commonly applied

indices are givenin Table 9.

Table9 Vegetation indicescommonly used.

Name Description

VI; (simple) Vegetation | ndex IR / Red (both IR channels have been applied; i.e. MSS3 and M S4)
DVI: Difference VI (2.40MS4) — M SS2

NDVI: Normalised DVI (IR-Red)/(IR+Red) (both IR channels have been applied)

TVI; Transformed VI A((IR-Red)/(IR+Red))+0.5) (both IR channels have been applied)
GVI; Greenness VI -0.29xMSS1 - 0.56xM SS2 + 0.60xM SS3 + 0.49xM SS4

PVI; Perpendicular VI* (IR-a(Red)-b)/¢(1+&%) (both IR channels have been applied)

SBI; Soil Brightness | ndex 0.433xMSS1 + 0.632xM SS2 + 0.506xM SS3 + 0.264xM SS4

Vegetation monitoring in dry environments

In dry regions the permanent vegetation cover is low and thinly scattered. The
photosynthetical areas of plants can aso be smaller (e.g. smaller or fewer leaves) and
maybe have lower activity (cf. Adaptations of hot desert plants, p. 10). Consequently,
branches and trunks constitute a greater part of the vegetation picture. The importance of
such non-green parts is recognised by Colwell (1974) and Olsson (1985). The background
too is highly visible, and the shadow cast by vegetation is more apparent. Therefore, two
background components, colour and shadow, are of very great importance in dry regions
and are further increased by the high transmission of tree canopies. Franklin et al. (1991),
working in a Sahelian environment, registered that between 54 and 87.5 percent of incident

radiation in Red and n-IR was transmitted to the ground.

Severa authors have reported lower a sensitivity for near-IR reflectance and for vegetation
indices including it when monitoring vegetation (Chavez and MacKinnon 1994, Matheson
and Ringrose 1994, Olsson 1985, Otterman et al. 1974, Pickup et al. 1993). Olsson (1985)
and Colwell (1974) even find a negative correlation, completely inconsistent with the
theory of high near-IR scatter for green leaves. Larsson (1993), however, estimating canopy
cover in Acacia woodlands, found NDVI to give the highest correlation in an area where

field-measured canopy cover ranges up to 60%.

The Red band is reported to have good correlation, both with vegetation cover and biomass
(Chavez and MacKinnon 1994, Olsson 1985, Pickup et al. 1993) but lacks its usual local
minimum Olsson (1985) (see Fig. 8).

% An aternative formulais suggested by Perry Jr. and Lautenschlager (1984).
#pV| is defined as the perpendicular distance between the candidate vegetation point and the soil background
linein the IR-Red data space; aand b are regression coefficients.
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The IR and Red band characteristics over a tree and its sunlit and shadowed background
have been studied by Franklin et al. (1991). Red reflectance of vegetation canopy has the
lowest reflectance, whether sunlit or not, as compared to both sunlit and shadowed
background. The Red correlation is well explained by a shadowing effect (Franklin et al.
1991). Since vegetation is dark in the Red spectrum, dark shadows amplify the vegetation

signature.

However, IR reflectance does not behave that consistently. It is highest for sunlit canopy,
while shadowed canopy is at about the same level as reflectance from a sunlit background,
and shadowed background is dlightly lower than for a sunlit background (op. cit.). The
negative correlation that sometimes exists between IR reflectance and vegetation cover is
also explained by the effect of shadow; it is found when increases in vegetation cover are
accompanied by increases in the amount of shadow (Colwell 1974). The effect of shadow
is, however, greater in the Red- than in the IR- spectral region, and artificial differences can

therefore occur in band ratios (op. cit.).

Sail background reflectivity often exhibits great variability in semi-vegetated scenes, both
on small and large scales. The interpretation of spectral vegetation data is facilitated by an
equal background which is visualised by a constant soil line. A constant soil line exists
only under two conditions (Jasinski and Eagleson 1989):

1. “there is only one dom nant type of soil variability”, or

2. “the scatter due to different types of soil variability act in the
same direction”

In their study Elvidge and Lyon (1985) conclude that one orthogonal index, the PV1 is the
best available vegetation index to use in multi-spectral imagery of arid and semi-arid
regions because it copes with the wide variation in rock and soil characteristics that occur

there.

On the other hand, it is reported that there is no single soil line and that differences in soil
background in partly vegetated areas will produce changesin index values, even though the
amount and type of cover remain the same (Pickup et al. 1993). Also for the Red band
equivalent cover is reported to have a different reflectance when measured over light or
dark backgrounds (Colwell 1974). Colwell (1974) even finds the Red correlation to be
restricted to light soils only. He measured grass cover over both light and dark soils, and

for the latter the Red reflectance was insensitive/uncorrel ated.
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In the n-IR spectra region, however, a very bright background gives high reflectance
whether vegetation is present or not; i.e. a change in vegetation cover gives only aminimal
change in brightness in the IR band (Chavez and MacKinnon 1994). This is also affects
derived vegetation indices, e.g. NDVI, which will not change much even if vegetation

cover changes (op. cit.).

This difference in the sensitivity of the Red and IR spectral regions to variation in
background characteristics can make spatia comparisons difficult unless the soil
characteristics are known and included in the interpretations. A temporal comparison
should, however, be possible if it is reasonable to assume that background reflectance is

constant during the period considered.

Geometric correction of images; image rectification and
resampling

There are both technical and practical reasons for performing a geometric correction of
images. Some technical factors that distort image geometry (Lillesand and Kiefer 1994,
Richards 1986) are given in Table 10. These factors can be either systematic or random. A
systematic factor can easily be modelled and thus corrected separately. One example is the
error caused by the rotation of the earth, where de-skewing (see Fig. 24) is the subsequent

process of correction.

Table 10 Technical factorsthat distort image geometry

Platform Sensor Object viewed
Variationsin stability: Wide view Earth curvature & rotation
Finite scan rate Relief displacement

Altitude Attitude Velocity Non-idealities/linearities | Refraction caused by atmosphere

Random factors, for example those caused by instability in a platform, have to be corrected
by analysing well distributed Ground Control Points, GCPs, in the image. The method of
this correction overlaps with the practical part of correction in that both processes normally
interpret GCPs in a well-known geographical framework. In practice a correction therefore
puts the images into the same geographical framework as that of other data sources, a

transformation essential for change analysis.

Geometric correction is done by a rectification and resampling of the image to the selected
framework. The rectification is a regression process where GCPs are the link between

image coordinates and coordinates of the selected framework. Residuals of the regression
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are reported as the Root M ean Square (RMS) error, interpreted as the distance between the
input/correct postion and the retransformed/actual output position. The distance is

calculated in pixel size.

After correction, a new pixel grid fitting the selected framework is generated. Usually,
however, these two grids do not overlap spatiadly; i.e. the new pixel area covers more than
that of one pixel —or parts of more than one - in the old grid. Resampling is the process of

giving new pixel values. Different methods are available .

The nearest neighbour method takes the pixel value, the DN, of the nearest pixel, i.e. the
input pixel that covers most of the output pixel position, and uses that value as the output
value. Bilinear interpolation is a method that takes a distance weighted average of the four
nearest pixels. The last resampling technique is cubic convolution. The block of sixteen
pixelsin the input grid that surrounds the output pixel is used to calculate the output pixel
DN.

Calibration of images

One of the prerequisites for performing change analysis is that the data are comparable.
While spatial comparison is facilitated by geometric correction, a radiometric correction is
the measure which secures that the same ground conditions have equal radiance values or
digital numbers. However, conditions at three main stages in the acquisition process make
satellite data different from each other:

Pre-satellite conditions
At-satellite conditions

Post-satellite conditions

Pre-satellite conditions
The atmosphere is the signal transmitter from the source, the sun, to the receiver, the

satellite. In an ideal case, the satellite measured radiance would depend directly upon the
ground properties (Tanré et al. 1990). However, both the energy source and the
transmission media influence the signal received. The influence of the sun depends on
different factors, e.g. the sun-earth distance, the sun angle, solar illumination and

acquisition time.
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During the signal transmission the atmosphere itself influences the signal through such
processes as absorption and scattering. Due to these processes only a fraction of the
photons that would be observed in the ideal case reaches the satellite sensor: 80% at 850
nm and 50% at 450 nm (Tanré et al. 1990). Absorption is caused mainly by molecules such
as O3, O,, CO,, H,0 and to a lesser extent by aerosols. Molecular absorption is mostly
avoided by selecting channels in atmospheric windows. The viewing geometry of the

satellite is another factor that influences absorption.

There are two main types of scattering: Mie scattering caused by aerosols and Rayleigh
scattering caused by air-molecules. Both scattering processes are wavel ength-dependent,
but the Mie type to a lesser extent than the Rayleigh type. It is the shorter wavelengths that
are most influenced. Scattering influences the signa either on the sun-surface path or the
surface-satellite path, by strengthening or attenuating the signal. The actual influence of
scattering along the surface-satellite path will depend on the surface properties. A

homogeneous surface strengthens the signal, while a heterogeneous surface attenuatesiit.

At-satellite conditions

The received at-satellite radiance is then registered by the different band detectors of the
sensor and converted into digital numbers. There are two factors that produce errors at this
level in the process, the accuracy and stability of detectors and the internal calibration
system. Detector performance is set already during the pre-launch calibrations. However,
there are several factors that can degrade this process. In their review of radiometric
calibration of Landsat MSS data, Markham and Barker (1987) estimate these factors to be
an error source of between +£2 and £5-10 per cent. However, also post launch variations in
both vacuum-shift and temperature influence detector performance. The effect of ambient
temperature on sensor gain is also mentioned by Tsuchiya et al. (1996). They aso observed
variations in gain over land, oceans and clouds, most prominently in the PMT detectors of
Bands 4, 5 and 6. The internal calibration system which, in theory, corrects these changesis
assumed by Markham and Barker (1987) to be the main cause of along-term sensor drift,
which they estimate to be 5-30 per cent over athree year period. Hence, atemporal drift in
sensor performance cannot be satisfactorily detected and corrected. The effect seen

between images (both from the same and from different sensors) is that equal ground

| the pixel sizeis changed, new values are calculated by the same methods.
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properties are registered with different DNs, also when atmospheric conditions are taken

into consideration.

Post-satellite conditions

Ground processing procedures have varied, both over time (Elvidge et al. 1995, Markham
and Barker 1987, Yuan and Elvidge 1996) and between agencies (Tsuchiya et al. 1996).
Tsuchiya et al. (1996) report differences between NASA and NASDA both in the selection
of a standard detector to eliminate striping and in making a conversion table based on
calibration data transmitted from the satellite. Differences in ground processing between

agencies supplying datain this study are also recognised.

Methods of calibration
Due to pre-, at- and post-satellite factors and their influence on the radiometric conditions
within images, calibration is a prerequisite for change analysis. Two main types of

calibration are possible: absolute calibration and relative radiometric calibration.

Absolute calibration converts digital numbers into the ground radiance or reflectance and
then corrects for atmospheric effects. Two different approaches are possible: one using
modelling, the other based on ground truth observation. The first method corrects the at-
satellite radiance by modelling the atmospheric influences (Tanré et al. 1990). A correction
for instrument and ground processing differences would, however, be necessary in advance
of the absolute calibration when the input images come from different sensors and/or
agencies. This would be very cumbersome if the image material were large and acquired
under different atmospheric conditions, for correction would require information on sensor

calibration and atmospheric properties that are not readily available (Pickup et al. 1993).

The ground truth approach uses ground reflectance measurements during the satellite
overpass to establish a relation between ground reflectance and at-satellite radiance or
image digital numbers. Usually change analysis is planned in the present using material

from the past; hence a ground truth approach isimpossible for all of the images.

A relative calibration, or Relative Radiometric Normalization (RRN) (Elvidge et al. 1995,
Yuan and Elvidge 1996) uses one image as a reference and adjusts slave images to the
radiometric properties of the reference. This approach thus avoids any ground truth or

supplementary information gathering on the pre-, at-, or post-satellite conditions. Different
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RRN-algorithms have been developed and applied. Some of these are presented in Table

11.

Table11 Some radiometric normalisation techniques applied by different authors.

Radiometric Nor malisation

Used by

No Change Normalisation

Selective PCA

Normalisation Targets

Haze Correction

Minimum Maximum Normalisation
Mean Standard Deviation Normalisation
Simple Regression Normalisation

Dark set — Bright set Normalisation
Pseudo-Invariant Feature Normalisation
Histogram Equalisation

Elvidge et al. (1995), Mas (1999), Y uan and Elvidge, (1996)
Chavez and MacKinnon (1994)

Eckhardt et al. (1990), Jensen et al. (1995)

Lillesand and Kiefer (1994), Y uan and Elvidge (1996)

Y uan and Elvidge (1996)

Y uan and Elvidge (1996)

Colwell (1983), Yuan and Elvidge (1996)

Hall et al. (1991), Y uan and Elvidge (1996)

Y uan and Elvidge (1996)

Chavez and MacKinnon (1994), Y uan and Elvidge (1996)
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AREA AND STUDY LOCALITIES

Deserts: Causality and geographical distribution

Despite difficulties in defining a desert, the main deserts of the world are recognised by
most authors (e.g. Goodall et al. 1979, Louw and Seely 1982, McGinnies et al. 1968).
Their geographical pattern may be explained by three main causes of aridity (Reitan and
Green 1968) acting separately or in combination.

1. Separation of aregion from sources of oceanic moisture by topography or by distance

2. Lack of storm systems, i.e. the mechanisms that cause convergence, create unstable

environments, and provide the uplift necessary for precipitation

3. Formation of dry, stable air masses that resist convective currents. Stability can be
caused by large scale atmospheric motions (a pressure and wind system), i.e. the

subtropical high pressure cells (Hadley cells)

From these causes a broad classification of desertsis derived (Cloudsley-Thompson 1984).
Four groups are mentioned: sub-tropical deserts, cool coastal deserts, rain-shadow deserts,

and interior continental deserts. Of these only the sub-tropical is discussed further here.

Sub-tropical deserts are typically found in the western and central parts of the different
continents. Winds are easterlies, and except in cases of high continentality or a shading
effect, a certain distance from the seais required before oceanic moisture is lost. A core of
hot deserts is found between 20° and 25° North and South. Sub-tropical deserts are aso
found outside these limits but normally within 30° North and South. The fluctuating I nter-
Tropical Convergence Zone, ITCZ, isdecisive for the geographical location.

The General Circulation of the Atmosphere, caused by the world pressure and wind
systems, determines the position of the ITCZ. Hadley cells are cells of circulating air and
congtitute the main units of the world pressure and wind system. Trade winds gather
moisture at the equator; and when winds rise, they cool adiabatically. Cooling of moist air
results in condensation, i.e. moistureislost. Thus high level winds, moving in the direction
opposite to the trade winds, become relatively dry. Then these dry air masses descend over
the sub-tropics and become compressed and heated. The position of the descending limb of
the sub-tropical Hadley cell, determines the ITCZ.
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Typically, hot deserts remain under this influence throughout the year. Other
meteorological events (cyclones, monsoons, jet streams, convective storms, continentality
and sea currents) and topographical factors modify or amplify the type of desert that is

found.

Another global phenomenon influencing the atmosphere and thus the weather is ENSO: El
Nifio — Sourthern Oscilliation. It occurs in cycles of between 3-4 and 8 years (Grenas
1998). However, if El Niflo persists long enough or becomes strong enough, weather
conditions can be altered on a global scale. El Nifio causes warm conditions and is
sometimes followed by cold conditions, called La Nifia. Their influences are observed

primarily in the tropics and sub-tropics.

Sahara desert

The Sahara®™, which covers the northern part of the African continent (22-32°N), is the
largest desert in the world. This region of extreme aridity, high temperatures and violent
winds covers an area of 9.1 million square km. Such a huge area is due to a high degree of
continentality in northern Africa. The Red Seais too narrow and warm to cool and moisten
the winds from the Sinai and more easterly deserts. Thus air masses are still dry when they
reach the northern parts of Africa

The Sahara extends by definition (cf. above) as far south as the 100 mm isohyet, although
this has not been rigidly upheld (Cloudsley-Thompson 1984). The time of rainfall is one
factor often used to differentiate between regions within the Sahara. Three regions are
described:

1. In the northern part the climate is Mediterranean, receiving winter rain amounting to

less than 100 mm annually.

2. Inthe south the scanty rain fallsirregularly during summer. The climate is tropical with

warm winters and hot summers.

3. In the central part there is no seasona rainfall. Also, temperature and aridity are
extreme. The mean annual temperature is above 30°C, and the average maximum

temperature, more significant for plant growth, is around 40 — 45°C.

% An Arabic word meaning desert. Groom (1958) translatesit as“ A desert, awaste; awide, flat plain”, cf. p.
8.
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Although rainfall is variable all over the Sahara, the highest variability is seen in its central
part. Generally, the inter-annual departure from the mean is above 40 percent; however, in
the central Sahara it exceeds 80-100 % (150 % (Goudie and Wilkinson 1977), 250% in the
northern Sudan (EI-Tom 1975)). Variability of this magnitude makes the annual mean
meaningless. Even so, it is often used to characterise the central Sahara and is reported to
be less than 10 mm (Kassas and Batanouny 1984). No systematic trend in rainfall can be
derived from more than hundred years of available weather records (Le Houérou 1970);
thus irregularity is more important than rainfall means. It is worth considering if this
irregularity is in some aspects regular and hence can be related to ENSO in one way or

another.

According to Le Houérou (1970), the Sahara has four main types of landforms®. The first
is hills and mountains. Together with the second type, the denuded rocky plateaux also
called hammadas, they cover 10% of the land surface. Most of the land surface (60 %) is
covered by the third landform, the reg/serir, i.e. are low land wind scoured plains with
gravel or boulders. The fourth type is the erg, i.e. the sand dunes. Although commonly

believed to dominate deserts, they cover only 22% of the surface of the Sahara.

About 1200 species contribute to the flora of the Sahara. The six largest families are
Compositae, Graminae, Cruciferae, Leguminosae, Chenopodiacae and Caryophyllacae
(Wickens 1984). Phytogeographically, the Sahara belongs to the Saharo-Arabian region

with elements from both the Holarctic and the Paleotropic realms.

During short time-spans after rainfall, herbs and small shrubs predominate in the
vegetation. Larger shrubs and trees, are for the most part, spatially restricted and appear
where there is permanent sub-surface moisture or where ground water is found at shallow
depths. Sub-surface moisture is found mainly in connection with mountains, wadis and
their flood plains.

Eastern Desert; the area of interest

The Eastern Desert of Egypt is situated between the Nile and the Red Sea. It covers an area
of approximately 223,000 km? (Hassib 1950). This huge area can be divided into smaller,
more homogenous units. Usually one differentiates between the Red Sea coastal area
including the Red Sea Mountains and the land to the east along the coast and, on the other

% A more complete list of landforms found in hot deserts is given by Evenari (1985b) and includes regs,
hammadas, wadis, inselbergs, pediments, playas, piedmont plains, bajadas and alluvial fans.
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hand, the inland desert west of the mountains. The coastal land is further divided into salt
marshes, the coastal desert and the mountains, each found at increasing distance from the
sea. The inland desert is also divided into smaller units, but along a north-south axis and

mainly according to dominating geology.

The area that is the subject of this study is the southeastern part of the Egyptian Eastern
Desert. The area in focus is mainly part of the coasta desert and mountains and the
westernmost part of the inland desert. Geographically it is delimited by 24° N to the south
and by 25.18° N to the north, see Fig. 12. The inland desert at these latitudes is classified as
sandstone desert.
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The Etbai, the homeland of the ancestral Bejas and today’s Ababda

The Eastern Desert and the study area are part of aland formerly known as Etbai. Thisis
the name its Beja inhabitants®’, gave this land east of the Nile between Suez in the north
and the mountains in Eritrea (Krzywinski 1998, Murray 1951). This people is related to
other peoples, e.g. the Habab of Eritrea and the Danakil and Somali (Murray 1951).

The Etbal isaland of great historical importance, both because of its strategic position and
of its rich resources in minerals and rocks. “Never since the dawn of history has

the Eastern Desert been so little traversed as it is today.” (Murray 1925)

% The Beja are the African Bedouins; bedouins, “a bar barous plural of Bedawy”, Lane-pool (1854 -
1931), aremen “of the desert”.
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Already in the Old Kingdoms of Egypt, in pyramid times, caravans went east of the Nile,
to the land of Punt (Krzywinski 1998). Nobody knows exactly where Punt was; however,
severa authors report that part of the route to Punt passed through the Eastern Desert
(Hobbs 1989, Krzywinski 1998, Murray 1951). Krzywinski (1998)* argues that Punt was
actually located within the Etbai, in its southern part in the present Sudan.

Travels to Punt are known from Ptolemaic and Roman times as well. During these periods
aso “imrensly inportant trade-routes from East to West, from India to
Europe, passed through Egypt” (Murray 1925). The Romans traded for cinnamon,
gums, tortoiseshell, and ivory from Arabia, northeast Africa and Indiac “some of the

worl d’'s nost inportant conmodities crossed through the Eastern Desert”

(Hobbs 1989). Later, in Islamic times, the pilgrimage route to Mecca through the Eastern
Desert was important (Murray 1925).

However, the desert was not only of strategic importance for trade routes and caravans, it
was also of importance in itself. The mountains are rich in gold, silver, copper, tin and
emeralds and valuable stones such as porphyry, granite and breccia verde antica
(Krzywinski 1998, Murray 1951). Quarries in the Etbai have supplied materials for
Egyptian, Greek and Roman monumental constructions (Krzywinski 1998 ).

The routes of travel and trade have changed with the times. Both the starting point along
the Nile and the principa point of disembarkation have varied. One of the main harbours
used by both the Ptolemies (332 B.C.-32 B.C.) and the Romans (32 B.C.-A.D. 600)
(Murray 1925), and perhaps aso by the Egyptians going to Punt (Krzywinski 1998), was
Berenice. The southern part of the trade routes to Berenice traverses the main study area
(see Fig. 13). Between the routes there were also interconnections to mines and quarries
(Murray 1925).

Until the Bga converted to Islam, about A.D. 600, they were known as Blemmyes. The
Blemmyes had no written language; however, they are mentioned in some Greek, Roman
and Christian sources. Many of the important ancient sources concerning the Blemmyes
have recently been trandated and commented upon in Eide et al. (1994) Registrations

during fieldwork® also indicate their importance and influence (pers. com. R. H. Pierce, K.

% The main argument is connected to the distribution of the species giving antiu, the main product from Punt.
It has recently been argued that antiu is the Dracena ombet which is found in the mist oasis in the mountains
of Sudan.

% Both during field-work in 1996 and earlier, both in Egypt and Sudan, other participants of this and other
projects have systematically registered sites that can be related to the Blemmyes.
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Krzywinski and J. Krzywinski). Both ancient cities and burial monuments that cannot be
related to outsiders’ activities and therefore are thought to indicate Blemmy activity, are
frequently seen in the Etbai. These cities are located close to emerald mines that were
known possessions of the Blemmyes. The graves are mainly from the period between A.D:
1 and 400, and are thus partially contemporary with the period when Blemmyes are
believed to have had their greatest influence and power, i.e. between A.D. 200 and 400.
Murray (1951) refers to some later incidents illustrating that they still were of great

influence™.

Today there are different tribes of Beja. Although the actual number is open to discussion,
Murray (1951) recognises five tribes. the Beni Amir, the Hadendawa, the Amar’ar, the
Bisharin and the Ababda. The study arealies in the land of the Ababda. Some of the tribes
still speak their own language Tu Bedawie. However, the modern Ababda speak only
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Figure 13 Localities, mines, roadstations and routesin the study area and vicinity
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““However, both dating and references of these incidents are somewhat unclear.
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Arabic as their mother tongue (Murray 1951). They broke away from the rule of their king,
acquired an Arab chief and converted to Islam (op. cit.)*.

During our own field-work we met people travelling in the wadis with their animals.

Normally they have camels, goats and sheep. “The Ababdeh derive their |ivelihood
fromconverting the products of their country into noney, as well as from
stock-rearing; in particular they supply excellent fuel in the shape of
timber, brushwood, canels’ dung, and excellent charcoal nade by

t hensel ves from acaci a-wood; they are therefore also charcoal burners.”
(Lane-pool 1854-1931) During severe droughts they might settle and work, for instance as
miners, road builders or, more recently, in the oil industry. Some aso settle for good and
this is related to official Egyptian settlement policy. Villages are built close to modern
infrastructure, and water is transported to people in the desert. These actions are two of the
initiatives taken by the government to induce sedentarisation of nomadic people. Thus,
fewer people today have atraditional lifestyle, and this weakens their relations to the desert
and the resources they used to rely upon.

Climate

A belt of green and fertile land follows the Nile. However, this belt is narrow and in strong
contrast to the huge deserts to the east and west. Travelling to the Eastern Desert you leave
the green shores behind and enter one of the earth’s most arid deserts.

Ayyad and Ghabbour (1985) divide Egyptian deserts into two aridity zones. hyper-arid and
arid. They base their classification on an aridity index defined as precipitation divided by
potential evapotranspiration (P/ETP), where ETP is calculated according to Penman’'s
formula. The classification also takes into consideration the mean temperatures of the
coldest and hottest month and the time of the rainy period relative to the temperature
regime. Thus it is a classification-scheme slightly modified from that applied by UNESCO
(1979, asreferred to in Ayyad and Ghabbour 1985).

According to this scheme, the Eastern Desert belongs to the hyper-arid zone with mild
winters and hot summers. The mean temperature of the hottest month is between 20 and
30°C. The rain is less than 30 mm per year, and occasional and unpredictable, while
evaporation as well as potential evapotranspiration are both high. The difference between

potential evapotranspiration and precipitation determines the balance of moisture, which in

“ Dating of this event is not exact, but might be around the 13" century. However, the first time Ababda
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the present case is negative throughout the year. The evaporation, as described by Ali
(1984), varies between 5 and 15 mm per day in the study area. Also the (Piche)

evaporation is higher in summer than in winter (Zahran and Willis 1992)*.

There are only a few meteorological stations situated in or near our study area. Rainfall,
relative humidity, and temperature data have been consulted for five of these stations.
Their geographical locations relative to study area are shown in Fig. 12. The following
presentation is based on an 18-year sequence of primary climatic measurements in the
period between 1973 and 1990. This was the period it was originally planned to study.
However, MSS data from the study area were not available for 1990, and the study was
extended to 1996. At that point, it was too expensive also to include meteorologica data
from the period between 1990 and 1996. All primary data were acquired from the Egyptian
Meteorological Authority.

Rainfall

Ayyad and Ghabbour (1985) recognise four rainfall regimes in the desert ecosystem of
Egypt and Sudan. The Eastern Desert including the current study area falls within an
amost rainless belt covering Upper Egypt and northern Sudan above 18°N. In the centra
parts of this belt, rain is not at all an annually recurring event. Rainfall increases both
south- and north- wards. The Red Sea mountains influence rainfall orographically and

cause the annual isohyets to bend northwards.

Fig. 14 shows the total yearly precipitation for the five stations in the period from 1973
until 1990. Both Aswan and Luxor are stations situated along the Nile. Aswan is the
southernmost of these and here rain is not just a rare event but in fact extremely scarce.
The mean for the period is 0.20 mm. The late seventies and all of the eighties, except for
1982 and 1986 were rainless years for Aswan. The eighties were also rainless in Luxor,
except for 1980 and 1982. During the seventies several years gave rainfal; and three years

gave amounts close to the mean, and 1977 and 1979 somewhat larger amounts.

At the coastal stations, the northernmost, Hurghada, receives rain more regularly, and in
fact only few years have received no rain at al. The maximum rainfall was below 18 mm
for the period, and the mean just above 4 mm. Further south along the coast a similar

appear in history isin 1673 (Murray 1951).
“2 The Piche evaporation for the Red Sea coastal land is reported to range between 13.7 and 21.5 mm/day
during the summer and 5.2 and 10.4 mm/day in the winter.

52



AREA AND STUDY LOCALITIES
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Figure14 Yearly total precipitation, 1973-1990: Inland stationsto theleft, coastal stationsto the
right.

pattern of few rainless years is seen for Kosseir. In 1979 a maximum of 35 mm rain was

received at Kosseir, and the years 1985, 1987 and 1990 were above the mean rainfall.

Ras Banas is the station closest to the study area. In terms of the number of rainless years,
Ras Banas is more similar to the stations along the Nile than to the other coastal stations. In
terms of yearly totas, this station shows the highest overall maximum. 1976 and 1979
received 68.2 and 72.3 mm rainfall respectively. Also 1980 and 1983 were above the mean
of 11.2 mm.

Unpredictable rainfall and the lack of consistent patterns characterise the rainfall data. And
this great variation and the generally extremely small amounts of rainfall are typical
features of desert areas. This high inter-annual variation is usually described by the
coefficient of variation, see eq. 2. The coefficient is high for all stations (Fig. 15). Even the

|lowest coefficient is above 100% and the maximum reaches 237% in Luxor.
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250

Equation 2 Coefficient of variation, V 200 !

V=St.dev.* 100/mean

150

Percentage
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Figure15 Coeffiecient of variation

Mean monthly rainfall for the stations is shown in the histograms in Fig.16. Maximum
rainfall in Egypt is typically a winter event, and north of the 28" |atitude at least 70% of
the annual precipitation falls from November to March (Ali 1984). Another typical pattern
for the whole country is the rainless summer months, nowhere exceeding 3% of the annual
rainfall (op. cit.).
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Figure 16 Monthly mean precipitation, 1973-1990
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In the area covered by the five selected stations the peak rainfall comes during the autumn
months. At Hurghada the peak is in December although at Kosseir and Ras Banas some
rainfal is also received in May. Actualy, al the 1976 rainfall and 17 mm of the 1979
rainfall at Ras Banas fell in May. The rest of the 1979 rain fell in January (5.5 mm) and in
October (49.8 mm).

At al stations June, July and August are rainless. September is also rainless except for Ras

Banas. At Hurghada these four summer months are in fact the only months without rain.

Information from the years after 1990 is not included in the dataset acquired. Some heavy
downpours during November have, however, been recorded both in 1994 and 1997

(Egyptian Archaeology 1997).

Relative humidity
The monthly means of relative humidity are compared in Fig. 17.

The pattern seen for relative humidity coincides with the season of rainfall, i.e. maximum
humidity occurs during the winter/autumn months. This pattern is also inversely related to
the one seen for temperatures (Fig. 18). Relative humidity is influenced mainly by
proximity to the Red Sea; the inland stations have the lowest minimum values, Aswan
having a minimum value of only 16.5% for June. The amplitude for Aswan, Luxor and Ras
Banas is higher than that for Kosseir and Hurghada. The values for Luxor and Ras Banas
too become higher during some winter months than the values recorded at the remaining
coastal stations.
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Figure 17 Comparison of relative humidity, 1973-1990
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Temperature

Latitude, altitude and proximity to the coast are the main factors governing the temperature
regime. Fig. 18 shows the monthly mean temperature ranges for the stations. Hurghada and
Kosseir have a smaller range and lower mean values than the stations inland and to the
south. The mean maximum is 33.3°C for July and 32.7°C for August. At both the Nile
stations the mean maximum exceeds 40°C for the summer months, and the mean minimum
is below 10°C in early winter. Ras Banas experiences temperatures lower than those seen
along the Nile but higher than the stations further north on the coast. The maximum is
reached in July at 38.7°C and the minimum in January at 11.9°C.
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Geology, landforms and water drainage
Viewed from the landscape of the western plateau, the Red Sea Mountains become the

most prominent feature of the landscape.

The Mountains run parallel to and close to the coast. The mountain chain commences at
about 28°30’' N and extends southwards beyond the Sudanese border to Eritrea. In the study
area the mountains are described as high and rugged, consisting of igneous and

metamorphic rocks (Said 1962). “.the heart of the nountain system is
occupied nmainly by primary rocks consisting of diorites (green-stone),
dioritebreccias, and black or green-stone porphyries; wth these are
often intermingled very beautiful red-coloured granites and porphyries.
Massive highly coloured veins and |odes everywhere perneate the dark
rock. The chief masses, on which the others, so to speak, rest, are

mai nly composed of such granite, gneiss being |ess conmon.” (Hassib 1950).
The rocks are a part of the Pre-Carboniferous basement complex, the Arabo-Nubian massif
that geologically separates this eastern complex from the western plateaux (Said 1962). In
the southwestern part, a plateau of Nubian sandstone flanks the mountains, while in the

north and northwest they are bordered by limestone plateaux (op. cit.).

Although dominant, the mountains are only one of severa landforms that describe this
desert landscape. According to Kassas (1952) the desert landforms are all part of a cycle of
arid erosion. Other landforms having the same origin are the rocky plateau, the wadis
(valley), the gravel desert and the desert plains. Of these, the wadis are the most
pronounced feature in the mountainous landscape of the study area. The wadis are an
erosion relict feature from past periods of heavier rainfall. However, even today torrential
rainfall may strongly influence this landscape. Wadis and khors (ravines) dissecting the

mountains are main channels for drainage of water and hence subject to water erosion:
“..within a few mnutes, dry wadis nay beconme roaring torrents, renoving
any vestiges of top soil and eroding deep gulleys into the ravaged

| andscape” (Cloudsley-Thompson 1984)*. According to Hassib (1950) floods in the
Eastern Desert may last up to two or tree days. Another description of the influence of

water is given in Egyptian Archaeology (1997): “Torrential rain in Upper Egypt
and Nubia during Novenber again brought havoc for a nunber of
archaeol ogi cal mssions. Many roads were washed away, including that
linking Luxor and Baris in the south of the Kharga QCasis, while the |oss
of the road between Aswan and the Wadi Allagi in Nubia prevented French
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archaeol ogi cal work in the Wadi....Some damage was also noted at the Red
Sea site of Berenike....The good news is that rain was only very light in
the Luxor region and caused no damage, unlike the floods of autum 1994..

Berenike (Berenice) islocated just south of Ras Banas.

This kind of external/surface drainage is one of the features distinguishing the Eastern
Desert from other arid zones* (Said 1962), and it is also a feature that makes the
importance of the wadis and khors apparent. The water that flows through a wadi is
collected from a huge area; as it flows downstream the volume of water passing a given

point accumulates from increasingly larger areas.

However, as aresource for life the total volume of flood water is not fully utilised because
nearly all of it runs off. More important as a water resource in this area is the seepage
water, the infiltrated water flowing underground in the same wadi system (Hassib 1950).
The heavy rainfall which causes the torrents also saturates the upper soil layers from which
further water infiltration occurs. Torrents are, however, rare events, and the more frequent
occasions of lighter rain, dew, mist and fog also supply seepage water (Ball 1912, Hassib
1950, Kassas and Zahran 1971). Impermeable rocks cause water from large areas to collect
and infiltrate in khors and then collect in the larger wadis™. Thus, the sub-surface water
resources at a given site in this mountainous landscape can be many times greater than the
recorded rainfall. And where soil depth and texture are optimal this water allows deeper

soil layers to be permanently moist.

The main water divide of the wadis in the Eastern Desert runs northwest — southeast, i.e.
water flows either to the Red Sea in the east or to the Nile in the west. Ball (1912)
describes forty-seven wadis draining east and three draining west in the area he surveyed
south of 25°N“. The drainage systems between the 24™ and 25™ |atitude are given in Fig.
19. Wadis draining east are generally steep and short (Al-lzz 1971) and aso more
numerous, due to the mountains, than on the western sandstone plateau. Thus, in the west
the area of each drainage basin is much larger.

“3 This quote does not describe an event in the Eastern Desert, but the mechanisms are similar Hassib (1950).
“ Sinai is recognised as belonging to the same geomorphological province as the Eastern Desert, and both
these regions are characterised by the wadi-system Said (1962).

“ “The stones of the pavement (on slopes of wadis) fulfil an important biological function, for run-off water
seeps below them, forming water pockets which are exploited by plant roots. It may be that these water
pockets are recharged during the dry season by “internal dew” formed below the stones.” Evenari (1985b)

“ The area of this study stretches a bit more to the north into to the next Nile-draining wadi, the Wadi Abbad.
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Figure19 Thedrainage systemsbetween 24" and 25" N latitude and
the main water divide between the Red Sea- and Nile-draining
basins, modified after (Al-1zz 1971).

The wadi ecosystem and its vegetation

Every landform defines a habitat (Kassas 1952); and together with its biotic and abiotic
interactions it also defines an ecosystem. And of the aforementioned landforms and thus
ecosystems, the wadi is characterised as one of the main ecosystems of the desert. Water is
of paramount importance in the desert ecosystem, and the (relatively) optimal water
conditions in the wadis explain the actual, or potential, richness of the wadi vegetation
(Kassas 1954, Zahran and Willis 1992). They also explain the impression of astonishing
verdance that meets you as you travel eastwards from the Nile into the desert. The green
vegetation is in beautiful and strong contrast to the reddish mountains, and compared to
one's expectations of vegetation in a hyper-arid desert, its abundance makes a striking

impression.

Even if the richness of the wadi vegetation is mainly afunction of the availability of water,
the optimal conditions also depend on the interaction between water and the wadi as a
landform, i.e. its topography, and the process of soil development. According to Kassas
(1954) the “t erm wadi designates a dried river-bed in a desert area...Each
wadi has a main channel and branched affluents or tributaries.”. From a
developmental point of view the affluents are in an earlier stage than the main channel. At

the earliest stages the wadi bed is mainly rocky, but it differs from a plateau in that it is

“nore protected, has a nore creviced substratum and receives nore water.”
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(Kassas 1952). And with time, as mainly water*” moulds the landscape, soil gradually
accumulates. Finally its texture and depth will allow the creation of a deeply seated,
permanently wet soil layer (Batanouny 1973, Kassas 1952, 19533, 1954, Zahran and Willis
1992). The heterogeneity of the soil layer makes possible a more diverse vegetation in the
wadi than in other ecosystems. Where water is available only for short periods after
rainfal, i.e. in shallow soil and in the upper layers of thicker soil, ephemeral plants grow.
In deeper soil, where texture allows better availability and continuity of water resources,
perennials can grow. Thus, in relation to this edaphic succession the plant cover changes
(Kassas 1954). Perennial frutescent vegetation grows on the most developed soils.

Besides being closely related to soil characteristics, the composition of wadi vegetation is a
function of the available flora. According to Kassas (1952) two comparable wadis “nmay
house vegetation-types different in their floristic conposition”. Herelates
this to cliffs surrounding the wadi, restricting seed dispersal between wadis.

There is aso a feedback process between the perennial vegetation and the soil because
trees and shrubs initiate a small-scae edaphic amelioration (Alstad 1994). By their
presence trees and shrubs increase the availability of both water and nutrients; Vetaas
(1992) reviews the mechanisms involved. Also on the macro-scale there might be an
amelioration of the overall soil properties as vegetation cover increases. This seems,
however, to depend on the effect of wind-sheltering, i.e. the ability to reduce loss of
organic debris, which is a function of growth form and density of individuals (Alstad
1994). In general trees and shrubs are important in stabilising soil from both wind and
water erosion, and they also play arole in trapping seeds and other dispersal units as well
asfine soil particlesthat are spread by wind and water.

As aready quoted from Cloudsley-Thompson (1984), torrents are strong agents of erosion.
Thus, just as water is a main factor in formation of soil, it is also a main agent stripping
soil from the wadi. Moreover, it destroys vegetation mechanically; uprooting is another
process associated with torrents. This destructive influence of water is seen in the pattern
of the perennia vegetation. The central part of a wadi, where the water flow is strongest, is
usually devoid of perennial plant cover (Batanouny 1973, Kassas 1954). Perennia
vegetation normally forms at the sides of a wadi or at other places where the water flow is

less violent but where the subsoil is still moist. According to Kassas (1952), the repeated

“" Sand dunes that are a consequence of wind transportation of sand are very rarely observed in the study
area.
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destruction and various stages of regeneration and devel opment of wadi vegetation create a

complex and confusing vegetation pattern in the larger wadis.

Both progressive and retrogressive factors influence and form the vegetation growing in
the wadi ecosystem. In addition to the natural factors presented above, a group of human
factors that are commonly considered to be destructive may be added (Kassas 1954,
Zahran and Willis 1992).

Wadi vegetation as a resource for desert dwellers

The wadi landform is the main arterial road in the desert, due both to its friendly

topography and to its richness and constancy of vegetation and water. “Ma’ aza*®

toponony is largely wadi-centric..;their lives are focused on drai nages,
where pasture for their animals is largely confined.” (Hobbs 1989). Desert
dwellers and their animals live in and rely solely upon the wadi and its perennia
vegetation resources, for ephemeral vegetation cannot be counted on as a reliable resource;
rather it is just to be enjoyed as a surplus whenever rain triggers its growth. Perennial
species and their reliability as a fodder resource differ with their drought tolerance. The
arboreal, deeply rooted species, i.e. mainly trees and larger shrubs, represent the most
reliable resources. They are more or less green throughout the year, while the smaller

shrubs may switch to dormancy or wither during longer droughts.

In addition to supplying charcoal, fuel and fodder for the desert dwellers and their
livestock, perennial vegetation may also supply timber and food, and indirectly shade and
shelter (Springuel and Abdel 1994).

Camels browse the trees, sheep only browse reachable branches while goats even climb the
branches. Small stock also eat leaves shaken down by the shepherd’s crook or from
branches that have been cut from the trees. Later, cut branches supply fuel-wood. Cutting
branches is mainly done in dry periods® when foliage is sparse and the normal shaking of
trees yields little fodder. Also seeds and fruits are resources that domestic animals eat. The
seeds (and pods) of Acacica raddiana are described as one of the most important sources
in the food-chain of the wild desert fauna and are also consumed by domestic animals
(Springuel. and Abdel 1994). After strong winds it was calculated that 4,837,500 seeds had

been deposited under the crown of one Acacia raddiana tree (op. cit). Trees are the

“ The Ma azais an Arab tribe of bedouins living to the north of the Ababda
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drought period reserve fodder, but when other less drought tolerant species are available
these are also grazed. According to Kassas (1952, 1954) and Zahran and Willis (1992) the

most common species are the least grazed, e.g. Zygophyllum coccineum.

A more extensive use of trees is as a source of fuel. The hardwood species have a high
energy potential and are collected either by cutting off branches or felling whole
individuals. Springuel and Abdel (1994) describe the three acacia species, A. tortilis, A.
raddiana and A. ehrenbergiana as the best fuel for cooking® and the main species for

charcoal production. “The vegetation of these conmunities (perennial,
frutescent shrubland), especially that dom nated by Acacia raddi ana, are
(and for a long history have been) subject to extensive lunbering for

fuel and charcoal manufacture.” (Zahranand Willis 1992).

The collection of wood for fuel is not of recent origin. Christensen (1998) sums up the
history of charcoal production in the Red Sea Hills. Already in the 4 century AD charcoal
burners were included among the specialists and craftsmen in the Roman Imperial Army
(op.cit.). At the stations along the trade routes Romans had blacksmiths and even Roman
baths, both requiring large amounts of fuel. In several sources from the 19" century AD
charcoa production among the Ababda is reported (Lane-pool 1854 - 1931, and Barth
1859, Belzoni 1820 and Floyer 1893, as referred to in Christensen (1998). Christensen
(1998) states that there has obviously been a limited charcoal production throughout
history and emphasises that the commercia production has intensified during the last
decades. According to Hobbs (1989), who studied the Khushmaan people north of the
study area, they said the heyday of their tree cutting was between 1910 and 1940. This was
caused by a need for money, a relative abundance of trees, and a confidence that there
would still be plenty of them afterwards. In the fifties, on the other hand, cutting was
caused by a drought-induced despair, and resulted in an all-time low in perennia

vegetation during that decade (op. cit).

Today, the use of treesis also reflected on a spatial gradient. In the Wadi Allagi, the wadi
closest to the settlements was subject to the highest charcoal production (Springuel and
Abdel 1994). Kassas (1954) describes the scrub-vegetation in desert wadis as being found

only locally due to human destruction, but “i n wadis far from hunan settlements as

Gebel Galala district in the eastern desert, Acacia tortilis my be

“9 The K hushmaan people hacked off branches to feed their animals during the drought in the fifties Hobbs
(1989)
% Especially this Acaciawood is good for preparing gebana — the traditional way to make coffee.
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abundant”. Such vegetation represents relicts of desert woodlands™, a plant cover that

may have covered considerable areas of the wadis (Kassas 1954). “One hundred and
fifty years ago, Wadi Unm Anfii’a had so nany trees that you could not
see your canel; the acacia trees would hide it. But the people cane, and

cut and charcoal ed.” (Khushmaan statement, Hobbs 1989). Also in Sudan this is a
common expression to describe dense forest (pers. com. K. Krzywinski, M. Babiker, A.

Christensen).

Specia parts of trees, for instance fruits used for medical or other purposes are aso
collected. If a species has such recognised qualities, it may be saved from lopping and
charcoa production. This is, for instance, reported to be the case for Moringa peregrina
that produces the valuable behen-nuts (Kassas and Zahran 1965, Zahran and Willis 1992).

“The behen-nuts are collected by the local natives and sold at a good
price. The ben-o0il of these seeds is wused for special Ilubrication
purposes. This particular attribute has saved this plant which is too

valuable to be cut for fuel.” (Zahran and Willis 1992). Ababda informants also

told us that people suffering from diabetes use behen-nuts.

The collection of behen-nuts from Moringa peregrina emphasises the desert dwellers
rationality / consciousness of conservation; if those trees are cut, no behen-nuts are
produced, hence a resource is lost. However important the perennial plant cover in the
desert is as a source of income, it is even more important as a life insurance for the desert
dwellers: “Charcoaling is prohibited anmong us (Khushmman) because without
the trees, there are no animals, and no Arabs.” This life insurance is even
more urgently needed now because perennial vegetation cover is sparser than it used to be.
The nomads also recognise that considerable time is required for regeneration (Hobbs
1989). In addition they know that only healthy trees survive long droughts. Among
Khushmaan people there are several rules of conservation (op. cit.). The limbs of green
trees and entire trees should under no circumstance be cut. “Only when no ot her food
is available should a nan take acacia or other tree |eaves for his herd,
and only then by shaking them of with his canel staff.” These rules, which
the nomads related to the Coran, apply to all trees growing on their land. But also larger
areas with several trees or even asingle tree might be under specia protection. For asingle

tree this is based either on its rarity or on its historical importance. Trees are believed to

*! Today, K assas (1954) claims, these are represented by rare individuals of Zizyphus spina-christi and
Acaciatortilis.
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reach considerable age: “Cai ro Uni versity botanists confirmed the plausibility

of the Bedouin’s argunent that trees date to Roman tines, even though
scientist’s and nonad’s time scales differ.” (Op. cit.). Hence important episodes
in atribes history might have happened under a certain tree, in its shade. Trees are aso
used when naming places (Hobbs 1989) and as temporary local reference points (pers.com

Krzywinski), thus emphasising their importance for people and episodesin their lives.

Today, the desert dwellers both use and conserve the wadi vegetation. Moreover, thisis the
way it always has been. As already seen, people have lived and travelled in the desert for
millennia. The desert landscape and vegetation you encounter in the wadi is one formed
not only by natural factors but aso, even perhaps mainly, by its people, their life and

culture for which this landscape has been the stage.

Vegetation and community types

Zahran and Willis (1992) sum up the vegetation and community types in the Eastern
Desert, and what follows is based on their account. The current study area falls within
three different areas. coastal desert wadis, mountains facing the Red Sea proper, and the
inland desert. Two main types of communities characterise the vegetation: ephemeral
and/or perennial communities. After rain the ephemeral growth is sometimes so rich that it
may cover more than 80% of the ground. Kassas experienced this in 1952 and described
thewadi as“a green | awn” (Kassas 1953b). The ephemeral type is not further discussed
here. The perennia type is divided into two groups, the suffrutescent and the frutescent
type. This vegetation has an open distribution with widely spaced individuals. However, in

wadis with arich suffrutescent layer a coverage of 30% can occur (Kassas 1953b).

In the coastal wadis there are three main groups of suffrutescent communities, the
succulent half-shrub form, the grassland form, and the woody form. One example from
each of these types is, respectively, the Zygophyllum coccineum:, the Panicum turgidum-
and the Zilla spinosa- type. Normally there is also a frutescent layer of shrubs and trees
associated with them (Zahran and Willis 1992). Some species found in this layer are
Acacia tortilis, A. raddiana, Leptadenia pyrotechnica, Lycium arabicum, Lygos raetam,
Maerua crassifolia, Balanites aegyptiaca, Moringa peregrina and Calotropis procera.

Of the frutescent, perennial community type, the scrubland form is the only one
represented in the Red Sea coastal desert. For this type the frutescent layer is dense enough
to produce the vegetation characteristics that distinguish it from the suffrutescent type.
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Some of the communities are those dominated by Acacia raddiana, A. tortilis, Lycium
arabicum, Tamarix aphylla and Balanites aegyptiaca. They are present in the channels of

main wadis and larger tributaries.

The Acacia tortilis community is the most common scrubland type in the coastal desert
area extending to the south of Marsa Alam. The cover is formed primarily by the dominant
A. tortilis. Other species found in the frutescent layer are A. raddiana, Balanites

aegyptiaca, Leptadenia pyrotechnica, Lycium arabicum and Maerua crassifolia.

In contrast to A. tortilis, which is present mainly on coarser deposits, A raddiana prefers
softer deposits. In places where they grow together there is some evidence that A. tortilisis
more drought tolerant, although both are included in the group of Acacia species that have
low water requirements. Other Acacia species in this group are A. ehrenbergiana and A.

nubica.

Patches of the Balanites aegyptiaca community are present in a few of the main coastal
wadis, especialy in the mountain range. According to Hobbs (1989) and Zahran and Willis
(1992) these patches are clearly relicts of a much more widespread growth. The speciesis
recorded in almost all the wadis of the southern section. The fleshy fruits are collected and
eaten by nomads.

In the mountains there may be some influence from orographic rain. At the foot of high
mountains (+1300 m asl.) Moringa peregrina is found (Kassas and Zahran 1965, Zahran
and Willis 1992). In the wadis there are habitats consisting of various types of open shrub
dominated by Acacia raddiana, Balanites aegyptiaca, Leptadenia pyrotechnica and
Salvadora persica. Acacia raddiana is confined to westward draining wadis. B.
aegyptiaca. Leptadenia pyrotechnica and S persica are less common and confined to the

channels of main wadis.

In the inland desert, Wadi Miyah is recorded as one dominated by open scrub of A.

ehrenbergiana with occasional individuals of A. raddiana.

Acacia tortilis (Forssk.) Hayne

According to El Amin (1990) there are three subspecies of Acacia tortilis: ssp. raddiana
Savi, ssp. spirocarpa (Hochst. Ex A. Rich) Brenan and ssp. tortilis. The key differences
between these subspecies are their height, the shape of their crowns, the number of main
stems and the width of the pods at the widest (see Table 12).
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Table12 Characteristics of Acacia tortilis (Forssk.) Hayne (EI Amin 1990)

Acacia tortilis (Forssk.) Hayne:
Spinescent, inflorescent globose, white flowers, spiral pods, spines straight and hooked on same plant,
olive green

ssp. raddiana Shrubs or small trees, crown flat to spreading, commonly 2-4 stems
7-21 m high, crown irregular or | from basis.

round, one main stem, pods 6- Ssp. spirocarpa ssp. tortilis

9mm 4-7 m high, pods 3-6 mm 1-4 m high, pods 2-3 mm

According to Téackholm (1974), there are the two species; Acacia tortilis (Forssk.) Hayne
(=A. spirocarpa Hochst ex A. Rich) and A. raddiana Savi (= A. tortilis ssp. raddiana
(Savi) Brenan). The main difference between the two is that the latter is altogether

glabrous while the first is pubescent.

It is recognised that gradual transitions are regularly found and therefore that it is difficult
to collect data on a sub-specific level (Kenneni and van der Maarel 1990).

In the current study, EI-Amin’s system of is followed only to species level, however.

Generally Tackholm’ s taxonomy is used.

Study sites and their drainage systems

In some drainage systems a small number of sites have been studied, within the same or
different wadis, in other systems only one site (Table 13). Drainage goes to the Red Sea
except for W. Al-Miyéah.

Figs. 20 and 21 show drainage systems of the study sites. Names used in the following
description are based on information retrieved from maps (E.G.S.A., cf. p. 75). There is,
however, some inconsistency in the names and/or their spelling between this and other
sources of information. Where other spellings or names are used this is indicated by its

reference.

Table 13 Distribution of siteswithin drainage systems and wadis

Drainage system Wadi number of sites
W. Abbad Al-Miyéh 1
W. Dabur Dabur 2
W. As-Sukari As-Sukari 1
W. Al-Jimél Gaedri 1
Al-Jimal 2
Nugrus 1
W. Abu Ghusun  Abu Ghusun 1

Wadi Abbad drainage system

This system (Fig. 20) drains a total area of 7000 km? into the Nile. It is situated in the
northern part of the study area. Wadi Al-Miyéh is one of the tributaries of this system and
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Figure20 TheW. Abbad drainage system and itstributary W. Al-Miyah. Black dot
indicates situation of site studied (retrieved from El-Sharkawi et al. 1982).

drains the northeastern parts of the basin. The name means “the Valley of water”,
reflecting the abundant water resources of the wadi (El-Sharkawi et al. 1982b). W. Al-
Miyah originates in the basement mountain range and drains only igneous and
metamorphic rocks (op. cit.). It heads southeast before it joins Wadi El-Barramiyah where
the Idfu-Marsa Alam highway is situated.

The site is located in the upper part of the wadi where for some distance it runs in a
northwestern direction. This is along a trade-route, and more specifically between the
stations Daghbagj to the north and Abl Qurayyah to the south (cf. Fig. 13).

In their study of the vegetation in W. Al-Miyéah, El-Sharkawi et al. (1982b) recognised
three distinct community types. Each type is considered to be a sub-type of a larger

community dominated by Zilla spinosa and Aerva javanica.

Wadi Dabur drainage system

This drainage system drains the hill country between Jabal Atut (908 m ad.) to the
southwest and J. Igli (975 m asl.) more northeast (Ball 1912). In its upper part the wadi
heads east—south-east before it turns north-north-east at Ash-Shaykh Salim (25° N) and
enters the sea at about 25° 16’ N. It receives numerous feeders as it nears the sea.

Two of the localities studied are in the upper part of Wadi Dabur, where it heads east—
north-east. The Marsa al-Alam-Idfu highway follows this part the wadi. An ancient road to
the gold mines of Sukari was also situated in this part of the wadi (Murray 1925).

Salama and Fayed (1989) studied the vegetation along the Marsa al-Alam-1dfu highway,
i.e. including parts of the W. Dabur. Communities of Zilla spinosa — Aerva javanica and of

Acacia tortilis — Zygophyllum coccineum are both registered in W. Dabur.

67



CHANGE AND VARIATION IN A HYPER-ARID CULTURAL LANDSCAPE

250:xE
300exE

Figure21 Areaand eight of the sites studied (indicated by small black dots). Whitelines
indicate main wadisin the drainage sytem, the dotted black lineisthe ldfu —Marsa al-Alam
highway. 1) area of Migif, Hafafit, Nugrus, Hangalia, Zabara mountain group, 1) area of Abu
Hamamid, Hamata, Abu Gurdi group, a)Jabal Atut, b) J. Igli, c) Ash-Shaykh Salim, d) head of
W. Ghadir drainage, €) J. Sukari and the gold mine, f) J. Hafafit, g) J. Nugrus, h) J. Abu
Ghusun, I) J. Hamata

Wadi As-Sukari drainage system

Wadi As-Sukari heads at a pass from Wadi Ghadir, the neighbouring drainage system to
the south (Ball 1912). In its upper part W. As-Sukari runs almost straight north for some
kilometres, before turning east; it runs along the granitic J. Sukari (630 m asl.). This craggy
mountain which has the same name as the wadi, is famous for its gold mine and

neighbouring ancient ruins (op.cit). The gold mine is probably the largest ancient gold
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working in Egypt (Klemm and Klemm 1994, Murray 1925), and remains of mining

activity from all historical periods are found at this site.

The As-Sukari site is situated in the main wadi a few kilometres northeast of the Sukari

gold mine.

The vegetation of W. As-Sukari, along with other wadis, has been studied by Springuel et
al. (1991). According to this study the Acacia raddiana—Zilla spinosa community,
described as “desert open forest”, is widespread in the main wadi channel of As-
Sukari.

Wadi Al-Jimal drainage system

This is the largest drainage system that flows into the Red Sea in this part of the Eastern
Desert (see Fig. 19). Within this huge basin of approximately 2000 km? fall two of the
northern mountain groups described by Ball (1912): the Migif - Hafafit - Nugrus -
Hangalia - Zabara group and the Abu Hamamid - Hamata - Abu Gurdi group. They
consist of several high mountains from which numerous larger and smaller water-courses
drain before they finally reach Wadi Al-Jiméal, the terminal part of this wadi system. The
three main wadis draining into W. Al-Jimal are W. Hulus in the south, and W. Hafafit and
W. Nugrusin the north.

Wadi Hulus, the largest tributary, is a long, winding wadi, coursing northwest for more
than 75 kilometers and with a total length of 80 kilometers (op. cit.). For the last kilometers
it turns north, and then sharply to the east at which point it becomes Wadi Al-Jimal. W.
Gaedri is a small tributary that flows into W. Hulus where it turns north. W. Gaedri runs
west—east and in its upper part it leads by a pass into more open country in the west.

The W. Gaedri site is situated in the lower part of this wadi whereit joins W. Hulus.

The heads of Wadi Hulus are in the Abu Hamamid - Hamata - Abu Gurdi mountain-
group®. These are high mountains that give the wadi a rather steep slope. In its upper part
its slope is 50 m/km, while in the lower it is down to 6,5m/km (Ball 1912).

Wadi Hafafit and its tributaries drain the hills northeast of Wadi Al-Jimal. On the eastern
range of its catchment the gneissic rocks of J. Hafafit stretch southeast for more than thirty

%2 According to Ball (1912) J. Hamata (1979 m asl.) is the second highest mountain in the Eastern Desert, but
the highest in this southern part.
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km. Thiswadi is described as* barr en” and as the only exception from all other tributaries

to Wadi Al-Jimal, whichare“wel | supplied with trees” (Op. Cit.).

Wadi Al-Jmal, the valley of camels, is, as stated, the terminal part of the wadi system. It
runs sixty kilometres before debouching into the sea. In its upper part it runs northeast, and
the country is rather open. Beyond Wadi Hafafit the wadi runs eastwards, is narrower and
shut in by high hills. In its lower part it winds in a northeasterly direction. Due to its great
length and varying topography the slope varies between a minimum of four and a maximum

of about ten m/km, the average being six m/km (op. cit.).

The two sitesin W. Al-Jimé are situated close to the end-point of W. Hafafit. The Roman
road station Apollonisislocated afew kilometres upstream (cf. Fig. 13).

In their study of the vegetation in W. Al-Jimal, El-Sharkawi et al. (1982b) recognise two
distinct community types. The first, covering most of the course of the wadi, reflects the
prevailing xerophytic conditions and is dominated by species such as Cassa italica, Zilla
spinosa, Pulicaria undulata and Panicum turgidum. The second type, found in the deltaic
part of the wadi in moister soil, is dominated by Zygophyllum coccineum, Limonium axillare

and Tamarix aphylla.

Wadi Nugrus runs east of and paralel to J. Hafafit. It is more than forty kilometers long,
commencing just east of J. Nugrus (1505 m asl.). This mountain is the highest of the Migif-
Hafafit-Nugrus-Hangalia-Zabara group. Its northern parts are drained Nilewards, while
Wadi Nugrus and one of its upper tributaries drains the southern parts. The fall of Wadi
Nugrusis on an average of ten m/km, and most rapid close to its head (Ball 1912).

The upper part of Wadi Nugrus appears like a narrow gorge, but further down it broadens
out. Near its terminus Wadi Sakit® joins the W. Nugrus. There are abundant ruins and old
emerald mines in this area. Common minerals are beryl, tourmaline, actinolite, various

micas, talc and crystals of calcite (op. cit.).

The W. Nugrus site is situated a few kilometres upstream of its confluence with W. Sakit.
An ancient city is located in the northeastern parts of the locality. Also in the northeastern
part of J. Nugrus there are some ancient mines (cf. Fig. 13).

%3 The Sakit neighbourhood is described as one of the most highly metamorphic areas of the entire Eastern
Desert (Ball, 1912).
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Abu Ghusun drainage system

This drainage system commences among the high mountains of J. Abu Ghusun (1389 m
adl.) (op. cit.). Wadi Abu Ghusun drains the northern side of this mountain range north of
J. Hamata. It runs north for about ten km, then turns more east and winds sixteen
kilometersin this direction before reaching the sea.

The locality is situated where W. Abu Ghusun turns east (Fig. 21). This is also where the

Roman ruins of the station in Abu Ghusun are located. These are ruins of alarge station.

Zareh and Fargali (1991) have studied the vegetation in W. Abu Ghusun. The vegetation is
rich, and the alliance of Acacia raddiana and Lycium shawii that is newly recorded for the
Egyptian desert (op. cit.) also grows here. According to these authors ‘Ghusun’ means
branches of trees, and they interpret the name of the wadi as derived from its richness in

trees and shrubs that that have many branches.
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METHODS AND MATERIAL

Field method

Selection of area

In arid areas, as are found in North African deserts, vegetation change means long-term
and/or permanent changes in vegetation cover. Variations caused by ephemeral vegetation
do not constitute change (cf. Change in desert vegetation, p. 15). Thus, only the perennia
vegetation, i.e. mainly trees, is of interest and focused on in this study. However, in the

central Saharatrees are extremely rare and scattered.

Trees are restricted to wadis, plains and other landforms where run-on water is present.
Studies of trees in an arid area require a study area where these landforms are frequent.
Two gradients that influence tree growth and appearance are those of moisture and human
interference. These gradients should be sharp if the diversity of conditions within a limited
areaisto increase. Such circumstances are found in the Red Sea Mountains.

As stated above, wadis are frequent in the mountainous landscape of the Eastern Desert;
and they are diverse, both in terms of basin size and slope and consequently in water

availability. Vicinity to the Red Seainfluences and improves the moisture regime.

Gradients of human interference are both spatial and temporal. Trees are, and have been,
the main plant resource used by the nomads (cf. p. 61). However, the utilisation of these
resources has varied according to influence from and interference by non-nomads. This
influence and interference varies both in time and space, but despite such changes there has
been a stable, cultural backbone for several millennia. This is the case in our study area,
now under the management of the Ababda and formerly of their ancestors, the Blemmyes.

Selection of sites
Two factors influenced the selection of sites.

The first factor addresses the spatial and radiometric resolution of remote sensing data. In
hyper-arid areas, vegetation coverage is low, approaching a minimum level detectable by
digital remote sensing. Theoretically, thislimit is reached when vegetation within one pixel
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contributes less than one DN and consequently is not registered. In addition, the
contribution of vegetation must be larger than the variations in the background. To reduce
the effect of detection problems only relatively dense stands are selected for study.
However, desert vegetation is scattered and heterogeneous; and variable coverage too is
reflected at the pixel level. Thus, even for relatively dense stands pixels without vegetation

will occur.

Secondly, because the focus is on change, the sites should, ideally, represent gradients that
relate changes to their causes. Two gradients were kept in mind during the selection of
localities, viz. one related to water availability, the other to culture.

One indicator of water availability that can easily be established is the location of a site
within awadi and/or drainage system. A station situated downstream of another, in a wadi
of either equal or higher, rank receives water from a larger upstream area. Some of the sites
studied are therefore situated within the same wadi or drainage system.

The cultural gradient has a spatial and temporal dimension and is defined by traditional vs.
non-traditional land-use. Non-traditional land-use spreads from areas of commercialisation
(Christensen 1998). The spread may pass over modern communication routes, such as
roads and tracks, and it can also be related to historical locations, such as ancient cities and
mines, or to ancient trade-routes. Present vegetation characteristics may be related to
activity in historical times (cf. p. 62) Therefore a number of sites were situated near or
beside historical or modern centres of activity in order to capture the temporal and spatial
aspects of this cultural gradient.

On the basis of these criteria nine localities were selected.

Field variables and GPS-positioning

Field data were collected during the period from the 18th of March to the 9th of April
1996.

Within a naturally limited stand the appearance and distribution of each individual of
woody perennial species, mainly trees, were registered and positioned. The variables
selected for registration were chosen from two different points of view, one cultural, the

other ecological.

The main variables that indicate cultural influence are signs of tree and branch cutting and
browsing, but aso the appearance of new trunk shoots and lowest branch height are
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indicative. The latter two are related to cutting and browsing. When browsing pressure is
great, new shoots high up on trunks are absent because they have high browsing quality.
Similarly, a low branch height generally indicates that trees have not been exposed to

severe browsing and cutting pressure for some time.

Variables chosen to describe the population aspects of woody perennial species are
measures of height, trunk diameter and crown diameter. Crown diameter and tree

distribution are variables that link field observations to spectral data.

Marks of browsing and cutting were described qualitatively, as present or absent, and by
recording the severity of damage inflicted. A measuring rod was used to measure branch
height and new shoots appearing below the general branch height. The trunk diameter was
measured by projecting the extreme outer limits of the trunk onto the measuring rod at
breast height. When there was more than one main trunk, all were measured. Tota tree
height was estimated visually from a distance by comparison with an object of known
dimensions (e.g. branch height). The diameter of the tree crown was calculated as the mean
dimension of the longest axis and that of the axis at right angles to it. Field distances were
measured by pacing. Step-length was measured as a constant of about 1 m. Panorama

photographs were taken to give an overview of each locality.

The positions of each tree/shrub registered were recorded using a GPS (Global Positioning
System) hand-held receiver (Garmin GPS 40, Persona Navigator and Garmin GPS 50,
Personal Navigator). The Standard Positioning Service (SPS) was used normally to obtain

B
[

Figure22 Field registrations
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a position accuracy within 100 m. Each record was based on repeated positioning, and
consequently the mean position is used so that even under Selective Availability® accuracy
IS expected to be better than 100 m. As a control and backup both distance (paced) and
direction (compass) to the next registration were noted.

GPS-measurements were also used to register ground control points (GCPs). Characteristic
features, such as small dark rock peaks surrounded by light sand were positioned. These

were later used to control the rectification process.

All positioning data were logged automatically and saved in a hand-held computer; Psion
Organiser I, Model XP. Other registered data were tape-recorded.

Datum and projection

GlS-integration of different data types such as field data, images (raster data), and maps

(vector data) requires reference to a unique geographical framework.

The reference system chosen is that of the maps from the Egyptian General Survey
Authority (E.G.S.A.), 1:50.000, 1989. The ellipsoid is Helmert 1906 and the projection is
of the Transverse Mercator type. Map datum and projection parameters are given in Table
14,

Table 14 Projection and basic data of maps; Egyptian General Survey Authority, 1:50.000, 1989

Name Semi-major axis Eccentricity Flattening

Ellipsoid Helmert 1906 6378200.0 0.0818133340 298.3
Horizontal datum  National Geodetic Net, Az Zahra, 1874
Vertical datum Mean sealevel Alexandria, 1906

Name False False Scalefactor Centre  Centrelatitude
northing easting meridian
Projection Transverse 1100000.0 300000.0 1.000 35° 30°
Mercator

Datum conversion of field positions

The reference system used by the GPS receiver during field-work was WGS 84, and
positions are given in degrees of latitude and longitude. Measured positions of field
observations are transformed from WGS 84 to Helmert 1906 to be compatible with the

* Thelevel of the SA can vary and is set according to military decisions. SA level is sometimes reduced (or
removed) during wartime; and since our observations were made during the Bosnian war, it is possible that
they are more accurate than they would normally have been.

*® The same datum and projection are chosen in ER Mapper; but hereit is called TM-EGY PTG
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E.G.S.A. maps. The method applied is a simple three-parameter transformation, using the
trandation parameters or the origo difference between the two data, i.e in this case between
WGS 84 and Helmert 1906. This is accomplished by conversion through Earth-Centered,
Earth-Fixed XYZ Cartesian coordinates™. The complete formulas for this conversion are
given in Appendix 1, asimple visualisation of the processis givenin Fig. 23.

Convert Convert
using WGS 84 parameters) - using Helmert parameters
(Using fromp ) Add shift parameters (using fromp )
Latitude X Hamet =Xwisss +130 3§ eimen
Longitude - Y Helmert
Hei ght Y Helmert —YWGSS4 -110 Z Helmert
to _> z Helmert = ZWGSB4 +13 _> to
Xwessa, Y wessas Zwassa Latitude, Longitude, Height

Figure23 Three-parametric datum conversion of coordinates

Image material and pre-processing

To capture vegetation changes satellite images must be comparable, not only spatially and
radiometrically but also in terms of vegetation cover recorded. These aspects of

comparability are dealt with through the selection of image material and by pre-processing.

Image material

Only perennial, arboreal species are indicators of change. To avoid reflection from
ephemeral vegetation, thereby insuring comparability of spectral vegetation data, the time
of image acquisition time should fall within periods when the probability of rainfall islow.
In our area of the Eastern Desert of Egypt there are two such periods, the summer-months,
and the winter-months between February and April (cf. Fig. 16). The latter period was
chosen sinceit is also the time when field-work conditions are optimal.

Four images were selected from the database of satellite image agencies. Three of these
images are historical scenes and one is a contemporary scene, i.e. March 1996, the time of
fieldwork. The historical scenes are from 1973, 1979 and 1984 and the set of images
describes three time periods, 1973-1979, 1979-1984 and 1984-1996.

*These coordinates define three dimensional positions with respect to the center of mass of the reference
ellipsoid. It isaright handed orthogonal system in which the Z-axis points towards the North Pole.
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The data-set from 1973 is the first scene available that covers the study area at the optimal
acquisition date. The previous period from the sixties had been one of drought and famine
in sub-Saharan countries, the first Sahelian drought; but from 1973 until 1979 conditions
improve in the northern African drylands. However, in 1979 a drought period commenced
that again affected the sub-Saharan borderlands. This dry period, the second Sahelian
drought, caused severe famine in many sub-Saharan countries and lasted until 1984. It is
also of importance for the selection of these historical scenes that the same periods (1973-
1979 and 1979-1984) have been used in similar studies in nearby areas to the south
(Christensen 1998, Krzywinski 1993a, 1993b). The 1996 image was chosen to establish a
link between field and digital data and to extend the trends to the present.

All images used in this study are Landsat images. Due to this satellite’'s sun-synchronous
orbit and constant look angle, the relatively constant acquisition dates of the images, and
the low latitude of the study area, sun and angular effects are relatively constant over the

images.

Although the images were acquired from the same type of satellite (Landsat), they were
acquired from different, specific satellites, sensors and agencies. The main characteristics
of the four images are described in Table 15. All MSS data (historical scenes) were
originally 6 bit data, the individual differences seen in Table 16 are due to different data
processing at the agencies. The TM image (1996) is, however, 8 bit data.

As observed in Table 15 the images were received in three different formats. The first step
in image processing is to read these raw images so as to make them compatible with

Image-processing software. This process is described in Appendix 2.
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Table 15 Characteristics of imagesused in the study

1973 1979 1984 1996
Satellite L1 L2 L5 L5
Instrument MSS MSS MSS TM10
Date February 23  April 15"  April 8" March 24"
Path 186 186 173 173
Row 43 43 43 43
Pixel size (mP) 56 x 79 56 x 79 56 x 81.5 30x30
Number of bands 4 4 4 7
Radiometric resolution 6 bit 6 bit 6 bit 8 hit
Raw format®’ BIP-2 BIL BSQ BSQ
System corrected no Yes Yes Yes
Agency EROS ESA EROS EOSAT

Table 16 Bit-levels of images when received from agencies

Bands MSS- 1973 MSS- 1979 MSS-1984 TM —1996

1 0-127 0-255 0-127 0-255
2 0-127 0-255 0-127 0-255
3 0-127 0-255 0-127 0-255
4 0-63 0-255 0-127 0-255
5 - - - 0-255
6 - - - 0-255
7 - - - 0-255

Geometric correction

Selecting GCPs is an essential part of the geometric correction. In this study all the GCPs
were extracted from the E.G.S.A.-maps. A ruler with 1 mm as the smallest unit was used to
read positions for the GCPs. The 1996 TM-image with the highest resolution and thus the
most features that were also traceable on maps was rectified directly from the GCPs
selected. To retain the relation between and the values of pixels, the rectification was

linear, and the resampling nearest neighbour.

The MSS-images are registered relative to the rectified 1996 TM-image. In this image to
image rectification, GCPs are either small features, covering only one, or a most a few
pixels, or characteristic and easily recognisable patterns in both TM- and MSS- images.
The same GCPs are used for all the subject images. As for the reference image, a linear
rectification and nearest neighbour resampling was used. The output pixel size equals the
input size: 56 m x 79 m for the 1973- and 1979- images and 56 m x 81.5 m for the 1984-

image.

For radiometric correction and change analysis another set of 1996 images has been made.
The rectified 1996-image was used as input. The output pixel size was chosen to equal the

different MSSs, one image having a pixel size of 56 m x 79 m and a second of 56 m x 81.5
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m. The resampling of these images is a bilinear interpolation; i.e., the new values are
derived from the four closest pixelsin the old grid (cf. p. 41). In what follows the different
resolutions of the TM-image are aso referred to as TM79 and TMg; 5, while TM refers to

the original resolution of 30 m x 30 m only.

Radiometric correction

According to Markham and Barker (1987) discrepancies between MSS readings of the
same object, when only considering sensor effects and ground processing, is estimated at
between 8 and 12 percent. In an arid area where vegetation cover is low and atmospheric
conditions are stable, radiometric differences between images are due mostly to variations
caused by the sensor and to differences in ground processing. The radiometric stability of
desert areas is illustrated by the fact that in the quantification of sensor and ground
processing effects a desert area was chosen as a reference area (op. cit.). The main
radiometric errors are thus related to other than atmospheric factors, and a relative
normalisation technique has therefore been selected in this study.

Because the stability of the area as a whole is high, a comprehensive method, using all
data, is preferred. Areas of apparent change are, however, excluded (cf. below); and the

method applied for correction isalinear least squares regression.

The regression approach is based upon the linear relationship between the digital numbers
of two similar spectral bands acquired at different time over the same area (Elvidge et al.
1995). From this relationship a gain and offset data can be derived to normalise the slave to
the reference image. The gain, a and the offset, by for the k™ band is given from the

solution of the least squares regression equation Qy, see eq. 3.

> A description of these raw formatsis given in appendix 2.
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Equation 3 Thelinear least squares
regression equation and its solution for
gain and offset.

Qk=S(yk-bk-aka) 2= min
&= Sey/Sx
b= Yk - ac X

where;

y = reference image

X = subject image; i.e. the image to be
corrected

S,y = covariance of x and y

S« = variance of x

Yk = mean of the reference image

X = mean of the subject image

Figure24 Theareafor extraction of statistics
used in the calibration process. (Skewness of
image isdueto correction for earth rotation).

The regression coefficients are calculated from aland area common to al the images in the
change analysis. This area is selected from the rectified pictures and hence is the same for
every band in al images. Clouds and their shadows are excluded from the area (Fig. 24).
The satistics necessary for the final regression, i.e. means, variance and covariance
(Tables 17 and 18), are extracted from this area.

The 1996 image is used as the reference image because it is the newest and thus has the
highest radiometric quality. Since the final regression is done on a pixel to pixel basis, the
TM+e- and TMg; 5- images are references in the process. Data extracted from these images
are indexed with their pixel size. Note also that both the near-IR MSS bands are calibrated
against TM Band 4. There is a dlight difference in bandwidths between MSS- and TM-
sensors, see Table 8. The bandwidthsin Table 17 refer to the average width of the channel.

Table17 Mean valuesfor the different images

Mean (x) 199645 1984 19967, 1979 1973

band 55 mm 56,574 50,825 56,575 99,954 48,366
band 66 mm 82,624 68,981 82,624 137,356 51,867
band 83 75mm 69,09 63,248 69,09 130,864 44,563
band 83 95mm 69,09 53,171 69,09 111,814 16,868
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Table 18 Covariance and variance for the different images

Covariance (Syk) Variance (Sqxx)

1984 1979 1973 1984 1979 1973
band 55 172,297 283,636 170,429 138,293 387,125 140,915
band 66 473,284 801,99 396,392 363,194 1073,754 268,059

band 83_75 408,112 723,338 315,707 346,986 1128,297 220,836
band 83 95 35532 653,877 126,493 261,099 918,947 36,183

The normalisation is done according to eqg. 4-

Equation 4 The calibration formula

Xnew = SXk + bk

where

Xnew = NOrmalised values

Xk = original values

a and b, = regression coefficients

The normalisation is evaluated by calculating the following variables:

Equation5 Mean SquareError, MSE
MSE=(& (Y-Xnew) )/ (N-2)

Equation 6 The coefficient of determination

R?=(1-MSE/MTO)*100
MTO isthetotal variance of the reference image.

Sites and their catchment area

To outline the upper wadi system wadi-edges upstream of the localities were digitised from
maps (E.G.S.A.). Digitised maps were overlaid on the TM image. Drawing local water
divides identified limits of the catchment. The catchment area is measured as the area

upstream of the drainage basin plus the area of the station itself.

The calculation of slope is based on height contours crossing the wadi in the vicinity of the
locality. These contours are digitised from maps (E.G.S.A.), and distance between them is
measured in ER Mapper. The difference in height is divided by total distance. This method

gives ageneral impression of the slope for localities.

Field observations for sites

The distribution of recorded and positioned species within and among localities is derived

from the field data. Other observed species at |ocalities are a so presented.
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Qualitative observations establish human interference at the sites. For the most abundant

species the variables measured are summarised statistically.

Maps based on the transformed positions of the recorded individuals, mainly trees, are
made for al sites. These tree-maps are overlaid on the 1996 TM image, and each locality is
delimited by a polygon that includes all the pixels with a recorded individual. The area of

this polygon is the basis for vegetation coverage and density estimations, see egs. 7 and 8.

Equation 7 Vegetation density of localities
Vegetation density = no. of individuals/ area

Equation 8 Vegetation coverage of localities

Vegetation coverage = (& crown area)/area

Crown area is calculated from the measured crown diameter. In this calculation the crown
is assumed to be circular. In cases where individual crown data are missing they are
replaced by the mean crown size for that site. If less than 5% of the observations have

missing data on crown areas, no corrections are made.

Analysis of spectral vegetation signatures

Two aspects of spectral vegetation signatures are addressed in this section. Both are closely
related to monitoring changes in vegetation.

First, it is important to choose the most appropriate indicator of vegetation when changes
in it are monitored. This requires understanding how vegetation influences spectral bands

in hyper-arid areas.

Second, it is of interest to interpret change in as much detail as possible. This may be
achieved by establishing a relation between actual vegetation coverage and the spectral
vegetation signature, i.e. the selected indicator. This permits an absolute, rather than a

relative interpretation of changes.

Different areas are studied, on different scales, to bring into focus these aspects of
vegetation signatures. The areas studied have been selected either from the imagery,
referred to as the test area, or from among the field-localities.

The 1996-image links field observations and digital data, and is therefore the digital data

source used in this section. Four different vegetation indicators are used: the Red band, the
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IR band, the vegetation index (V1), and the perpendicular vegetation index (PVI1) (see egs.
9 and 10).

Equation 9 The vegetation index, VI

VI =IRR

Equation 10 The perpendicular vegetation index, PVI
PVI = (IR-a(red)-b)/((1+&%)

where
aisthe gain derived by simple regression and
b isthe offset

Vegetation signatures — a test area

Globally, the study area is among the most sparsely vegetated areas found anywhere. The
sparser the vegetation coverage, the more the pixel reflects the spectral influence of other
features. At a given coverage threshold the limit of detection is reached (p. 72-73). Thus, a
first step in understanding the spectral influence of vegetation in hyper-arid areas is to
select an area of maximum vegetation coverage. The test area for this study was selected
from the TM image on basis of its maximum VI-values and the presence of apparent red
pixels (false colour display: red = band 4, green = band 3 and blue = band 2). Sincethe TM
image was not received until the autumn of 1997 and thus could not be consulted before
the fieldwork, it was not possible to use this area as afield locality (simply because it was
not known until after fieldwork).

Red and IR signatures for the pixels of the test area were extracted and plotted as graphs to
uncover spectral trends in the vegetation, i.e. for those pixels that were red and had high
VI-values. Two threshold images are made to relate uncovered trends to selected band

combinations, i.e. VI and PVI.

The change study utilises historical scenes and resampled TM-data, both a MSS
resolution. To study the influence of resolution on spectral vegetation information the
TM7g-image is compared with the TM-resolution over the test area.

Towards an absolute interpretation

An absolute interpretation of vegetation change requires that spectral vegetation signatures
be related to actual vegetation coverage. Two levels are emphasised, the site level and the
pixel level.
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The site level

On the site level, the mean for each vegetation indicator is studied and related to overal
vegetation coverage (cf. eg. 8). In addition, ranges of values are studied for the band
combinations since those vegetation indices supposedly normalise background (cf.
V egetation monitoring, p. 32). Means and ranges for all vegetation indicators are extracted

from the polygon outlining the area of the site (cf. p. 82).

The pixel level

To approach an absolute interpretation at the pixel level two requirements have to be
satisfied:
1. There must be differences between pixels with and without trees.

2. There must be a uniform correlation between increasing vegetation cover and spectral

vegetation reflection as expressed by the vegetation indicators selected.

The satisfaction of the second requirement is contingent upon the satisfaction of the first.
Thus, only if both requirements are satisfied, is it possible to take the last step, the
regression that is the key to the absolute interpretation of changes.

Testing differ ences between pixelswith and without trees

To test the difference between pixels with (presence group) and without trees (absence
group) a statistical approach is chosen. However, two different methods are used according
to the type of vegetation indicators tested. In both methods radiometric resolution,
positional accuracy and background variations are considered because they are factors that

influence the registration of vegetation (cf. Vegetation monitoring, p. 32).

Band combinations

PVI and VI highlight vegetation and are considered to normalise background variations, at
least to some extent. To further reduce the effect of background variation, only pixels of
the same site are tested. The locality to be chosen is the one that proves to have the highest
vegetation coverage (cf. p. 72-73, detection problems).

Firstly, to deal with positional errors, differences are tested at three spatial resolutions:
TM-, TM7o- (equals MSS) and a 90 m x 90 m - resolution. Bilinear resampling is used for
the non-TM resolutions. The parameters for calculating the PVI1 (aand b) are derived from

the TM79 data-set for both resampled images.
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Resampling usually decreases the effective radiometric resolution. To avoid loss of spatial
and radiometric resolution, while still addressing the question of position accuracy, only
pixels with trees and surrounded by trees are included in the presence group. Each pixel
can usually be considered as the centre pixel in a block of nine pixels. If trees grow in al
the nine pixels, there is a greater probability that at least one of these trees redly is
growing in the tested pixel, i.e. centre pixel, than if no trees are growing in the eight
surrounding pixels. Based on this idea of an expected increase in probability as the number
of neighbour pixels with trees increases, four different presence groups were selected. The
first group excludes pixels which have no neighbour-pixels with trees, and the second
group excludes central pixels which have fewer than two neighbour-pixels with trees, and

SO on.

Testing the spectral difference between the absence- and presence-group is done by the
student’s t-test, two-sample type. Variance was first tested by the f-test, and a normal
distribution confirmed by normal probability plots.

Single bands

Using single bands requires control of the background variation (it should be low or
absent). Thus, the test applied to the single bands is based only on a block of nine pixels,
the centre pixel including a tree, and its eight surrounding pixels. To assure that the block
contains pixels of relatively low variation, i.e. having stable background, an unsupervised
ISOCLASS classification (ER Mapper 5.0 Reference 1995) was performed. All the pixels
in a tested block are within the same background class. The classification scheme
comprises 6 classes where the desired percentage of unchanged pixels is 98, the maximum

standard deviation is 4.5, and the minimum distance between class meansis 3.2.

To test the difference between the central tree-pixel and its surrounding pixels, the
statistical, non-parametric Walsh-test (Siegel 1956) was performed. The central pixel is

subtracted from each of all the surrounding pixels and the difference scores are ranked.

The prediction for the red band is that the difference score will be less than zero. In this
test nis 8 and Ho: m=0 isrejected and Hi: m<0 accepted at respectively 0.055 and 0.027 if
equation 11 is satisfied.

The prediction for the IR band is that the difference score will be greater than zero. Ho:
m=0 is regjected and H;: m>0 is accepted at the same levels as above if equation 12 is
satisfied.
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Equation 11 Critical valuefor the Walsh test predicting a negative difference score
Max [ds, ¥2(ds+dg)] <0

Equation12 Critical valuefor the Walsh test predicting a positive difference score

Min [ds, ¥5(d;+d,)]>0

Correlation and regression

If it is accepted that there is a difference between pixels with and without trees, the second

step of correlation and regression is taken.

Vegetation coverage for all pixels with trees is plotted against the vegetation indicator that
hitherto proved to be most consistent. If the correlation is satisfactory, aregression analysis
can finally establish the quantitative relation between the two variables studied.

Change analysis

Even if absolute analysis proves impossible, a relative, qualitative relation can be

established; and hence a qualitative change analysis can be performed.

On the basis of the results from the “Analysis of spectral vegetation signatures’ the most
useful of the four spectral measurements is employed in the change analysis. First, the
trends of the changes at all sites are described by comparing the means and ranges of the
selected measurement. The polygon outlining the area of the site, extracted from the TM
image and transformed to all other images, is used as basic area in the statistical analysis

for all years.

Change images for al time-periods, including the whole period between 1973 and 1996,
are produced in order to study changes on and between sites. Rather than giving only a
genera impression of the trend at each Site a change image enables a more detailed

interpretation and better spatial understanding of the processes of change.

Pixel-wise analysis of change is performed as a subtraction of the most recent image from
the earlier image, e.g. 1973 minus 1979 and 1973 minus 1996. The resampled 1996-images
are used as references. the TMg; 5 for 1984-data and TMg for 1973-data. The range of
values produced in this operation is rather large (max. |-256 — 256 = 512) and a
classification of change-valuesis performed to make interpretation easier.

Not only periodic change at sites but trends across periods too are of interest. Therefore
another set of images has been processed. For these images stable pixels are treated
together with pixels of increase, and consequently there are eight different combinations of
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increase and decrease for the three consecutive periods. These eight cross-periodic trends
are also compared with the overall trend for pixels (1973-1996).

Software

A Fortran-77 program was written (Thorkildsen 1998) to convert field positions to the
selected geographical framework. Another program, C-code, was written (Hamre 1997) to
read the BIP-2 raw format. Both programs and the entire procedure for reading raw
formats are included in Appendices 1 and 2 respectively.

Panorama images were made using Photoshop, 4.0, which in addition to XV (Unix) was
also used for other figure-related tasks.

Digitalisation from paper maps was done in Fysak 3.11, (Statens kartverk). SosiArc,
Sosi Shape, Mapinfo, ArcView and PC Arcinfo were all used for transformations between

different data-formats.

Pre-processing of satellite-images was done in ER Mapper, version 5.5 for Unix. Thisis
also the main program for all image-related vegetation-, locality- and change-analyses.
GlS-integration of different data sources and GlS-derivation between these sources are
also done ER Mapper.

Statistical analyses of field variables and of digital vegetation signatures were performed
using Minitab 12 and MicrosoftOExcel 97.
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RESULTS

The main product of the analysesisfigures; i.e. most of them are included not as
illustrations to text about the results but themselves embody the results. Explanations and

interpretations of these figures are given in the text.

Results of the geometric correction

The rectification and resampling of images was stepwise. The first image to be corrected
was the TM image. After each rectification the result was visually tested against digitised
maps and against GPS-positions taken during fieldwork. The final correction also uses the

corner points of the image which are taken from an earlier, satisfactory rectification.

The GCPs and RMS errors for the rectification are given in Table 19. Actua and
polynomial coordinates refer, respectively, to those originally chosen and the regressed
output coordinates. ‘To-x’ and ‘To-y’ are the geographical coordinates given in Easting and

Northing.

Table19 GCPsand RMSerrorsfor the correction of the 1996 image

----- ACTUAL - ---POLYNOMIAL ---
Point Cdl-X  Cdl-Y ToX(E) ToY (N) Cdl-X Cdl-Y  RMS
Baranis 4610.07  4750.096 340925 434775 4610.073 4750.095 0.0031
Marsa Al-Alam 2271.955 1100.987 289025 554000 2272.13  1100.668 0.3642

Abu Ghusun quay 3678.96  3190.009 320750 485400 3678.722 3190.674 0.7063
Abu Ghusun roadcross 3655.996 3214.009 319960 484815 3655.769  3214.083 0.239

Sheik Salim 1076.287 1385.223 252300 551225 1076.526 1385.412 0.3046
Jabal Nusb al-‘Abiad  1347.917 3070.947 252350 499990 1347.901 3070.908 0.0427
upper left corner 500 0 241796 595013  499.861 0.006 0.139%4
upper right corner 6575 0 421556 566242 6575.029 -0.2 0.2021
lower left corner 151 5728 204357 426924  151.025 5727.752 0.2491
lower right corner 6224 5728 384055 398153 6224.15 5727.873 0.1966

One example of avisual test isseen in Fig. 25. Circular symbols are GPS-positions taken

while travelling along the coastal road™®. The darker pixelsindicate the coastal road.

Also the 1973, 1979 and 1984 images were stepwise rectified. Due to lower resolution
visual tests based on roads are difficult to perform. Therefore, a general fit of topographical
features between the reference and the slave images was eval uated to determine the success

of the rectification.

% Shadowing effects are low since this is aflat area; hence accuracy should be high (cf. p. 24).
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Table20 Total and averageRMSerrors n
for all images :
RMS 1996 1984 1979 1973 k
Average 0,245 0,256 0,388 0,330 ) ,
Tota 2,447 3844 6206 4,616 Figure2s A visual test; grey

pixelsindicate the coastal road
(two lanes), circular symbols
are GPS positions taken while
driving north (north is up).

If the RMS errors are large, i.e. if there is a large spatia difference between old and new
grids, resampling might introduce significant errors. As seen in Table 20 average RMS
errorsfor al the rectifications are below 0.5, so resampling errors should be acceptably low

for the images.

Detailed tables of GCPs and RMS errors from the 1973, 1979 and 1984 rectifications are
givenin Appendix 3.

Results of the radiometric calibration

Regression coefficients, a and by, are given in Table 21. The &s for al images are of
relatively similar magnitude. The variation in bys is, however, quite large. Especialy 1979
has much lower values than 1973 and 1984. Thisis an effect of the stretching of individual
bands to an 8-bit range that sometimes is part of the processing done by agencies at the

receiving station. Image characteristics after calibration are described in Table 22.

Table21 Valuesof a, and b, used for the calibrations

A by

1984 1979 1973 1984 1979 1973
Band 55 1,246 0,733 1,209 -6,748 -16,659 -1,921
Band 66 1,303 0,747 1,479 -7,266 -19,968 5,926

Band 83_75 1176 0641 1430 -5.300 -14.805 5.383
Band 83_95 1,361 0,712 3,49 -3268 -10471 10,121

Table 22 Means and standard deviations for images after calibration, subscriptsrefer to the pixel size
of theresampled TM image; for the mean all values wer e, however, similar for the two resolutions

Mean 1996 1984 1979 1973 St.Dev. 1996g 5 1984 1996, 1979 1973

55 56.574 56.610 56.596 56.533 55 15725 14.638 15726 14.434 14.393
65 82,624 82,612 82596 82,641 65 26,497 24,838 26,496 24,487 24,212
75 69,090 69,085 69,085 69,060 75 23477 21,891 23,478 21,516 21,224
95 69,090 69,108 69,136 69,275 95 23477 21995 23478 21,600 21,030
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Table23 The MSE, R?and the RMSerror for the calibrations, subscript refers to the pixel size of the
resampled TM image

Band 1984 MTOg; 5 1979 1973 MTOq
MSE R’ MSE R? MSE R’

55 35.68 85.57 24728 | 42,601  82.77 44613 8196 247.31

65 67,15 90,44 702,08 | 108,19 84,59 12158 82,68 702,05

75 59,24 89,25 551,19 | 92,46 83,23 10528 80,90 551,23

95 71,97 86,94 551,19 | 90,84 83,52 11448 79,23 551,23

The MSE and the coefficient of determination, R?, calculated for an evaluation of the
correction are given in Table 23. The coefficient of determination ranges between 79.23%
and 90.44%. R? is generally highest for the Red band. The lowest coefficient registered for
this band relates to the 1973 image and is 82,68%. This value indicates that the average
difference between this band and the reference band is approximately 17%.

Calibrated and rectified images are seen in Figs. 26-28 where they are displayed as RGB
colour composites. The same transformation is carried out for all images (see histograms),
and they are thus comparable in terms of colours displayed. The first peak in the histogram
is due to pixels of water (the Red Sea). These pixels were not part of the area from which

calibration statistics were extracted.
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RESULTS

The sites and their catchments
The location of a site within a wadi-system and the topography at that site are both
important indicators of the magnitude of available water-resources. These two indicators

are expressed, respectively, as catchment area and slope at the site.

Catchment areas for all sites within the area covered by the TM image are seen in Fig. 30.
W. Al-Miyéh is located outside the TM-coverage. Some sites are situated downstream of
others and in such cases receive water also from possible sub-catchments. Sub- and total
catchment is given in Table 24. Table 25 gives height and slope information for the study
sites. A more detailed picture of their location within the wadi-system is seen in Figs. 31-
37. Solid black polygons delimit the area of the sites, i.e. the area within which trees are
registered. In addition the edge of the wadis and the catchment boundaries (boldly dotted
lines) are indicated. Finer dotted lines are contour intervals. Smaller, black or white
squares indicate the point from were panorama pictures were taken. These are seen in Figs.
38-46. Sites as recorded by the TM sensor (March 1996) are seen in Figs. 47-54. Tree-
maps are overlaid the images and trees registered are indicated by numbers. Each image is
stretched to be comparable to historical scenes from the same site (see Appendix 5), i.e. in

terms of their colours they are not comparable to other sites.

Table24 Catchment information for sites

[F25000E
30000
[~35000E

Sites Catchment Sub—zcatchment Catchment
A no. (km?) (km2)
550N a}gDﬁm; . \ Al-Miyah - 156, min
AsSikar Daburl 1 13
S \ Dabur 11 1 13
AN \. 2 57 70
i,w;&fﬂqmﬂ \ As-Sukari 3 55
500=N { (ﬁ?i-ﬁmm Gaedri 8 395
7’ . Nugrus 4 176 176
x\h‘:"‘ i' 4 Lr\": ~Ji
Gaedri HYEE,PV\SA ,\%\b L?‘Ghllsun Al-Jimal | ; 25132 708
on = \ Al-Jmal Il 5 422 1175, max
b \\ 6 45 753 min
~ 7 313
N 8 395
(!)_‘_,___35_'_59 Datum: EGYPT07 Abu 9 219
Kilometers Projection: TMEGYPTG Ghuwn

Figure 30 Sitesand their catchment areas. The
catchments are numbered from north to south
within individual drainage system
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Table 25 Height and slopefor sites, Distanceisthe length between two height contours and H-diff.
refersto height-difference between contours.

L ocality Distance (km) H-diff (m) dlope(m/km) Height (m adl.)
Al-Miyah 6.9 20 3 380-400
Dabur | 31 40 13 500
Dabur 11 2.8 20 7 480
As-sukari 1.7 20 12 300
Gaedri 22 20 9 450
Al Jmd | 4.4 20 5 280
Al Jimal 11 44 20 5 280
Nugrus 2.3 20 9 280-300
Abu Ghusun 2.6 20 8 220
Wadi Al-Miyah

The catchment analysis for this locality is not complete because map- and satellite- data are
lacking. However, on basis of available data a minimum estimation indicated a catchment
area greater than 156 km?. The slopeiis 3 m/km.

Wadi Dabur sites

Wadi Dabur | is located upstream of Wadi Dabur Il in awadi of lower rank. This site has
the smallest catchment area of the localities studied (57 km? less than its downstream
neighbour). As seen from Fig. 32 the wadi receives some smaller tributaries on the lower
parts of the site. Thus small differences in the effective catchment are present within the
locality. Such differences are not present for Dabur I1. Both localities are at approximately
the same height (Dabur | is 500 m asl. and Dabur 11 about 480 m asl.). The slope at the
stations are 13 and 7 m/km respectively.

i w
w w w i) ~
H 5 < 5
3 3 3 P 2
T - T / ¥
// >
580N 4//"

579:aN-

552:N

57G0ooN-

0 0.800 1.600

Datum: EGYPTO7
Datum: EGYPTO7 Kilometers Projection: TMEGYPTG
Kilometers Projection: TMEGYPTG

0.300 0.600

Figure 32 Wadi Dabur sites, the Marsa- Al-

Figure31 Wadi Al-Miyah site Alam —Idfu highway isindicated too.
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Wadi As-Sukari

Like the Dabur sites that in Wadi As-Sukari has a catchment area of less than 100 km?.
Water drains north-eastwards. In its lower parts there are some smaller tributaries (Fig. 33).
Thus there are smaller differences in water-availability within the locality. The locality is
situated at 300 m adl. and the slope is 12 m/km.

Localities within the Al-Jimal drainage

The huge drainage system of Al-Jiméal includes four sites: W. Gaedri, W. Al-Jmal | and Il,
and W. Nugrus. All the catchment areas numbered 4-8 (Fig. 30) are parts of the total Al-
Jma basin.

The catchment area of Wadi Gaedri is the upper and southern parts of the basin. The main
flow comes from the southeast, turning northeast from the eastern part of the locality. W.
Gaedri itself drains towards the east, and the site liesin a tripartite watershed (Fig. 34). The
western parts of the locality receive far less water than the eastern parts. The area of this
western sub-catchment amounts to approximately 20 km? (see Fig. 30, this refers to the
northwestern part of the catchment no. 8, the small part above the locality) while including
the basin of the southeastern tributary increases the total areato 395 km?. The height of the
locality is 450 m and the slope is 9 m/km.

Both the W. Al-Jimdl localities drain catchments 7 and 8. Catchment 7 drains the plains
along the main water divide, bordering the Nile-draining Wadi Kharit system (see Fig. 19).

Al-Jma | only receives water draining these two sub-catchments; however, the

s

272k
262w0E

=
@

48305N

48200N -

4810weN -

Datum: EGYPTO7

e —
0 0.400 0.800 Kilometers Projection: TMEGYPTG
——___— Datum: EGYPTO7

Kilometers Projection: TMEGYPTG

Figure 34 Wadi Gaedri site, hatched area
Figure33 Wadi As-Sukari site covers Gaedri West.
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neighbouring Al-Jimél Il also drains the area of catchment 5 and 6. Thus there is a huge
difference in terms of catchment area for these two closely neighbouring localities. Water
draining catchment 6 reaches Al-Jimal 11 through both the southern tributaries seen in Fig.
35. Just opposite the western of these two tributaries another one, leading water from
catchment 5, reaches the wadi. During fieldwork it was noted that only one tree grew in the

area between the two localities.

Al Jimdl 1l is situated on the southern side of an elevation, a “wadi-island”. Thus water
draining catchment 5 has two possible routes into the main wadi, on the western side and
thus influencing the water resources of the locality and/or on the eastern side downstream
of the locality. Catchment 5 amounts to 423 km? and is thus the largest of al the
catchments measured. The actual influence of the water draining this catchment on the Al-
Jmal 11 locality is, however, difficult to determine since the underground topography not is
known. Anyway the least difference in catchment area between this locality and Al-Jimdl |
is44 km?. Al-Jimal 11 isthus the locality having the largest catchment.

The height of the Al-Jimal localities is approximately 280 m and the slope 5 m/km.

Wadi Nugrus drains an area of 176 km? and thus has the smallest catchment of the
localities within the Al-Jimé drainage. It is the locality with the largest area and all the
treesin the wadi between its southern and northern boundaries have been registered. Some
smaller tributaries reach the locality, and the actual catchment thus varies dlightly within
the locality. The height of the locality is 300 m in the north and 280m in the south. The
slopeis 9 m/km.

275wk
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Figure35 Wadi Al-Jimél sites Figure36 Wadi Nugrussite
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Wadi Abu Ghusun

The study locality in the Abu Ghusun basin is the southernmost locality studied and the
only one in its drainage system. Three wadis join upstream close to this locality (Fig. 37),
and they drain an area of 220 km?. The height of the locality is 220 m and the slope 8
m/km.

30500

478N

) ;
4776l L,-; /
- P
/ 1 e //
[ <
0 0. o0 g soo Datum: EGYPTO7
e
Kilometers Projection: TMEGYPTG

Figure 37 Wadi Abu Ghusun site
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Figure46 TheW. Abu Ghusun site (looking south)
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Figure 48 W. Dabur |l asrecorded by the TM sensor. Red symbolsindicate remainsfrom atree

and a charcoal pit.
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Wadi As-Sukari Bedbpere iy,

Bluc lnyer=TM 2

0 |_|“-”* l_-“-‘*-“""’ 30 | Grense 30 |
[T — '
Datm; EGYPTOT
Frojection: TMEGYPTG | §
%z Tt

Figure 49W. As-Sukari asrecorded by the TM sensor. Thefour red symbolsindicate the
charcoal pitsrecorded.

Red layer = TM 4

Wadi Gaedri, total Gon L=

=26 2amf

48 2umN

Kiloesesters

I
Datum: EGYFTOT i
Prajection: TMEG VPTG % 7 % o7 % =

Figure 50W. Gaedri asrecorded by the TM sensor. Thered symbol indicates a burnt trunk (see
fig. 42, there seen in the central part of theimage).
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Field observations for sites

Recorded species

Acacia tortilis and Balanites aegyptiaca are the two most abundant perennial, arboreal
species recorded at the sites studied. Other recorded and positioned species are Acacia
ehrenbergiana, Leptadenia pyrotechnica, Lycium shawii, Ochradenus baccatus and
Solenostemma argel. The distribution of these speciesis presented in Table 26, which aso
shows the total number of individuals recorded at each site, the number of observations
lacking species data and the cases in which the species were not identified. The “no data’
category consists mainly of trees for which data were lost due to tape-recording problems
(cf. p. 75).

Table 26 Arboreal perennial speciesrecorded at sitesincluding thetotal number of speciesand the
number of specieslacking data.

Species W.AI- W, W. W.As W. W.AI- W.AI- W. W. Abu

Miyadh Dabur Dabur Sukari Geadri Jimal | Jima Il  Nugrus Ghusun
| I

Acacia 6

ehrenbergiana

Acacia tortilis. 28 18 23 39 44 7 5 107 40

Balanites 1 50 29 4

aegyptiaca

Leptadenia 3 5 6 3

pyrotechnica

Lycium shawii 5

Ochradenus 2

baccatus

Solenostemma 3

argel

No data 5 12 3 6 12 12 3

Unknown 2 1

Total 42 32 23 39 48 70 53 129 48

The most frequent non-arboreal species at the sites is Zilla spinosa. At the time of the
field-work it was dry in most places. Pulicaria undulata and Franceuria crispa were also
frequent. Some other less frequent species recorded are Pteranthus dichotomous, an annual
herb found a Abu Ghusun, Aerva Javanica, Citrullus coloquinthus and Zygophyllum
coccineum recorded at Wadi Dabur, Bergularia tomentosa and Reseda stenostachya
registered at Al-Jimél, Cassia senna and Chrozophora plicata at noted at Gaedri, and
Paronychia sinaica and Blepharis ciliaris observed at Nugrus.

A total list of all speciesrecorded isincluded in Appendix 4.
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Qualitative signs of human interference at sites
Signs of both browsing and lopping were looked for on every tree recorded, and the

general observation was that every individual had at |east some traces of both. Figs. 55 and
56 show specimens of Acacia tortilis and Balanites aegyptiaca that show cutting.

- re

Figure55 Cut Acaciatortilis Figure56 Cut Balanites aegyptiaca

Signs of browsing are easily seen at the frayed ends of branches (Fig. 57). If atreeis
already sparsely branched, cutting is easily seen at distance; otherwise a more thorough
examination is necessary. If the tree has been recently cut, branches are often still left on
the ground. However, in time these will be removed and used as firewood. At Wadi Al-
Jmal | some trees were heavily lopped, and several branches were still found on the

ground (Fig. 58).

Figure57 Browsed Acacia tortilis branch Figurééé Heavylopbir%gin\)V Al-Jimal |
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At W. Al-Jimd Il, at short distance from these trees, the general picture was different.
Even though the effects of cutting were observed, the mgjority of trees had not been cut for
along time; and on some trees it was not possible to detect any signs of cutting at all. Also,
on many Balanites aegyptiaca the branches hung down to near the ground (Fig. 59). This
was, however, the only locality with few traces of cutting. The individuals had some marks

of browsing.

The trees in both Dabur sites had generaly been both browsed and lopped. However,
severa new shoots were seen at the Dabur | site. One tree in Wadi Al-Miyah also had new
shoots and even low branch-heights. In Wadi As-Sukari some trees were observed with
only a few traces of cutting, and on one tree no traces could be found. Some of the trees
growing in the downstream part of the locality also showed some signs of browsing. The

other trees at As-Sukari were generally both cut and browsed.

Wadi Abu Ghusun had arelatively high number of severely cut trees. Main branches were
removed and some had been cut at the root level. The main trunk of one tree had been
removed by burning. In Wadi Nugrus too large branches had been removed. A three meter
long main branch was observed partly torn off at a height of two meter up. A branch of 2.5
m had been |eft on the ground.

Wadi Gaedri also had a large number of heavily lopped trees, and traces of browsing were
registered on all individuals. A Balanites aegyptiaca with few leaves, exposed horizontal
roots and looking as it were dead had a new, 1 m high shoot growing from one of the
exposed roots, see Fig. 60. One other example of shoots from trunks that looked dead was
studied in detail. This tree was recorded outside the sites studied. An unsuccessful attempt

to remove it for charcoa production had severely damaged it; only the broken main trunk

Figure60 New shootsfrom exposed rootson
Figure59 Balanitesin Al-Jimal |l with no recent a Balanites aegyptiaca. Oneiszoomed in
cutting and with branches down to near theground.  (upper left).
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Figure61l A heavily damaged Acacia tortilisthat
will soon become char coal

Figure62 Itisstill vital —insets
Zoom in on new shoots

was left (see Fig. 61). Despite this treatment and its poor appearance it was still vital and
had produced new shoots (see Fig. 62).

Another observation from outside the sites studied also deserves attention. On the foothills
of J. Umm Naqggat (223,000 E, 601,000 N) Moringa peregrina was recorded. Some
branches had been cut off from some individuals.

The Wadi Gaedri story

According to local nomads who were temporarily camping in W. Gaedri (see Figs. 63 and
64) trees having exposed roots were considered dead and thus available for cutting and
charcoal production. Also leafless trees were included in the same category. From green
trees branches are only removed for fodder. This practice, as observed in W. Al-Jmal 1,

leaves ample amounts of dry branches on the ground for domestic energy use.

These nomads referred to themselves as Ababda, not Egyptians. Although they were at
first reluctant to tell about charcoal production, they finally told stories about how
Egyptian policy forced them to overexploit their tree resources in order to survive. Taxes

- R

Fiaure63 Nomadsin W. Gaedri | Figure64 Nomadsin W. Gaedri |1
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Figure65 Charcoal productionin W. Figure66 Thewestern part of W.Gaedri, left

Hiuiliie

on their goods (mainly charcoal and goats) had been increased to stop their nomadic
lifestyle. However, to compensate for lost income they produced more charcoal, because
trees were a resource available at no investment cost and gave a greater return than their
goats. They know charcoal production is not a sustainable use, but “Insh’Allah” (Good
willing) they hope to survive the present. The future, however, isin the hands of Allah, and

if there will be enough treesin the future, that is Allah’ s will.

Charcoal production was observed at several places as we travelled down the W. Hulus on
our way to W. Gaedri. Close to a place were charcoal was being burned not less than
twenty bags of charcoal were stored, waiting for transportation, see Fig. 65. In the centra
part of the W. Gaedri (see Fig. 42) we observed a burnt trunk indicating charcoal
production. Nomad informants told us that in the western part of the locality there used to
be “a lot” of trees. This area is now all but completely deforested due to charcoal
production. In March 1996 only four trees and a shrub were left in this large part of the

wadi, see Fig. 66.

At other sites too signs of charcoa production were recorded, i.e. charcoa pits and/or
charcoal and soot on the ground. Dead trees were also recorded at some localities. Table 27

shows a summary of recorded incidents for all localities.

Figure68 A shepherd feeding his goats by
shaking leaves down from a tree with his crook.

Figure67 An axeleft on atreein W. Nugrus.
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Table 27 Signsfrom charcoal production and dead treesthat were recorded at sites studied

W. Al- W. W. W.As W. W.AI- W.AI- W. W. Abu
Miyah  Dabur Dabur Sukari Gaedri Jimall Jimal Nugrus  Ghusun
I I I
Trunk/dead 1 2 2 1 1 2
remains
Charcoal 1 4 2 4 1
related
observations

Other signs of human interference with vegetation were also seen at the sites studied.
Among these were an axe left in a tree (Fig. 67), the shepherd’'s crook (Fig. 68), and a

camel saddle, each object representing three important ways nomads used the trees. as
energy, fodder and shelter.
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Summary statistics for measured variables

For the most abundant species, statistics were calculated separately for each site. As
already seen, the localities were dominated by Acacia tortilis and/or Balanites aegyptiaca.
Balanites was most frequent at the two W. Al-Jimdl localities, while Acacia dominated the

others.

The following presentation is based on tables and figures. The figures are boxplots: the box
is divided by the median, the length of the box is the inter-quartile (IQ) range, the
‘whiskers extend to the largest/smallest observation within 1.5 1Q range of the top/bottom
of the box. Ouitliers are found beyond this range, and are symbolised by stars. The inner

box is the 95% confidence limit of the median.

The varying number of observations, n, is due to incomplete records, which, as explained
earlier, were due to tape-recording problems. However, there is no reason to believe that
the lack of some data influences the general picture to any appreciable degree.

Branch height
Branch height was measured to indicate the degree of browsing and lopping. Low branches

are assumed to indicate that there has been little human interference.

Wadi Al-Miyéah is the only example of an Acacia-locality where trees with low branches
dominated (Fig. 69). Trees with low branches were rarer at other stations. For Wadi Dabur
I, Gaedri and Nugrus such low heights are considered statistical outliers. Wadi As-Sukari
and Abu Ghusun are in many respects opposites to Wadi Al-Miyah. Those localities also

show a great variation in branch heights. However, in general trees have high branch

Table 28 Branch heightsfor Acacia-

g - dominated localities
= Branch height n Mean St.Dev.
3 7] Wadi Miyah 25 073 1.02
= Wadi Dabur | 16 144 111
2 H Wadi Dabur || 17 204 075
Wadi Sukari 32 209 0.9
i Wadi Gaedri 40 218 0.99
5 . ; Wadi Nugrus 87 219 0.76

Wadi Abu Ghusun 39 224 1.10

| T T T | T T
Wadi Wadi Wadi Wadi Wadi Wadi  Wadi
Al-Miyah Dabur Dabur As-Sukari Gaedri Nugrus Abu

I o Ghusun

Figure69 Comparison of branch heightsfor Acacia
tortilisamong localities
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Table29 Branch heightsfor
Balanites-dominated localities

Branch height n  Mean St.Dev.
e ° Wadi Gimal | 49 1.84 0.92
Wadi Gimal Il 27 052 0.76

I I
Wadi Al-Timal T Wadi Al-Timal IT

Figure70 Comparison of branch heightsfor Balanites
aegyptiaca among localities.

heights. This is also seen a Wadi Dabur Il and Nugrus. Extremely low branches are
present only on a few trees (statistically they appear as outliers). Wadi Dabur | is the only
station where intermediate branch heights are most frequent, and where both higher and

lower branches are also common.

The difference in the branch height at the two W. Al-Jimal stations is very pronounced
(Fig. 70). Station Il has a clear dominance of trees with low or even zero branch level. This
is in accordance with the very sparse signs of cutting. There are only afew trees with such
low branch heights at site I. Here, the dominating branch height is about 2 m which is the
highest observed at W. Al-Jimal 1.

Height
One clear trend seen at all localities is the absence of short, i.e. young trees (Fig. 71). Four
stations have trees shorter than 2 m: Abu Ghusun, Al-Miyéh, Nugrus and As-Sukari. Both

10 _|
Table30 Treeheightsfor Acacia-

dominated localities
Height n Mean St.Dev
3 Wadi Miyah 29 422 176
> Weadi Dabur | 8 540 211

Wadi Dabur 11 19 505 1.19
Wadi Sukari 39 552 179
0 _ » Wadi Gaedri 39 6.87 259
Wadi Wadi Wadi  Wadi  Wadi Wadi  Wadi Wedi Nugrus 99 748 183
Al-Miyah Tiabur I Dabur IT As-Sukari Gaedri Nuqrus Abu Wadi Abu Ghusun 32 5.61
Ghusun

Figure71 Comparison of heightsfor Acaciatortilisamong
localities
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10 _| ‘
Table31 Treeheightsfor

Balanites-dominated localities
Height n Mean St.Dev.
m 3

- Wadi Gimal | 48 5.97 1.80
& Wadi Gimal Il 27 6.35 218

— ek ¥ ¥

I
Wadi Al-Timal 1 Wadi Al-Jimal IT

Figure72 Comparison of heightsfor Balanites aegyptiaca

among localities
at Nugrus and As-Sukari these trees are, however, statistical outliers; there are one and two
individuals there respectively. It must be added that two small Acacias also were recorded
at Dabur I1, but the exact heights are unfortunately lost and are thus not part of the data-set
represented in fig 71.

Tall trees with rather similar heights dominate at Gaedri and Nugrus. At Dabur | trees
within the |Q-range show great variation in height; and the median size seen is similar to
that at Dabur | and As-Sukari. W. Al-Miyéh is the locality with the smallest median tree

size.

Short trees grow in both Al-Jimd localities (Fig. 72). Actualy, the shortest trees are
recorded at Al-Jimal |; however, there all trees below 5 m are statistically categorised as
outliers. The shortest tree recorded at Al-Jimdl 1l is 1.6 m. Tall trees are also taller there
and the heights of the majority of the trees are more variable than at Al-Jimdl I, but the
median height is similar for both Balanites localities.

Table32 Crown diametersfor Acacia

- 4 dominated-localities
ks & Crown Diameter n Mean StDev
Wadi Miyah 30 6.02 387
Wadi Dabur | 18 6.71 251
i @ Wadi Dabur I 19 758 245
sy Wadi Sukari 37 885 3.70
Wadi Gaedri 30 10.78 3.17
Wadi Nugrus 100 11.11 324
Wadi Abu Ghusun 35 9.46 3.90
ks T T T T

T T T
Wadi Wadi Wadi Wadi Wadi Wadi  Wadi
Al-Miyah Dabur Dabur As-Sukari Gaedri Nugrus Abu

I i Ghusun

Figure 73 Comparison of crown diametersfor Acacia
tortilisamong localities
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20 |

Table 33 Crown diametersfor

m Balanites-dominated localities
10 ‘ Crown Diameter n  Mean StDev
IE Wadi Gimal | 50 681 331
L] Wadi Gimal [l 27 676 3.05
0o _| kA
Wadi AL Timal T Wadi Al Timal TT

Figure74 Comparison of crown diametersfor
Balanites aegyptiaca among localities

Crown diameter

For the Acacia locdlities, the largest crown diameter was that of a tree growing in W.
Nugrus (23 m). Such large crowns are, however, uncommon and are treated statistically as
outliers (Fig. 73). Trees growing at Nugrus, Abu Ghusun and Gaedri show a great variation
in crown diameter, and large crowns are more common here. Trees with smaller crown
sizes dominate the Al-Miyah, As-Sukari and the Dabur localities. The inter-quartile
variation in crown size is, however, less for the Dabur localities than for both Al-Miyah
and As-Sukari.

For the trees at the Al-Jimél stations, crown sizes and their variations are quite similar (Fig.
74). Al-Jimal | has one tree with a very large crown and two trees with very small crowns;
however, al these are treated statistically as outliers. The median crown sizes are similar

for the localities.

Trunk diameter
Wadi Nugrus is clearly seen to be the locality with the largest Acacia trees (Fig. 75). The

100 _| =

Table 34 Trunk diametersfor Acacia-

dominated localities
Trunk Diameter n Mean St.Dev.
em = | ¥ % Wadi Miyah 26 2817 11.36
= Wadi Dabur | 17 23.47 11.16

% Wadi Dabur 11 21 2290 6.31

ﬁ Wadi Sukari 39 2790 1155
Wadi Gaedri 43 3456 18.77
0 _ Wadi Nugrus 101 40.10 15.15

Wadi‘ Wadil Wadil Wa(lii Wadli Waldi W;lldi Wadi Abu Ghusun 40 26.25

Al-Miyah Dabur I Dabur IT As- Gaedri  Nugrus Abu
Sukari Ghusun

Figure 75 Comparison of trunk diametersfor Acacia
116 tortilis among localities



RESULTS

3

0 Table35 Trunk diametersfor
Balanites-dominated localities

30 | —

. — Trunk Diameter n Mean St.Dev.

20 | Wadi Al-Jimal | 47 29.96 9.16
Wadi Al-Jimal 11 27 24.04 9.98

10 _| ‘

0 _

Wadi A.l‘-Iimal I Wad‘i Al-Timal IT

Figure76 Comparison of trunk diametersfor
Balanites aegyptica among localities

thickest trunk among all sites is recorded here, but in general too trees here have thicker
trunks than at other places. Wadi Gaedri is another locality that is dominated by large trees;
even the thinnest trunks at this station are large. The distribution of trunk size for the trees
at Wadi Al-Miyah is different from that at all other localities, but in terms of the presence
of several trees with large trunks it is similar to Nugrus and Gaedri. Large trees are arare
observation at the other stations. The shortest trees grow in the Dabur localities; Abu
Ghusun and As-Sukari are in an intermediate class of trunk size.

The recorded Balanites generally have thicker trunks at Al-Jima | (Fig. 76). The inter-
quartile variation in trunk size is, however, greater at Al-Jima 11. The average difference

among the localitiesis approximately six cm.

Comparison of the mean and median distribution of variables

Acacia tortilis
The data for most localities and variables are not normally distributed; thus the following

comparison is based on the median (Fig. 77).

For al those variables, the As-Sukari value is also identical with the grand median.
However, for branch heights only Dabur | and Al-Miyah depart from the grand median and

both have lower values.

Dabur | and Al-Miyéh also have lower values than the grand median for both height and
crown diameter. However, a third station joins them below the grand median: Dabur 1.
Comparison of the Dabur localities shows that the median tree is slightly taller at Dabur I;
however, the median crown diameter is greatest at Dabur 1. And as Al-Miyah has the
lowest median branch height, it also has the lowest median height and crown diameter.
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Median branch height Median height
3.0 8
1
2.5 T T - ——— - - — 7
2.0
6 *
15 |
. 5 .
1.0
0.5 4
1
0.0 3
Wadi Al- Wadi Wadi Wadi As- Wadi Wadi Wadi Abu Wadi Al- Wadi Wadi  WadiAs-  Wadi Wadi ~ Wadi Abu
Miyéh Dabur | Dabur Il Sukari Gaedri Nugrus Ghusun Miyah Dabur|  Dabur Il Sukari Gaedri Nugrus  Ghusun
Median crown diameter Median trunk diameter
12 40
-
11 -
! 36
10
.
9 32
8 28
’ 1
! 24
6 .
-
5 20
Wadi Al- Wadi Wadi  WadiAs-  Wadi Wadi ~ Wadi Abu Wadi Al- Wadi Wadi  WadiAs-  Wadi Wadi  Wadi Abu
Miydh Dabur| Daburll  Sukari Gaedri Nugrus  Ghusun Miyah Dabur | Dabur Il Sukari Gaedri Nugrus ~ Ghusun
Figure 77 Comparison of median distribution for Acacia-dominated localities. The category axis
indicatesthe grand median of the variable.

The pattern of median distribution above the grand median size is also similar for height
and crown diameter. The ranking of the localities is, in increasing order, Abu Ghusun,
Gaedri and Nugrus.

Trunk diameter, does, however show a different median distribution among the localities.
As-Sukari still represents the grand median size, but both Al-Miyah and Abu Ghusun have
changed their relative ranks. The median trunk size of the trees growing in Abu Ghusun is
below the grand median size, while the median trunk size at Al-Miyéah is above the grand
median. It ranks second, just above Gaedri and below Nugrus. The Wadi Dabur localities
have medians below the grand median.

This comparison is based on the median distribution, but emphasising the distribution of
the means gives the same two patterns:. distribution of branch height, height and crown size
are more similar than the distribution of trunk size. The similarity in the three first
variables is even more pronounced when means are compared, since also the mean
distribution of branch heights exhibit the same pattern as height and crown size (see Tables
28, 30, 32 and 34).

Balanites aegyptiaca
Height and crown-size are similar for both the Al-Jimal localities (Figs. 72 and 74). In

terms of the median they are equal; but if means are compared, the trees are slightly shorter
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at Al-Jimal | (cf. Table 31). As a percentage of the highest mean the difference amounts to
6 percent. The difference in trunk size is much larger (Table 35), 20 percent for both the
mean and the median; and it is the trees at Al-Jimal | that have the generally largest trunk
size. Thus Balanites too are more similar in height and crown size than in trunk size.

Arboreal vegetation coverage and density for localities

The area of each polygon, i.e. locality area, and calculated crown area are given in Table
36. Many individuals in Gaedri and Dabur | lack crown size data™. They have been
replaced by the mean crown area. Derived vegetation coverage and density are visualised

in Figs. 78 and 79 respectively.

Vegetation coverage and density clearly indicate the aridity of the study area. Vegetation
coverage is less than 2% for al localities. The greatest crown coverage is found at Wadi
Al-Jmd Il where it amounts to 1.95%. Wadi Dabur | is the most sparsely vegetated

locality, with crown coverage of only 0.58 %.

The general tree density is less than four trees per ha. Al-Jimal still ranks highest, but in
this case it is As-Sukari that has the lowest density. Thus there is a dight change in the
relative ranks from that seen for vegetation coverage. In addition to As-Sukari, Gaedri and
Nugrus also have relatively lower ranks for density than for vegetation coverage.

Table36 Crown- and locality areafor sites

W.AI-  W. W. W.As W. W.AI- W.AI- W. W. Abu
Miyah  Dabur | Dabur Il Sukari Gaedri Jimall Jimal Il Nugrus Ghusun
Crown area (m’) 1265 1030 942 2735 4460 3386 2976.5 6771 3370

Locality area (m?) 122738 177300 108900 337500 331200 268200 153000 840600 184500

N
=}
*
IN

L
o

,_.
o
.

No. of trees/ha

Vegetéa\tion coverage %
o [
-

o
o
o

<§ 2 2 4§ § %3 23 . 3% <€ 3 2 %% § =3 %3 % 3%
=5 8- 8= 3 & =5 =25 %2 22 5 8- 8= 33 & 35 z2£ °32 i
2 =z = ER s
Figure 78 Vegetation coverage for sites Figure 79 Vegetation density for sites

% For Dabur | and Gaedri, respectively, 10 and 14 values were lacking.
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Analysis of spectral vegetation signatures

In arid lands, vegetation reflectance in satellite images is reported (cf. Vegetation
monitoring in dry environments, p.38) to show different characteristics from those
observed in areas of high vegetation cover. The selected study area, as described by
stations, has a vegetation cover of only a few percent. Hence, understanding the actual
influence of vegetation on spectral records is important for making and interpreting change

images.

In the following, the spectral vegetation signatures of the selected test area (cf. p. 82-83)
are presented. Then the pattern of the means for vegetation coverage for each station is
related to different bands and band-combinations. Further, the results of the deductive

process leading to an absolute interpretation of vegetation change are presented.

Coefficients, a and b, employed in the calculation of the PVI are derived by regression
between the Red and IR bands. Coefficients for the different data-sets are given in Table
37.

Table 37 Coefficients employed in calculation of PVI

™ TMz  TM (90 m x 90 m)

a 0.882 0.881 0.881
b -3.715  -3.696 -3.696

Vegetation signatures — a test area

A rather striking feature of the TM-image is an almost total absence of red pixels; i.e. the
pixels with high vegetation coverage (cf. p. 33) when the image is displayed as a false
colour composite (IR channel as red, the Red channel as green, and the Green channel as

Figure80 RGB colour composite of the area with the
reddest pixelsand the highest VI seen on the TM image.
Linesindicate the edge of the wadi. Numbersrefer to
rows, and columnsto theimage-grid.

120



RESULTS

blue). A few pixels do, however, appear as bright red (see Fig. 80) and have the highest
VlIsin the image. This selected test-area is located in Wadi Al-Jimal (283,929 E, 497,962
N) further downstream from the localities investigated. Signatures for this area have been

extracted and are plotted as profiles shown in Fig. 81

From the first and seventh profiles it can be seen that there is a generally high correlation
between the Red and IR band. Another apparent feature is the generally higher Red DN

level.
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+1IR 80 1
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50
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100 +
90 +
+3IR 80 + 4R
-3 RED =4 RED
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60 +

50

1 2 3 4 5 6 7 8 9 10 11

120

110 +
100 +
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120

110 +
100 +
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Figure8l Red and IR signaturesseen asatraverse of each row. Legend number refersto
rows and x-axisto the column number (cf. fig 80). Y axisrefersto DN for pixels.
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The reddest pixel is located in row five, column six. If one assumes that the pixels in
columns 1, 2, 3 and 11 represent the background reflectance, a very marked decrease in
Red is seen towards column six. A background reflectance of about 110 DNs s also seen
in the majority of the profiles and very clearly in profile seven. The lower values of the
first pixelsin this profile are due to their location on the edge of the wadi (cf. Fig. 80). The
same trend is seen in the last pixels of profile one. On comparison with the general

background reflectance, pixel no. six in profile five is actually amost 40 DNs lower.

Studying the IR profile does not, however, present an equally marked trend for pixel no.
six in profile five. The background reflectance for IR isjust above 90 on the DN scale and
as the traverse moves towards the sixth pixel, there seems to be a small decrease. Thisis
the case for most reddish pixels although the magnitude of the decrease varies. For profile

three, pixel three thereisasmall increase in the IR reflectance.

Figs. 82 and 83 show two threshold images for the selected vegetation indices. In Fig. 82
the VI-threshold is equal to or greater than one and thus displays only pixels where Red
has fallen below IR DNs. The equivalent PVI is equal to or greater than 10. In Fig. 83 a
lower threshold is chosen; VI is greater than 0.925, and PVI greater than 6. In this latter
case the majority of the pixels showing a marked deviation from the genera Red-IR
correlation lies above the threshold.

In profile one there is, however, one pixel (no. four) that departs from the genera
correlation trend but is not above the latter threshold. For the Red band the departure is
approximately 5 DNs, and the VI and PV1 for this pixel are 0.913 and 4.928 respectively.

The gspectral effect of vegetation is expressed as a deviation from the correlation between
the Red and IR bands. This correlation is related to the level of background reflection. Of
the individual bands Red is obviously the one with the most pronounced response to

N

Figure82 VI3 1and PVI3 10 Figure83 VI >0.925and PVI >6
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vegetation. For the amounts of vegetation present at this locality the Red reflectance shows
a clear negative deviation from the general background level. The IR reflectance is almost
stable, although small and erratic fluctuations around the background level occur. The two

vegetation indices, VI and PVI, show similarities.

Fig. 84 shows a comparison of the TM- with the TMvo- image for the test area. The
comparison is based on pixels having aVI 3 1 and a PVI 3 10. Pixel values for the six
TM7o-pixels that spatially overlap the highlighted TM-pixels are given in Table 38.

Two TMg-pixels, viz. 4 and 6, have values above the threshold selected for VI and PVI.
However, spatialy these are not the TMo-pixels with the largest overlap with the TM-
pixels shown in Figs. 4 and 5; i.e. those above the same threshold. Nor does the magnitude
of the vegetation indices of these TM7o-pixels have similar levels to those of the TM-
pixels. In al the highlighted TM-pixels Red values were lower than their IR values (see
Fig. 82); hence their VIs were above 1. For the resampled TMg-pixels Red and IR values
are equal, and the VI is 1. Thus, on the assumption that spatial inconsistency between the
original TM resolution and the resampled MSS resolution is due to a southward grid-

displacement, there is aloss of vegetation information in this resampling process.

The other resampled pixels not only have values under the emphasised threshold but also
under that including most reddish TM-pixels of the test area, i.e. VI > 0.925 and PVI > 6
(see Fig. 83). So for these pixels too vegetation information is reduced in the resampling
process.

Table38 Red and IR DNsand Visand PVIs
for numbered pixelsin fig. 84.

Pixel (TMsg) Red IR VI PVI

107 91 0850 0322
94 79 0840 -0.089
103 90 0874 2216
89 89 1.000 10.720
9 87 0906 4592
89 89 1.000 10.720

UL WN P

Figure84 Comparison of resolutions:
Background imageis similar to figure 82.
Largegrid istheresampled (56 x 79 m)
image. Hatched pixelshaveaVIl 3 1and a
PVI 3 10
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Towards an absolute interpretation
The locality level

Single bands
The Red and IR means for the study localities are seen in Fig. 85. Since there is no

background normalisation when single bands are used, only means are graphed.

The means for the localities vary by approximately 50 DNs, Wadi Dabur | has the lowest
Red and IR means, and Abu Ghusun has the highest values. The high correlation between
Red and IR is again seen (Fig. 85). This high correlation is aso reflected in a comparison
of Fig. 86 with Fig. 87, both showing scatter-plots of vegetation coverage and the band
means. Both plots show a generally positive correlation; the only difference is alower off-
set for the IR band.

Thisis astriking result, for a positive correlation between Red and vegetation cover is not
expected. Theoretically, and as indicated in the test area, there is an inverse ratio between
Red reflectance and vegetation coverage. In this case, however, Dabur | has the lowest
vegetation coverage and the lowest mean Red reflection. Al-Jimal |1 has the highest
vegetation coverage and an intermediately high Red mean. Thus, it seems that the presence
of trees does not move the mean away from the general background level, and the

information about vegetation disappearsif sites exhibit large background differences.

Wadi Gaedri west is undoubtedly the area that has the lowest vegetation coverage (see Fig.
42). Wadi Gaedri and Gaedri West exhibit a weak indication of an inverse proportion

between Red means and vegetation coverage (Fig. 85). However, as seen from Fig. 94, the

120
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] @ IR band
W Red band
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T T T T T T T T

Wadi Wadi Wadi Wadi Wadi  Wadi Al- Wadi Al-  Wadi Wadi

Dabur | Dabur Il As- Gaedri Gaedri Jimall Jimalll Nuqrus Abu
Sukari west Ghusun

Figure85 Comparison of Red and IR meansfor all localities. Values
are extracted from the 1996 image, 30 m resolution.
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Figure86 Vegetation coverageplotted against Figure87 Vegetation coverage plotted against
Red meansfor localities. IR meansfor localities.

background in the western part of the wadi belongs to classes that indicate a brighter

background.

For Gaedri and Gaedri West the same negative correlation is also seen for the IR band.
Rather than being an indication of vegetation coverage, both thisinverse ratio (Fig. 85) and
the positive relation between IR and vegetation cover (Fig. 86) seem to be a result of the

generaly high correlation between Red and IR, that is caused mainly by the background.

Band combinations

Variation in background reflectance is a problem when the means for single bands are
compared. After a normalisation of background, i.e. applying a vegetation index,
vegetation coverage should, in theory, be better expressed. The VI and PVI express
vegetation by high values, and thus a locality with vegetation should have a higher mean
than localities without or with less vegetation. The mean and ranges for VI and PVI are

presented for all localities.

The mean and range of VlIsis calculated and graphed for all localitiesin Fig. 88.

1.00

Table39 Standard deviations
I for VI for all localities
0.90 T
{ l % l % St.Dev.
_ - Min. Wadi Dabur | 0.027
> 080 I sMean|  \Wadi Dabur I 0.026
l M) Wadi As-Sukari 0.032
0.70 Wadi Gaedri 0.031
Wadi Gaedri west 0.016
Wadi Al-Jimal | 0.018
0.60 L A Wadi Al-Jimal 11 0.027
Wadi Wadi Wadi As-  Wadi Wadi Wadi Al- Wadi Al-  Wadi Wadi .
Dabur| Daburll Sukari Gaedri Gaedri Jimall Jimalll Nugrus  Abu Wadi Nugrus 0.044
west ehusun Wadi Abu Ghusun ~ 0.016

Figure88 Comparison of VI rangesfor all localities, at 1996,
30m resolution
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Although Wadi Gaedri West is the area having the lowest vegetation coverage (see Fig.
42), the mean VI is higher than for other localities. Deviations from the expected positive
correlation are also seen in the scatter-plot for calculated vegetation coverage and means
for VI (Fig. 89). Dabur I, for example, has higher vegetation coverage, but lower VI than
Dabur I, As-Sukari and Nugrus. The slope of the correlation is also close to zero indicating

only small differencesin VlIsat thislow coverage.

The range of VIs varies among the localities. Theoreticaly, high values indicate greater
vegetation coverage than lower VIs do. Maximum and minimum VIs for sites do not,
however, give a general impression of a site; they only represent the extremes for two
individual pixels. Nevertheless, the range of values presents an interesting point about
Wadi Gaedri West. Its maximum value is lowest compared to those of other localities, but
only dlightly lower than the maximum values of Dabur 11 and Al-Jimél |. The mean for Al-
Jma | is dlightly lower than for Gaedri West and the standard deviations (Table 39) are
similar, but the vegetation coverage is very different for the two localities. The few trees
growing in Gaedri West could perhaps produce a similar maximum,; but a higher mean is
not expected. On this basis, it must be questioned how well background is normalised and
vegetation registered.

The PVI range plot is seen in Fig. 91. The pattern is similar to that seen for the VI.
However, the range for Al-Jimél | is now greater than for Gaedri West. Also Al-Jimal |1
and Dabur | have relatively lower means for the PVI than the VI. Thisis seen more clearly
in Fig. 90, which shows a scatter-plot of the vegetation coverage and mean PVI for all
localities. This index too has a low correlation with vegetation coverage, and once again

the effect of normalisation can be called into question.
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against mean VI
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Figure91 Comparison of PVI rangesfor all localities, at 1996, 30m
resolution (100 was added to avoid negative values).

The pixel level

Testing differences

Band combinations

The locality with the greatest vegetation coverage, Al Jmal 11, is selected here to test the

effect of the presence vs. absence of trees on the two vegetation indices.

The first test is made on the assumption that tree-position is sufficiently accurate.

Difference is tested by the t-test. The second test takes lower accuracy into account by

resampling the image to MSS-size and a 90 m? pixel size. Fig. 92 shows the trend of the t-

test probability for increasing pixel size.

Neither VI nor PVI show significant differences between pixels with and without trees at

the TM-resolution. Resampling decreases the effect of low positioning accuracy; however,

the groups become statistically more similar as resolution decreases (Fig. 92).

The third test works at the TM resolution, but includes positioning errors by introducing
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Figure 92 t-test probability for VI and PVI as
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Figure 93 t-test probability for VI and PVI when
tree presence group is selected by neighbours
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neighbour pixels. The t-test probability reaches significant levels when the presence group
excludes pixels with no or only a smal number of neighbour pixels, see Fig. 93. The
difference between pixels with and without trees is significant for VI and PVI when only
pixels with at least three or four neighbouring pixels, respectively, are included. The
constantly lower probabilities for VI indicate a better response for his index than for the
PVI. Thiswas also the case for the first test performed, at TM resolution, see Fig. 92.

Single bands

In dealing with single bands only, background normalisation is essential before attempting
to detect differences between pixels with and without trees. Wadi Gaedri is used as a test
locality. The western part of the locality is also included in the unsupervised classification,
see Fig. 94.

Three different classes dominate Wadi Gaedri, viz. background-classes 4-6. Background 4
Is associated mainly with a water-erosion zone in the eastern part of the wadi (see figs. 42
and 50). Backgrounds 5 and 6 are found both in the main part of the locality and in the
western part. Trees are associated with both types. Thus, with the classification scheme
employed here, trees are not so different from the background surrounding them that they

belong to asingle class.

Wadi Gaedri, total _ Isoclass;

unsupervised classification
ol IR and RED channels

Julf

L

152

] backgrounds . backgroumd3

backgroundh . backgroundd . background?

© Lanay Trc g b oy

Figure94 Unsupervised classification of Wadi Gaedri and Gaedri West.
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Table41 Characteristicsof treestested

T1I0 T26 T31 T33 T42
Background 5 6 5 5 6
Neighbours 1 2 1 0 0

Table42 Resultsof the Walsh test for the Red and IR bands

t10 26 t31 t33 142
Max Red -3 2 2 35 0
Min IR -1 0 -3 -05 -45

The pixels of five trees, and their eight surrounding pixels, al faling within one
background type, were selected; and a Walsh test was performed. Background class and
number of neighbour pixels for the pixels tested are given in Table 41. The results for
Walsh test are seen in Table 42.

Only t10 isin a pixel that has significantly lower Red DN than its surrounding pixels. For
IR, however, there is no significant difference between the tree-pixels and the surrounding
pixels.

Correlation and regression

The method selected for testing differences between pixels with and without trees indicates
that there are some differences. However, due mainly to position error at the pixel level a
consistent difference for a larger data set could not be established. Reducing resolution and
therefore positioning error increases the influence of other factors, and no consistent
difference is found in those cases. Accordingly, the first requirement is not satisfied; and
therefore the final correlation and regression analysis cannot be carried out (cf.

Discussion).
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Temporal and spatial vegetation change at localities

The signature studies (cf. p. 120) show that Red reflectance is consistent in its vegetation
information, i.e. vegetation reduces its DN. The information content of IR reflectance,
however, seems to vary over vegetation. A mgor problem in using single bands for
vegetation monitoring is the absence of background normalisation. However, this is not a
problem when temporal changes in vegetation coverage are monitored. If it isjustifiable to
assume that the background is stable between the two images describing the period studied,
background is automatically normalised. In the study area the background is assumed to be
stable. Since vegetation indices also include the inconsistent vegetation information of the
IR band, the Red band is preferred as an indicator of temporal vegetation change and is

therefore basis for the present change analysis.

Periodic trends
The following presentation of the results is given locality by locality and is based on two

different data-sources.

First, for al localities graphs comparing ranges and mean values for al years were
prepared. There are three different records for 1996, each based on the different
resolutions: TM, TM79 and TMg; 5. Low DNs indicate more vegetation.

Secondly, change images are presented (Figs. 96-127, data, i.e. images, that they are
derived from are seen in Appendix 5.). While the graphs only give an idea about the trends
in the localities, these change images give a more detailed picture of changes and
variations in each locality. The change images have been classified into fifteen classes to
make visualisation and interpretation easier. For these fifteen classes the colour scheme

chosen exhibit three main types of change:

1. Reduction in vegetation coverage is indicated by a shift from yellow to red, from
classes 9 to 15; class 9 represents the least reduction and class 15 the greatest
reduction.

2. Increase in vegetation coverage ranges from light green to dark green, classes 7 to 1,
where class 7 represents the least increase and class 1 the greatest.

3. Nochangeisgrey: class 8.
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The range of values for each class is given in Table 43. Note that the range of values
increases for the most extreme classes. ‘Display value' refersto the scale of the histograms
seen on the change images (Figs. 96-127). These histograms range from 0-255, and each

classis displayed as one of these 256 colours.

Table43 The subjective classification scheme for the change images

Range of values Display value  Classvalue Change trend

-1003 Diffxy3-300 248 15 Decrease
-503 Diffxy>-100 231 14 -
-303 Diffxy>-50 214 13 -
-203 Diffxy>-30 197 12 -
-103 Diffxy>-20 180 11 -

-53 Diffxy>10 163 10 -

-13 Diffxy>-5 146 9 Decrease
Diffxy=0 129 8 No change
5>Diffxy3 1 112 7 Increase
10>Diffxy3 5 95 6 -
20>Diffxy3 10 78 5 -
30>Diffxy3 20 61 4 -
50>Diffxy3 30 44 3 -
100>Diffxy3 50 27 2 -
3002 Diffxy3 100 10 1 Increase

Wadi Dabur |

The means for the time sequences show that vegetation has both increased and decreased at
thislocality (Fig. 95). Thereis an overall increase in vegetation from 1973 to 1979, before
a decrease brings the locality to its lowest vegetation coverage in 1984. Then, until 1996
thereis another small increase in mean vegetation cover.

During the first period, 1973-1979, the majority of the pixels shows an increase (classes 5
to 7, class 6 being the most frequent one), see Fig. 96. Some pixels of stability occur in the
southern and northern part, while pixels of slight decrease are scattered in the middle part
(three pixels al of class 9) and located along the extreme southern edge (two pixels of each
class 9 and 10).

Between 1979 and 1984 the picture changes (Fig. 97). The dominating trend is a decrease
(classes 9 to 11). Three stable pixels are scattered in the central north, and only two pixels

of increase (class 5 and 7) are seen.

In the final period, 1984-1996, the dominating trend is again increasing vegetation cover
(classes 4-7), see Fig. 98. However, thereis a central part dominated by stability, and in the

south thereisavertical cluster of decrease (classes 9 to 11) around the eastern edge.
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Figure95 Comparison of Red ranges and meansfor all localities; all yearsand resolutions.

The change image for the whole period (1973-1996) is much like that between 1984 and
1996, see Fig. 99. In sum the locality is dominated by increase (classes 4-7), atrend that is
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most frequent in its northern part. Its central part is dominated by a decrease in vegetation

(classes 9, 10 and 12), while its southern part is a mixture of all trends.

Wadi Dabur I

The general trend at Dabur |1 also shows maximum vegetation coverage in 1979 (Fig. 95).
However, unlike Dabur 1, the average for 1984 indicates greater vegetation coverage than
in 1996.

Between 1973 and 1979 the trend is uniform. All pixels show an increase in vegetation

cover (classes5to 7), see Fig. 100.

The trend during the second period (1979-1984) is, however, one of decrease (classes 9-
11), as seenin Fig. 101. Only three pixels show an increase in vegetation (classes 6 and 7)
from 1979 to 1984.

In the last period (1984-1996) the dominant trend is again a decrease in vegetation (classes
9-12), see Fig. 102. The central northern part has, however, a majority of pixelsin classes
6and 7.

Also in the image for the whole period (1973-1996) all three trends are represented (Fig.
103). In its eastern and southwestern part the locality is dominated by a general decrease
(classes 9-12), whilein its central and northwestern part there is a mixture of classes 6 to 9.

However, the two classes of increase dominate.

Wadi As-Sukari

The average trend (Fig. 95) is one of decrease both during the period 1973-1979 and
during the period 1979-1984. Data extracted from 1973 do, however, show a far greater
difference in both mean and range of values than that seen for both 1979 and 1984. The
average trend during the last period depends at what resolution the data from 1996 are
extracted. Based on the data extracted from the TM-resolution, there is a slight decrease in
the average vegetation cover. However, based on resolutions equal to MSS, a general
increase is suggested. In all cases, the average difference is very small; the greater range of
values for 1996 represents a more pronounced difference between 1996 and the other

years.

Both the Red average and the range of values for 1973 are characterised by low DNSs,
indicating high vegetation cover. The change image between 1973 and 1979 clearly
visualises a pronounced rise in Red DNs towards 1979 (Fig. 104). Only one pixel in the
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eastern part of the locality shows an increase in vegetation (class 6). Apart from this,
decreasing vegetation cover dominates (classes 9-13), and the most frequent classes of
decrease are classes at higher DN-levels, classes 11 and 12. The lower classes are found

mainly in the central and eastern parts of the locality.

The next period (1979-1984) shows greater variation; and pixels of increase, stability and
decrease are all present, see Fig. 105. No pattern is clear since areas of both increase and
decrease are randomly scattered throughout the locality. Even so, there is a larger area of
decrease in the central part and also some clusters of increase along the southern boundary.
The decrease is not as severe as seen in the previous period; now only classes 9 to 11 are

represented, class 9 being the most frequent. Increases are within classes5to 7.

Also the last period, between 1984 and 1996, shows great variation (Fig. 106). Areas of
stability are fairly centrally located; and while there is a slight dominance of decrease in
the east, the trend towards increase is more pronounced in the western part. Classes 9 to 11
are the classes indicating decrease, and of these class 11 is more frequent than it was

during the previous period. Decrease in vegetation is represented by classes 4 to 7.

The change image between 1973 and 1996 mainly visualises decreasing vegetation
coverage, see Fig. 107. Only along the northern boundary are there areas of increasing
vegetation (classes 6 and 7). Areas of decrease are represented by classes 9-13, and as in

the first period class 11 is the most frequent class.

Wadi Gaedri

The general trend for Wadi Gaedri and Gaedri West (Fig. 95) is similar to that seen for
Dabur | although the average difference between 1979 and 1984 is more pronounced for
thislocality.

The first period, 1973-1979, is dominated by increase in vegetation cover (Fig. 108). Four
classes of increase (4-7) are present and the highest classes of increase are most frequent in
the eastern part of the locality. Pixels indicating decrease in vegetation cover are scattered
among pixels of increase. Both classes 9 and 10 are present, the first being the more
numerous. In the southern parts of Gaedri west there is a cluster of pixels showing a

decrease in vegetation. Only this western part has pixels of no change.

The next period, 1979-1984, shows a nearly complete dominance of decrease in vegetation

coverage (Fig. 109). Five classes of decrease are present (classes 9-13), the highest ones

134



RESULTS

scattered along the northern and eastern edges of the locality. The few pixels of increase

(classes 4-7) are found mostly along the central part of the southern edge.

As in the previous period, classes of great change are found along the edges of the locality
also on the change image of 1984-1996 (Fig. 110). However, the dominant trend for this
period is increase in vegetation cover. All classes from 3 to 7 represent the increase at the
locality. Decrease in vegetation too is represented by 5 different classes (9-13). Some of
these pixels are scattered within the locality, and some are found as larger clusters along its

southern edge.

The 1973-1996 image again shows a more complex pattern of change than the other
periods do, see Fig. 111. The eastern part shows a mixture of decrease and increase in
vegetation coverage, athough the majority of the pixels show an increase. Classes
represented in this part of the locality are all from 4 to 11. In the western part, however, the
dominating trend is decrease in vegetation cover, and only classes 9 and 10 are present.
Some pixels of increase and stability are also present, and these are located mainly in the

northern part of the western area.

Wadi Al-Jimal |
The general trend is again similar to that of W. Gaedri and Dabur | (Fig. 95); 1979 has the
highest average vegetation cover, 1984 the lowest.

The first period is dominated by increase in vegetation (classes 4-7), see Fig. 112. The
higher classes are found along the edges in the north. Pixels of decrease belong to classes 9
to 12, and the majority of them are located as a large cluster in the southwestern part of the
locality.

The second period, from 1979 to 1984, is dominated by uniform decrease (classes 9-12);
only a couple of pixels indicate increase or no change in vegetation, see Fig. 113. All
pixels of increase belong to class 7, and they are all scattered as single pixels. In the
eastern part of the locality, at the same spot where there was an increase in vegetation
during the previous period, a more pronounced decrease, dominated by the higher classes

11 and 12, is now seen. Class 11 also dominates the southwestern corner of the locality.

In the period between 1984 and 1996 too increase dominates in vegetation cover as it did
during the first period (Fig. 114). However, pixels of decrease (classes 9 and 10) now

cover other and larger areas than between 1973 and 1979. The central parts and the
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northwestern corner are especially dominated by decrease. The southwestern corner, as

opposed to the two previous periods, is now dominated by an increase of classes5to 7.

For the whole period between 1973 and 1996, as for 1979-1984, the dominant trend is
decrease in vegetation, see Fig. 115. Only a row of pixels in the central part in the north
shows increasing vegetation coverage, ranging from class 5 to 7 with one pixel of class 3.
The decrease is represented by classed 9 to 11.

Wadi Al-Jimal Il

Again the average trend is one of an increase to a maximum in 1979, then a decrease to a
minimum coverage in 1984, and finally another increase in vegetation until 1996 (see Fig.
95).

The first period, 1973-1979, is amost completely dominated by increase in vegetation
cover; only four pixels of class 9 indicate decrease (Fig. 116). The increase is, however,
spread over five different classes (3-7); and classes 3 to 5 dominate the northern part of the
locality.

For the next period, 1979-1984, the trend is reversed, see Fig. 117. Only a few pixels
indicate increase in vegetation, two of them being located where there was a decrease in
the previous period. Pixels showing decrease belong to classes 9 to 13, and as in the
previous period the classes indicating greater changes dominate partly the same areas as

then.

In the last period, 1984-1996, the mgjority of the area is dominated by increase in
vegetation (Fig. 118). However, for some smaller parts in the central west and south and
along the eastern edge vegetation cover decreases. The decrease falls into classes 9 to 11,

while the increase ranges between 5 and 7.

In sum, changes for this site between 1973 and 1996 are intermediate to high increase
(classes 4 to 6) in vegetation in the north and low to intermediate increase (classes 6 and 7)
in the east (Fig. 119). Decrease in vegetation (classes 9 to 11) dominates aong the

southern and western edges of the locality.

Wadi Nugrus
The average trend in W. Nugrus (Fig. 95) aso shows maximum vegetation coverage in

1979: However, the minimum vegetation coverage is not in 1984 but in 1996 as it was for
W. Dabur I1. The 1996 images have the highest averages for the locality, but they also
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have the lowest minima. The ranges of values for these three images are much greater than
those of al the MSS images.

The change-image of the period between 1973 and 1979 (Fig. 120) shows a clear increase
in vegetation. All classes 4 to 7 are present. A central core of increase (classes 4 to 6) runs
through most of the site. A decreasing trend, represented by classes 9 to 11, is scattered
throughout the locality. However, except for a few pixelsin the central part, they are most

frequently associated with the edges of the locality.

For the next period, 1979-1984, the trend is opposite, see Fig. 121. Three classes of
decrease (classes 9-11) dominate the locality. Areas of increase are, however, also present;
and as in the preceding period, most of the pixels of the minority trend of change are
located along the edges of the locality. However, in the middle and in the southern parts of

the locality there are also interior areas of increase.

In the last period, 1984-1996, there is a mixture of decrease and increase (Fig. 122).
However, decrease is the dominant trend. A central core of decrease (classes 9 to 13) runs
through the locality. Again the areas of decrease are found mostly along the edges of the
locality; but some larger clusters of increase too are seen in the central parts and in the
southwest. The classes of increase range from 4 to 7, al classes 5 to 7 being of roughly

equal frequency.

The change image of the period between 1973 and 1996 is rather similar to the previous
one (Fig. 123). There are again interior areas of increase that range from classes 9 to 13,
while pixels of increase are scattered mostly around the edges. The southern part of
increase is also seen for this period; and there is a central part of increase, but it has moved

dlightly. The classes of increase range from 5 to 7, and class 7 is most frequent.

Wadi Abu Ghusun
The overall trend of the mean for Abu Ghusun is a steady decrease in vegetation for al the
time-periods between 1973 and 1996 (Fig. 95).

Between 1973 and 1979 the difference in means is approximately 10 DNs. As seen from
Fig. 95 the absolute range of values for 1973 is greater than for 1979, and the difference in
means is due to more low values in 1973. Some areas of high decrease (classes 12 and 13)
are seen in the central north and the southwestern corner (Fig. 124). As the mean indicates,

most pixels show a negative trend in vegetation coverage, and the remaining areas of
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decreasing vegetation are represented by pixels of classes 9-11. The pixels indicating an
increase in vegetation are found mainly in the western and southeastern part of the locality,

and they range between classes5 and 7.

The decrease continues in the next period, between 1979 and 1984, see Fig. 125. However,
the pattern of change has moved somewhat. While the central northern part still shows a
decrease in vegetation (classes 9-11) there is stability and increase (classes 5-7) in the
southern part. Two pixelsindicating increase (class 5) are also seen on the northern edge of

the locality.

In the last period, from 1984 to 1996, al the southern pixels indicating increase for the
preceding period, now present a decrease in vegetation cover (classes 11 and 12), see Fig.
126. Pixels of decrease (class 11) also dominate the eastern part of the locality, while the
two lowest classes of decrease (9 and 10) dominate the central western part. The three
lowest classes of increase (5-7) are also present in this period, scattered in the central part,

along the northern edge and in the southwest.

The 1973-1996 change image (Fig. 127) sums up the trend for this locality. The only pixels
of increase are found along the western border (class 5 or 7). The rest of the locality shows
a decrease in vegetation (ranging from class 9 to 14). There is a central, diagonal cluster of

classes 11 to 14 spreading northeast from the southern extreme.

Changes for all localities and periods are summarised in Fig. 128. The three main groups
of increase, decrease and stability are indicated; and quantification is in accordance with

the number of pixelsin each group.

The main pattern of change for the majority of the localities is an increase during the first
period, 1973-1979, then a decrease between 1979 and 1984, and finally a new increase
during the last period, 1984-1996. The overall trend, between 1973 and 1996, is one of

decreasing vegetation coverage.

However, some localities depart from this pattern. W. Abu Ghusun is dominated by
decrease for all periods. W. As-Sukari too is dominated by a decrease between 1973 and
1979, but for the other periods it is similar to the mgjority of localities. W. Nugrus and
Dabur | both show a decrease between 1984 and 1996. W. Dabur | shows deviant trends

for the period as awhole.
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Figure 104 Changeimage 1973-1979, W. As-Sukari
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Figure 105 Change image 1979-1984, W. As-Sukari
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Figure 106 Change image 1984-1996, W. As-Sukari
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Figure 110 Changeimage W. Gaedri, total, 1984-1996
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Trends across periods

The eight possible combinations of increase and decrease are given in Table 44, ‘display’
value refers to histograms seen on change images (cf. p. 131). Cross-periodic change
images are shown in Figs. 131-138.

The eight different trends are quantified in accordance with the number of pixels for each

trend recorded at each site and are plotted for each sitein Fig. 129.

Pixels of increase for two or more consecutive periods are a minority at al sites (Table 45
and Fig. 129 a). Only Dabur | and Nugrus have pixels that show increase for al three
periods, and these are very few indeed (respectively 1 and 4). The cross-periodic trend 11D
is more abundant than DIl for most sites, the exceptions being Al-Jima | and As-Sukari
(Fig. 129).

The last cross-periodic trend dominated by increase, IDI, is, however, one of non-
consecutive increase. In contrast to other cross-periodic trends dominated by increase this
isaquite abundant one. At Dabur |, Al-Jimél 11 and Gaedri a mgjority of pixelsare, in fact,
dominated by this trend (Fig. 129a). It should be noted, however, that this trend is not as
great as might be inferred from a consideration of the sequence of trends at each site (cf.
Fig. 95).

The remaining four cross-periodic trends have at least two periods of decrease. Four
localities are dominated by these trends: As-Sukari, Nugrus, Al-Jima | and Abu Ghusun
(Fig. 129 b). More sites have pixels indicating three periods of decrease than of three with
increase, and within these sites such pixels are also more numerous. The trend IDD is

represented by more pixels than is DDI for most sites, the only exceptions being As-Sukari

Table44 Theeight possible cross-periodic trends

IPtrend 1973-1979 1979-1984 1984-1996 Display value

I Increase Increase Increase 1
DIl Decrease Increase Increase 50
D Increase Increase Decrease 100
DI Increase Decrease Increase 127
DID Decrease Increase Decrease Null
DDI Decrease Decrease Increase 170
IDD Increase Decrease Decrease 200
DDD Decrease Decrease Decrease 255
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Figure 129 Cross-periodictrendsfor all sites, calculated according to the number of pixelsin
each trend. a) Trends dominated by Increase b) Trends dominated by Decrease

and Gaedri. The last trend dominated by decrease, DID, is not recorded or is relatively rare

for most sites except As-Sukari and Abu Ghusun.

Cross-periodic trends compared to general trend

Although either increase or decrease dominates the trend for a given pixel, this is not
necessarily the general trend (1973-1996) for that pixel. There is a greater percentage of
pixels of increase for at least two periods (I1) recording general decrease than there is of
pixels of decrease for at least two periods (DD) recording general increase (Fig. 130). The

|m(DD)-D @ (DD)-1 A (11)-D W(ll)-1]

100
90
80
70
60
50
40
30 ~
20 A
10 +

percentage

Dabur |
Dabur Il
As-Sukari
Gaedri
Al-Jimal |
Al-Jimal Il
Nuqgrus

Abu Ghusun

Figure 130 Distribution of cross-periodic trends dominated by either decrease or increase
according to general trend for all sites. (DD)-D includes pixelswith at least two periods of decrease
and with decrease for the period asawhole, (DD)-I includes pixelswith at least two periods of
decrease and with increase for the period asawhale, (11)-D includes pixelswith at least two periods
of increase and with decrease for the period as a whole, (11)-1 includes pixelswith at least two periods
of increase and with increase for the period as a whole.
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distribution of pixels within each cross-periodic trend according to their general, i.e. the
trend between 1973 and 1996, is given in Table 45.

The majority of pixels of genera decrease, athough recorded for at least two periods of
increase, are of the IDI trend. The only exceptions are Abu Ghusun where this happens
most often for pixels of the 11D trend and As-Sukari where this happens most often for
pixels of the DIl trend, see Table 45.

Pixels of genera increase, although dominated by periods of decrease, are most commonly
found within the IDD trend. However, at Gaedri and As-Sukari such pixels are more
frequent within the DDI trend.

Finally, it should be noted that Nugrus shows two inexplicable switches between cross-
periodic trends and the overall trend; both pixels of 11l and DDD show general D and |,
respectively.

Table 45 Distribution of pixelswithin each cross-periodic trend according to general trend calculated
asnumber of pixels

Dabur | Dabur Il AsSukari Gaedri  Al-Jimal | Al-Jimal Il Nugrus Abu

Ghusun
DDD-I 0 0 0 0 0 0 2 0
DDD-D 2 0 12 2 0 0 13 10
IDD- 2 2 0 5 9 2 14 3
IDD-D 4 8 0 7 15 7 83 8
DDI-I 0 0 7 7 1 0 3 0
DDI-D 2 0 16 14 15 2 8 5
DID-I 0 0 0 0 0 0 2 0
DID-D 0 0 20 8 0 1 12 10
IDI-I 16 5 0 48 3 14 19 1
IDI-D 8 3 1 27 16 6 16 1
11D-1 2 2 0 1 0 1 1 0
11D-D 1 1 0 4 1 1 11 4
DIlI-I 1 0 2 1 0 0 3 1
DII-D 0 0 19 1 5 1 3 0
I1-1 1 0 0 1 0 0 1 0
I1-D 0 0 0 0 0 0 3 0
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DISCUSSION

The broad objective of this study is to investigate temporal changes in wadi vegetation in
the Eastern Desert of Egypt, based on satellite data. The interpretation of satellite data has
two requirements. relevant reference data and an understanding of the relation between
reference and digital data. The results achieved will therefore be discussed in three
different parts: first field observations and related information, second spectral vegetation

signatures, and third change images.

Field observations and related information
Field observations and related information, e.g. hydrological data such as catchment and
slope, provide knowledge not only about sites studied but also about the desert landscape

in general. In the following, thisis discussed mainly from the point of view of ‘change’.

Utilisation of arboreal resources in the cultural desert landscape

In general, field observations confirm that the area under study is a cultural landscape
where each tree is an important resource, since it is normally utilised both for fodder and
fuel. However, severa observations, such as cut Moringa peregrina, heavy cutting (W. Al-
Jmal | and observations on individual trees), burnt trunks, large-scale charcoal production
(W. Hulus) and reports by nomads in W. Gaedri, indicate an intensified utilisation of

arboreal resources.

The charcoal production observed in the W. Hulus is not just an indication of an intensified
utilisation of tree resources, it aso gives an idea about the character and degree of change.
The production technique corresponds to that of the kamina (Christensen 1998), which she
refers to as the technique used for commercia production. The large number of sacks
observed also emphasises the commercial character of this production. More than 11 sacks
amonth has been characterised as a high production for one producer (op. cit.), and in this

case 20 sacks were observed.

Different studies relate the weight of charcoal produced to the number of trees needed, i.e.
the number of trees cut (Christensen 1998, Olsson 1985). According to the estimates and
observations described in Christensen (1998) and Olsson (1985), the twenty bags observed
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indicate an off-take of between 10 and 21 trees™. Several factors influence the reliability of
such conversions, e.g. size of sacks, varying growth-form and size of individuas,
estimation of ratios, etc.

Even though there remain several questions related to the conversion between charcoal
produced and off-take of trees, the case observed in W. Hulus certainly highlights the
considerable extent of the production there. Compared to estimated tree density (less than 4
trees/ha., cf. Fig.79) this production (potentially) causes change (cf. p. 15-18). This process
of change is in semi-arid areas recognised as deforestation. Obvioudly, it seems forced to
use a term related to ‘forest’ with reference to a desert environment. Nevertheless, the
charcoal production observed in W. Hulus is in both causes and consequences compatible

with the concept of ‘deforestation’.

Gradients, sites and recorded variables
The hypothesis of the cultural character of this desert landscape was tentatively employed
when sites were selected. A water gradient too was selected to represent the most important

natural factor.

The results of this study show that there are differences among sites, both in degree of
human interference and in relation to natural factors. They also show a certain expected
correlation between variables selected and sites studied; but more evident still is, perhaps,

the complexity of the gradients themselves and the interference between them.

The cultural gradient selected is one of traditional vs. non-traditional land-use. This
gradient has, however, at least two dimensions, one tempora and one spatial, e.g. As
Sukari is both historically and at present situated close to an area of non-traditional 1and-
use. However, the present location of sites along this gradient is difficult to assess,
especidly if they are not situated along direct routes of communications. There are at least
two explanations for this, viz. the size of the area and the present scientific focus on the
area. The area studied is large, and consequently it is difficult to obtain detailed knowledge
about all of it. More important is the fact that little scientific interest has been shown in

present social conditionsin the study-area.

% Three sacks weigh 100 kg Christensen (1998). The conversion ratio between charcoal weight and dry
weight is 1.4 (Christensen (1998) and as referred; hammer digernes, 1977) and between dry weight and wet
weight it is 2:3 (Olsson (1985)- based on Acacia tortilis estimates). The conversion rate between wet weight
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It is not possible exhaustively to capture a cultural gradient in the parameters measured in
this study. Nevertheless, in terms of branch height (Figs. 69 and 70) and charcoa related
observations (Table 27) most sites come out as expected. All sites assumed to be closer to
the non-traditional end of the cultural gradient, e.g. Nugrus, As-Sukari, Dabur | and Al-
Jmal 1, show more signs of human interference than sites that, according to their location,
should be further away from the non-traditional end of the cultural gradient, e.g. Dabur I,
Al-Miyéah and Al-Jimal 1. Thisindicates that historical sites where non-traditional land-use
has been common are located along important communication routes that are important

today too.

The only exception to the expected pattern is the Gaedri site. It is not located as close to
any known, important historical site influenced by non-traditional land-use as other sites
are and does not lie on any direct currently used communication route. The sameistrue for
the location in W. Hulus and this highlights the need for a better understanding and

knowledge of spatial patterns of human life in this environment (cf. above).

Employing branch height as a cultural indicator seems to be useful. At Al-Jimél | this
variable is one important factor that distinguishes it from Al-Jima 1l, which, in terms of
charcoal related observations is similar. However, low branch height is not necessarily the
result of reduced browsing and/or cutting pressure. Younger, shorter individuals
automatically have alow branch height. If there is adirect connection between this variable
and height, it will be reflected in a similar distribution pattern for these two variables too.
However, thisis not the case for Dabur I, Al-Miyah, or Al-Jimal 1.

In this study the gradient of water availability is measured by catchment and slope only.
Important indicators like soil texture and depth are not included, nor are internal variations
in slope (both longitudinally and laterally) at the sites; hence it is not an exhaustive

gradient. Nevertheless, this gradient too explains some of the variation among sites.

Balanites aegyptiaca is known to have greater moisture requirements, to avoid freely
drained sites, and to prefer those with deeper soils and gentler slopes Hall (1992). Some
individuals were recorded in W. Gaedri (t45) and Nugrus (t1, t10, t11, t24), and in both
places they grew on the edge of the wadi where water flow is slower. However, the only

localities dominated by Balanites are the W. Al-Jimél localities, both of which have gentle

and number of treesis based on average size of individuals: 200 kg (height 4.2). A large tree observed by
Christensen (1998) weighed approximately 400 kg.
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slopes. These latter two sites have large catchments that indicate good water conditions
too. Thus, the interpretation of the name Wadi Al-Jimél made by El-Sharkawi et al.
(1982b) has to be questioned. According to him ‘valley of camels indicates the

“extrenely arid characteristics reflected on the vegetation which is only

grazeabl e by canel s”. Rather than reflecting extreme conditions the vegetation seems
to reflect favourable water conditions and to be vauable pasture for browsing. The
‘negative’ interpretation of the name is unreasonable. More probably this name indicates
that it is a good valley for camels. Traditional naming of wadis indicates that their names

are often related to their importance for nomads (Hobbs 1989).

Tree density and coverage seem to be well explained by a water gradient, but other factors
seem to be influential too. Land-use activities, in particular charcoa production where
whole individuals are removed, can obviously reduce both density and coverage. The
estimates in this study were based on polygons outlined to include all registered trees and
surrounding pixels (cf. p. 82), and aso possible errors introduced by the method itself must

be considered (see below).

Most striking for estimated density and coverage are their low magnitudes and their low
variation between sites. Low magnitudes are expected for a hyper-arid area, and the low
variation may indicate that the area selected is large enough to reflect a ‘true’ value.
Unfortunately, it is difficult, even impossible to compare - and therefore confirm - these
values with those from other studies because most studies conducted in the Eastern Desert
have focused on plant sociology (El-Sharkawi and Fayed 1975, El-Sharkawi et al. 1982a,
1988, El-Sharkawi and Ramadan 1983, 1984, El-Sharkawi et al. 1982b, 1990, Kassas.
1952, 19533, 1954, Kassas and El-Abyad 1962, Kassas and Girgis 1964, 1965, 1972,
Kassas and Imam 1959, Kassas and Zahran 1962, 1965, Salama and Fayed 1989, 1990,
Springuel et al. 1991, Zahran and Mashaly 1992, Zareh and Fargali 1991). Any derived
coverages or densities are not comparable, either because of methodological differences or
because no distinction has been made between arboreal species and less drought-resistant

ones.

Other studies, mainly related to the use of remotely sensed data, involve a partly
comparable methodology, i.e. they consider arboreal species only; but the areas they study
are in the Sudan (Blomberg 1992, Cole 1989, Larsson 1993, Olsson 1985). Consequently

these calculated densities and coverages are greater due to a more favourable climate, and
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consequently more favourable water conditions. Densities range between 2.1 trees/ha
(Cole 1989) and 520 trees/ha. (130/0.25 trees’ha., Olsson 1985) and coverages between
1.1% (Blomberg 1992) and 74.6% (Olsson 1985).

However, the field units, i.e. the bases for these estimations, vary among these studies from
0.12 to 25 ha. In the study of Cole (1989) there seems to be some bias because sparsest
cover is at the largest site and vice versa. Olsson (1985) also samples data from aerial
photos and then applies alarger sample unit (average of 9 ha.) than that of the maximum of
0.25 ha. used during field-work. Densities and coverages derived from aerial photos reach a
maximum of 109 trees/ha and 27.9% respectively. Although the variation seen in the
current study is negligible in comparison, estimates for Nugrus in particular seem to be
affected by a large polygon, i.e. area (84 ha). Gaedri, As-Sukari and Al-Jimé | are also
sites of a somewhat larger area than the remaining ones; but their densities and coverages

are well explained by other factors.

Gaedri has arelatively larger coverage than density due to a majority of large individuals.
As-Sukari is of comparable size to Gaedri, so its lower estimates cannot be explained as an
area effect. Rather they can be related to poorer water conditions. This impression, that
water conditions are relevant, is strengthened by the Dabur localities. Both sites are
relatively small; and, if there were a size effect, values higher than those for other small
sites would be expected. However, density and coverage are low for both sites, and water
conditions are poor. Also the W. Al-Jimél sites admit of such an explanation because their

high estimates can be related to their good water conditions.

Although even a simplified water gradient seems to explain the slight variations in density
and coverage among dites, influence from cultural factors should not be forgotten. As
shown by Cole (1989), there was a marked difference in estimated density between 1960
and 1989. A site could have a reduction of between 100 and 13%, and this was principally
due to human activities®. Springuel and Abdel (1994) too relates present tree growth to
historical activities, i.e. mining since Pharaonic times. Presently observed densities and
coverages may, therefore, be less than actually could have been supported by the
environment itself. Perhapsit is not just the arid conditions that explains the low estimates,

and perhaps a greater variation existed among these sites earlier. Low estimates at Nugrus

%1 These activities include charcoal and firewood production for market, land settlement, and intensification
of land use.
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could just as well be caused by past and present cultural activity, not by its large area alone.
As-Sukari fals nicely into this explanation too. However, Al-Jima | and Abu Ghusun,
which are similar as regards past pressure and seem to be similar as regards present
pressure to, at least, Nugrus, have in this case higher estimates than expected. Dabur |,
which seems to be the site of least influence, has lower estimates than expected, at |least
compared to Dabur I1. In this case, sites are ambiguous along their gradients, and therefore

it isdifficult to isolate sites and factors.

The individual trunk size of trees seems to be the variable least affected by present cultura
influence. There is a clear connection between, and a rapid effect of, removal of branches
and crown diameter. Moreover, removal of top branches influences the height of an
individual. Cutting and browsing (which may appear similar to twig biting) may produce a
similar effect to pruning, i.e. an increased vigour of the tree that results in an increased
growth (Bergstrom 1992, DuToit et al. 1990). Therefore, influence on trunk size is
possible. However, this is a positive feedback loop limited by growth ratio which anyway
is most limited by growth conditions at the site. In addition, the distribution of trunk sizes
is more different from that of other variables, i.e. branch height, height and crown size (cf.
Fig. 76).

Moreover, trunk size seems to be the most interesting variable that has a bearing on
understanding change. As an indicator of total thickness growth it is not only related to
growth conditions but also to age. Small trees either grow under poor conditions or are
young. Total distribution, especially by its gaps, can be related to both cultural influence
and regeneration. The current study was not designed to go into the population dynamics of

desert trees, but afew points relevant for interpreting change will be made.
1. Very small/young trees are rare or absent at all the sites studied.

2. Some very large trees (appearing as outliers) are seen at many sites, and some sites are

dominated by large trees.

The first point is related to regeneration. Successful regeneration is recognised and/or
observed as rare by many authors (Christensen 1998, Kenneni and van der Maarel 1990,
Obeid and Seif El Din 1971, Seif El Din and Obeid 1971, Springuel and Abdel 1994).
Different factors are mentioned as explanations: rainfal is rarely sufficient, long dry

periods, browsing and grazing. Rare success is suggested to result in stands with trees of
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the same age (Greenway and Vesey-Fitzgerald 1969, Hughes 1988). The lack of small
individuals observed at sites studied — and this is the general impression for the study area

too - seems therefore to confirm that regeneration is rare and poor.

The second point is related to growth ratio and age. Two different views are found in the
literature. Some authors argue that desert trees grow fast and do not become very old
(Gourley 1995, Springuel and Abdel 1994); others argue that growth is slow and that trees
may reach a considerable age (Kenneni and van der Maarel 1990, Wyant and Reid 1992).
The latter view is in accordance with the observations made by nomads (nomadic
statements in Hobbs 1989, Springuel and Abdel 1994).

Both Wyant and Reid (1992) and Gourley (1995) relate growth rings to known age. The
study of Gourley (1995) is, however, based on the growth of treesin botanical gardens, i.e.
the trees have been removed from their natural conditions, and grow under conditions
where irrigation probably increases the water available to them. Wyant and Reid (1992)
base their study on trees that were growing in their natural environment, and they find a
significant linear relationship between ring-count and age. However, this is not a one to
one relationship, but rather one that suggests a relation between the frequency of missing
rings and the frequency of very dry years or droughts (in their study area, South Turkana,
Kenya, three years in each decade are estimated to be very dry). Applying their results and
taking into consideration the erratic and rare rainfall in our study area, the largest
individual at the Nugrus site could be at least 400 years old®.

In the study of Hobbs (1989) his informants convey a respect for old trees. This fact can
explain that large trees are seen in the landscape. That only a few large trees are present is
perhaps due to other trees of the same age group having already been removed along time
ago, before they were considered as “anti qui ti es”. Therefore, the large trees observed

today may be relicts from earlier generations.

For each tree a positive correlation between trunk size and age obviously obtains.

However, in a comparison of several trees it is not necessarily the case that alarge tree is

®|t isindicated that an individual grows 10 cm in diameter in 27.5 years (op. cit.). This gives an annual
increase in trunk diameter of 0.36 and an average width of growth rings of 0.26 cm (10 years gives only 7
growth rings). The growth rings can be even thinner in the much drier study area. The largest tree in Nugrus
has according to these estimates approximately 200 growth rings (=(1/0.26)* 0.5 trunk diamter). According to
rainfall data (18 years only), rain falls every second year; and two consecutive years of rainfall occur less than
every fourth year, which indicates an age between 400 and 800 years. If the trunk was measured at its base as
itisintheir study, an even greater age would have been indicated.
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older than a smaller tree. Poor growth conditions may restrict growth sufficiently to give an
old tree asmaller trunk than that of ayounger or similarly-aged tree that grows under better
conditions. The effect growth conditions can have on trunk size increases over time and
can therefore be greater for the older trees, i.e. two trees of different sizes can be of the
same age. Consequently, it is not obvious which trees that are similarly-aged. The variation
in trunk size within sites does not therefore automatically contradict a theory that suggests
that regeneration is rare. The variation in trunk size can represent a few generations of
trees, if not only one. If trees rarely regenerate, it seems probable too that the life-time of

survivorsislonger.

These complex relations between water, age, culture and distribution of trunk size within
sites make it difficult to interpret trunk size in terms of one variable only. However, trees
are generally smaller at the Dabur sites, and this may indicate that water conditions, at least

at these sites, are more important for size than are other factors.

Spectral vegetation signatures
The part of this study that focuses on spectral vegetation signatures is related to the second
objective of the thesis, viz. To extract vegetation information and hence to discover at what

level vegetation change may be interpreted.

There is evidence that vegetation also gives significantly different spectral signatures in
this hyper-arid area of very low vegetation cover. The vegetation information is best
reflected by the Red band. Thus the trend seen in other arid, but less arid, areas is

observable here too (cf. p. 38).

Field registrations were made at a very detaled level to alow highly detaled
interpretations of digital data. However, it is now clear that the methods chosen cannot
establish a relation between vegetation cover and spectral data, either at the level of
stations or at apixel level.

Vegetation cover vs. Vegetation reflectance
The failure to establish a quantitative relationship between vegetation cover and reflectance

leaves one question, viz. why?
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The main problem was inadequate positioning accuracy so that it became impossible to
link field and digital data, a process required for the completion of correlation and

regression analysis.

Inadequate positioning accuracy was suggested in the first test between presence and
absence groups. This test was based on pixels with TM resolution, and it revealed no
significant differences among groups tested (cf. Fig. 92). The trend found in the test based
on neighbour pixels confirms that low positioning accuracy influences the ability to
distinguish between pixels with and without trees. At least, it confirms that inadequate
positioning accuracy introduces a greater obstacle than does low spectral contribution from

correctly positioned trees.

Differences can, however, be exaggerated in this test because the number of units in the
presence group decreases as a more restricted selection of pixelsis adopted. If such testing

isto be extended, the selection of groups should be improved.

The Walsh test proves that there exist differences between pixels with and without
vegetation, i.e. trees, although thisis confirmed for only one of the pixels tested; thereisno
significant difference present for the other four pixels tested. However, no precautions
were taken to reduce position errorsin this test, and probably this explains why only one of

four trees tested gave a significant difference.

At least three factors influence positioning accuracy, vizz GPS measurements,

transformation of positions, and rectification.

Transformation of positions is a purely mathematical operation, and any errors introduced
are not very great. The RMS error from rectification is small too, i.e. about 7 m,
(rectification is further discussed below). GPS measurements seem, therefore, to be the

Mmain source of error.

Field registrations were based on GPS point mapping because it is the method that permits
the highest resolution and therefore the best integration with raster data (cf. Integrating
dryland vegetation data with spatial raster data, p. 20.). The accuracy to be expected from
GPS positions is well known and was considered in advance of and during field-work. At
that time it was planned to work on a MSS resolution only (cf. p. 52). Lower resolution
tolerates lower accuracy, and consequently conditions seemed to be optimal. A reduced SA

further improved conditions. This is seen in flat and open areas, and even at a TM
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resolution accuracy seems to be good (Fig. 25). The sites are, however, situated in wadis
surrounded by mountains of varying heights. Multipathing, caused by shadowing, delays
the satellite signal and therefore reduces its accuracy. This is perhaps the main cause of the

insufficient positioning within the sites studied.

Other methods could have given greater accuracy, but they are neither time efficient nor
practical to carry out (cf. p.22). Olsson (1985) does not describe her field positioning
method, and it is therefore assumed that she used map and compass readings. One of her
conclusions is that there is a problem locating field units, i.e. quadrates. The control and
backup method for this study (cf. p. 75) too has problems locating trees accurately because
at least one point has to be accurately known - and there isn’t any. In addition, errors will
increase for each measurement because every one relies on, and therefore includes, the

errors of the previous position.

Although the method selected introduces a limit on the level of detail that can be attained,
it still seems to be the best of the currently available and practica methods. Future,
improved technologies, e.g. DGPS, may reduce these problems, but the problem of
multipathing is inherent in the GPS method.

Factors influencing vegetation signatures

Both Larsson (1993) and Olsson (1985) derived a quantitative relation between vegetation
cover and reflectance based on field methods basically similar to those used in this study
(or even methods that seem to be less accurate, cf. above: Olsson 1985). Thereis, however,
one main difference between their study areas and ours, viz. the sparser vegetation cover in

our study area.

Nevertheless, this study confirms that even with this sparse vegetation cover differencesin
spectral signatures over vegetation and non-vegetation can be registered (cf. above). The
Walsh test indicates a difference between pixels tested and surrounding ones of about 5
DNs. Differences are seen in individual pixels on the test site too; there the greatest
differences reach as much as 40 DNs (compared to the general background level). This
value is notable from a change perspective; perhaps it is an indication of what coverages

were once present (cf. p. 62-63).

On the other hand, athough significant differences exist, this is an area where digita

vegetation monitoring by MSS and TM data are close to their practical limits. As seen in
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results both from study sites and the test area, this fact is linked not only to a sparse cover
but perhaps more importantly to the subsequent and increasing influence of other factors.
Factors recognised in the course of the current study are resampling, resolution, and

variation in background reflectance. These are interlinked to varying degrees.

The effect of resampling is seen especialy in the test area. A moving grid (cf. p. 123)
influences both the ability to link field and digital data and the ability to detect change (cf.
below).

One part of the resampling process is the calculation of new pixel values. Apparently,
resampling to a lower resolution for heterogene and scattered vegetation gives, until a
certain resolution (cf. below), a reduction in cover within a pixel. Lower values are,
therefore, to be expected after resampling. However, the fact that a recalculated value is
based on several surrounding pixels makes the output more similar to the original,
surrounding background. Therefore, an amplified reduction in content of vegetation
information may follow resampling too. To visualise this, consider an area with a scarce
and scattered vegetation cover of trees. If one considers one specific tree and a very high
resolution; i.e. units smaller than the size of the tree-crown, then vegetation cover within
one pixel will be hundred percent. It will remain hundred percent until the resolution
becomes lower than the size of the crown. From then on coverage will decrease, and
consequently influence from the background will increase. The vegetation coverage will
again increase dlightly when the resolution includes more than one tree only. The
vegetation cover will therefore oscillate towards a specific value at which point the

resolution has reached a level that captures the variability of the vegetation pattern.

In the current study, vegetated pixels could be differentiated from surrounding pixels only
when gpatial resolution was high (TM) and when different steps were taken to
normalise/reduce background variation too, i.e. steps such as calculating classification and
vegetation indices and using data from one (dense) site only. The ability to distinguish
between pixels with and without vegetation increases with higher resolution because
differences introduced by vegetation become more distinct compared to general

background reflection and therefore become easier to detect.

Reducing spatial resolution is equivalent to working at even lower coverages (cf. above).
At the locality level, cover is even below 1% and not greater than 2%; and at this level no

consistent relation was found between spectral indicators selected and actual vegetation
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cover. Spatia comparison based on single bands requires a stable background, and
evidently there was no stable background at sites selected. However, no consistent relation
is found after normalising background either. In fact, there seems to be no relation at all
(Figs. 89 and 90). Thisis seen in Olsson’s (1985) study too, where vegetation indices are
about constant below a vegetation cover of 16%. For the single bands, however, she finds a
large scatter for such low coverages. She relates this scatter primarily to a localising
problem, yet still she claims that selected field units are representative of larger areas. The
scatter is till present when field units are selected and positioned from aerial photos, a
method which she regards as more accurate. Therefore, it seems likely that background

variations too introduce scatter.

In the current study, thereis no localising problem at the locality level. Rather, variationsin
background reflectance seem to be greater than any deviations introduced by vegetation
cover. Apparently, reflectance from vegetation cover is too low to influence the mean for
the site significantly. Thisis aso the case even if the background is normalised by either VI
or PVI. Elvidge and Lyon (1985) recognise the latter to be very efficient in semiarid and
arid environments, but at as sparse coverages as dealt with in this study this does not seem
to be true. The main problem is probably to be sought in the fact that there is not one
constant soil line (Jasinski and Eagleson 1989, Pickup et al. (1993), which the PVI relies

upon, nor isthe IR reflection as theoretically expected.

Change analysis

The change analysis is based on a subtraction between red bands of the years compared.
Also Chavez and MacKinnon (1994) recognised that calibrated single bands, in particular
the Red one, is the most efficient input to a change analysis where the focus is on
vegetation in arid and semi-arid environments. In this study a subsequent classification of
pixels according to the magnitude of their change was performed to facilitate the
interpretation. Another set of images was made where the per pixel, cross-periodic trends
were visualised. Plots of the total distribution of pixels showing periodic trends and cross-

periodic trends for sites were also made.

Change images have to be interpreted from three points of view: one natural, one cultural

and one methodological. Considering these three factors is of the utmost importance if one
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is to distinguish between change and variation. While all three may introduce variation,

only the first two can disclose changes.

In the following the results from the change analysis are first discussed in a natural and
cultural framework. Methodologial aspects of the change analysis are discussed in afinal
section. All factorsthat are recognised to influence the change analysis are, together with

their effects and control factors, summed up in Table 46.

Table46 Factorsthat influence the change analysis, together with their effects and control factors.

Category Variables Change Trend Indicator
Natural  Rainfall Regeneration/ growth of arboreal + Catchment and slope, field data
perennial vegetation
Flood - destruction of arboreal - Catchment and slope, field data
perennial vegetation
Lack of rainfall Arboreal death - only for very - Catchment and slope, field data,
severe and long droughts rainfall data
Cultural  Traditional land-use Browsing of seedlings/young
individuals
Non-traditional land- Removal of per. arboreal veg, - Field-observations and land-use
use e.g. charcoal production gradient
Severe browsing and lopping - Field-observations and land-use
gradient
Category Variables Variation Trend Control factor
Natural  Rainfall Ephemeral growth + Acquisition date
Arboreal greenness performance + Acquisition date
Lack of rainfall Ephemeral withering - Acquisition date
Arboreal greenness performance - Acquisition date
Cultural  Traditiona land-use Browsing - Comment: severity increase with
length of dry period
Lopping - Field-observations
Technical Illumination and Spectral properties of features +/-  Acquisition date and system
angles (cf. Fig. 9.) characteristics
Spatial resolution  Detection of features; background +/-
and vegetation

Grid placement Small spatial differences between +/-  Detectable along edges
pixels compared

Resampling Smoothing of differences +/-

Rectification Moving features +/- RMS

Radiometric Interpretation of DNs +/-  Max differenceis4
resolution

Radiometric Change thresholds +H- R

calibration

Striping +/- Only 73-image

Change and variation in a natural and cultural framework

The ability to distinguish change from variation and therefore to interpret change is
basicaly restricted by the pixel. “What's in a pixel” is a question raised by Cracknell
(1998) and this is, indeed, a very pertinent question for this study, even when technically

induced errors are excluded. The limits set by resolution are absolute; and even if there are
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severa different trends within one pixel only the most dominant trend will be reflected. In
practice, this means that within a pixel of increase, decrease too may occur, and vice versa.
Accurate field registrations could have excluded some possible combinations of increase
and decrease; however, at the pixel level their lower than expected accuracies make these
registrations of limited help. Nevertheless, both selection of periods and pattern of across-
periodic and general trends give important indications for drawing a distinction between

variation and change.

An attempt to define change was made in the theory chapter (cf. p. 15). This definition
guestions whether decrease or increase in only one period can be defined as a change.
Cross-periodic trends too are of importance when change images are interpreted. Even for
the whole period, covering 23 years, inter-periodic trends have to be considered in order to
conclude whether a general increase or decrease is only part of a pattern of variation or
belongs to a pattern where one trend is, or has been, prevalent. However, to conclude that a
change has occurred the particular trend has also to be seen in relation to the periods
selected.

The periods selected correlate with the main meteorological periods in Northern Africa
since 1973 (cf. p. 77). The two periods, 1973-1979 and 1984-1996, are in terms of water
availability more favourable than the dry period between 1979 and 1984. The entire period,
1973-1996, is bracketed by a year after a severe drought (1973) and a year (1996)
following a period of several rather good years. Increase and decrease may have different

interpretations within these periods.

Decrease in arboreal vegetation in the wadi ecosystem is caused mainly by land-use
activities, i.e. primarily lopping, browsing and charcoal production. None of these activities
is restricted to “bad” or “good” periods; but their effects may become more severe during

dry periods (cf. p. 62).

Two other factors may give decrease, viz. droughts and floods. However, compared to the
cultural factors that give decrease, droughts and floods are less frequent. Arboreal trees are
drought-enduring species, and established individuals are unable to withstand a drought in
exceptional cases only. Floods may uproot and kill trees; however, uprooted, dead trees
were rarely observed during field-work. Nevertheless, there were observed uprooted trees
that were still aive.
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Increase in arboreal vegetation reflectance is mainly related to three factors, all natural:
regeneration, growth, and denser foliage. Excluding cultural influence, both (successful)
regeneration and growth represent a long term increase. Because arboreal species are
drought-enduring species, growth is not restricted to “good” periods. However, as referred
to earlier (cf. p. 196), growth increases in good periods; while regeneration seems to be
restricted to consecutive years of rainfal. Variation in foliage is, however, positively
correlated with meteorological conditions; i.e. an increase due to denser foliage is expected

to be followed by a decrease in the next dry period.

Factors that may produce change (cf. p. 15-18) appear first of all as decrease on a change
image. Therefore, it is pixels of (several periods of) decrease, not outweighed by increase,

that indicate where changes probably have occurred.

At first glance, if one considers trends for separate periods only, it seems as if variation, not
change, dominates most of the sites. The maority of pixels correlate with the
meteorological conditions recorded for the periods in question; hence the observed trends
may be explained as variation in leaf density. Christensen (1998) holds that increased |eaf
density in favourable periods is the main explanation for increase in vegetation cover. In
areas where ground water is close to the surface, Krzywinski (1993b) associates increase
with photosynthetic activity in the perennial grass Panicum turgidum. This species was not
present on any of the sites selected, either in its photosynthetically active or in its dry state.
Nevertheless, it is a less drought-resistant species than trees, and normally it is such
species, in addition to ephemeral species, that explain most of the variation in desert
ecosystems. During field-work all such species were rarely observed in a
photosynthetically active state (Figs. 38-46). However, it has to be mentioned that there
was rain in January 1979, i.e. a short time before the 1979-acquisition date. Also 1977 was
a “good” year; and if these rains also affected the sites studied, this may explain some of
the increase and subsequent decrease in vegetation cover. Whether these rains extended
further north is unsure, and clearly this erratic rain combined with the paucity of
meteorological stations in the study area is a disadvantage for the interpretation of a
satellite based study.

On the other hand, it is not the majority trend for separate periods that gives the best
indication of where a change has occurred. Even for sites and pixels where correlation with

periods is dominant, several other characteristics indicate that decrease becomes more
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common. During periods when reduced leaf density cannot explain decrease, this trend is
also observed, and it becomes more stronger in the last period, i.e. between 1984 and 1996.
This more dominant character of the trend toward decrease during the last period can be
interpreted as reflecting an ecosystem where cultural pressure has increased. This
interpretation is supported by the dominant role of the trend toward decrease during the

period as awhole as well.

If one studies cross-periodic trends, the impression that the ecosystem is changing becomes

stronger.

The cross-periodic trend of IDI is less marked than suggested by the trends in separate
periods, i.e. many of the pixels correlate meteorologically only with either one or two of
the periods. Many IDI pixels show a general decrease. Such atrend of IDI-D isrelated to a
decrease which is not outweighed by the subsequent increase, e.g. one of several trees
within a pixel is removed, or trees have not recovered after lopping and/or browsing, and
the subsequent growth and/or denser foliage cannot outweigh the decrease in cover. Hence,
this pattern of IDI-D can indicate a greater cultural pressure and may indicate change; but

only the future trend can confirm a change.

Pixels that depart from a meteorologically induced trend are more often dominated by a
general decrease than by a general increase. Moreover, the majority of these pixels show
decrease for more than one period (Table 45). Only a very small percentage of such (DD)
pixels shows a genera increase. Hence, the mgority of pixels that depart from a

meteorologically induced trend probably do indicate change.

Change images seem, therefore, to confirm the impression of a generaly changing
ecosystem. Moreover, they do reflect some of the expected and observed differences and

trends among sites studied:

Gaedri is perhaps the most informative site when it comes to telling anything about the
reliability of change images because this is the only site where historical reference data are
also avallable. Some of the pixels in the western part of the locality show decrease for
severa periods and show a general decrease as well, i.e. they indicate change. If one

considers the general change image only, amgjority of the western pixels show decrease.

Observations made at Gaedri indicated that this was a locality where cultural activities

were very influential. According to that observation, the IDI-I trend is perhaps more
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marked than expected. However, for other localities the distribution of trends gives
meaning when compared with field observations. Al-Jimd Il and Dabur | were both
localities where a weaker cultural pressure was indicated. This is reflected by a very
abundant 1DI trend.

Both As-Sukari and Abu Ghusun were dominated by decrease in the first period.
Considering their geographical location this is an explicable pattern. Both sites were
subject to great pressure in the succeeding periods as well; however, at As-Sukari increase
becomes more abundant. This increase can be related either to differences in water
availability at the site or to differences in land-use practice; e.g. differences in the degree
and amount of lopping and browsing compared to the level of charcoa production.
Because both catchment and slope are poorer at As-Sukari, the latter only may give an

increase as observed.

Dabur I, Al-Jmal | and Nugrus al have geographical locations that suggest a greater
cultural influence, and this was confirmed by field observations. Pixels indicating a greater

probability of change are also very abundant for these Sites.

Methodological aspects

Main trends and patterns for sites can be explained as change and/or variation caused by
natural and cultural factors. However, methodological factors have to be considered too.
Idedlly, these factors are neutral and therefore negligible in the interpretation of change
images. Change images do, however, yield some contradictory results which indicate that
other factors aso influence the results, e.g. trends like DDD-1 and 111-D, and reflected

increase towards 1996 even in places where no vegetation was observed during field work.

There exist several different methods of digital change analysis (Singh 1989, Mas 1999).
Most of these methods require that the data be spatialy and radiometricly comparable, and
for the method selected in this study it is a mgor requirement. To reduce further the
influence of errors, resulting change images are normally thresholded, i.e. all pixelsthat are
distributed around zero and are between certain values, are not considered to represent
change. However, asindicated by the Walsh test, one tree introduces only small differences
in pixel value compared to the value of pixels with no vegetation. Therefore, in order to
avoid actual changes being removed as variations caused by technical factors, no

thresholding was done in this study.
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Spatial comparability
A major source of spatial errors is the rectification process. The RMS error describes the
difference between actual and output coordinates and therefore indicates the magnitude of

the spatial error introduced by this procedure.

For the TM image the RMS error is well below the resolution; recalculated as meters the
error amounts to approximately 7.5 meters. Normally, a RMS error below 0.5-1.0 pixéel is
taken as an indication of a satisfactory geometric correction (Chavez and Mac Kinnon
1994, Cracknell 1998, Guirguis et al. 1996, Helldén 1988, Jensen et al. 1995, Townshend
et al. 1992). This small difference between an old and a new grid also assures that no

significant errors are introduced by the resampling procedure.

GPS measurements were used to assess the rectification. This can be questioned because
the magnitude of the errors involved is not known; however, only the best available
positions, i.e. positions from flat areas, were used in these tests and a good general fit

would not have been found if these GPS measurements had been highly inaccurate.

For the relative rectification of MSS images it was difficult to find good positions and to
locate them accurately. This was due to the lower resolution of MSS images and to
differences among their grids. Notwithstanding, average RMS errors are below 0.5 for all

three images.

A RMS error below the recommended threshold is not, however, a guarantee that there will
be no errors introduced by spatial differences between the data-sets compared. In this
study, spatial differences seem to be caused in particular by the resampling from TM to
MSS resolution as well as by differences among original image grids or by a combination
of these two factors. In a change image this can be seen especially along its edges, i.e. the
transitions between wadi beds and surrounding mountains. This zone is one of very great
heterogeneity in ground features, and consequently small differences between grids can
introduce great differences in pixel values. On change images, pixels that represent such
artificial changes may be distinct from other pixels either because they exhibit an opposite
trend or are of relatively great magnitudes. Thisis, for instance, seen at both Dabur sites, at
Al-Jimd 11, and at Nugrus.

On the TM image from Dabur | dark pixels are present in the northern part of the site, see

Fig. 45. On both the resampled TM-images (Appendix 5), these are seen as three dark

180



DiscuUssION

pixels in a row; while on derived change images, they are traced as three pixels of great
increase in “vegetation” (class 4 and 5). In this case, resampling to MSS resolution has
changed the appearance of the darker mountains. a larger areais dark, and it extends more
to the south because a new pixel size and therefore a new grid is introduced. Similar dark
features are not present on any of the historical scenes. This is attributable to grid
placement combined with the spatia resolution of these images: if only a small part of a

feature isinside the IFOV, the spectral influenceislessthan if alarger part isinside.

Along the southern edge of the Dabur Il site there is a great decrease (class 11-13) for the
three periods 1979-1984, 1984-1996 and 1973-1996. This is caused by the varying
influence of mountains on the pixels in historical scenes. On the 1996 images, however,
this influence seems to be nearly absent, i.e. pixels are brighter and on a change image

consequently represent a decrease.

In the northern part of the Al-Jimél |1-site, a horizontal row of pixels shows great changes
between 1973 and 1979 (class 12-13) and between 1979 and 1984 (3-4). Thisis linked to
the 1979 image where the dark pixels extend further south than in any other years. The grid
of the image has overlapped the mountainous terrain differently, and consequently another

row of pixelsishighly influenced by the darker mountains.

The contradictory trends (DDD-I and 111-D) observed for a few pixels on the Nugrus site
are introduced by the resampling from TM to MSS resolution, i.e. there are differences in
grids between the TM79 and TMg; 5 data-sets. The comparison between 1984 and 1996 is
based upon the TMg; 5 image, while that between 1973 and 1996 is based upon the TM g
image. Due to differences in grids it is not the same pixel that represents 1996 in both the
resampled TM images from which change images are derived, hence these contradictory

trends become possible. These few pixels are all related to edges.

Radiometric comparability

Radiometric correction too is a prerequisite for a successfull change analysis. The change
analysis is based on the Red band which is the band with the best calibration in all the
images. Nevertheless, between 10 and 18% of the variation in the MSS images cannot be
explained by the reference image. As already discussed, much of this variation can be
related to changes and variations caused by natural and cultural factors. On the other hand,

variations that are not explicable by natural or cultural factors are still present. For
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instance, severa of the sites had areas of continous pixels without any arboreal vegetation,
e.g. Dabur 1I, Gaedri west and As-Sukari. Even so these pixels do show an increase
towards 1996; and in these areas ephemeral and shrub vegetation was absent or dry as well
(Figs. 38-46). The expected trend is, therefore, no change or decrease, not the observed
increase (classes 6 and 7). Together with the two lowest classes of decrease, i.e. 9 and 10,
these classes are the most frequent land-cover classes. Most of the desert landscape is,
however, not subject to change; and these classes therefore probably include the most
pixels of no change as well. It would appear that this inherent variation is not removed by
the calibration process. As aready mentioned, some of the expected changes have low
values, and consequently they overlap with the classes that for the most part represent no
change. This is a mgor challenge, and perhaps an obstacle, to digital change analysis in

hyper-arid areas.

It is a disadvantage of the selected calibration method that the calculation of slope uses the
covariance of the input images, i.e. any errors in the rectification process will also affect
the accuracy of this calibration. There are other relative methods which do not rely upon
covariance or other variables that depend on the accuracy of the rectification (Yuan, D. and
Elvidge 1996). However, these methods have their own weaknesses. For instance, a haze
correction corrects for simple atmospheric errors only (Pickup et al. 1993). According to
Y uan and Elvidge (1996), methods employing low percentages of the image data, extracted
from atypical cover types, i.e. dark set - bright set normalisation and pseudo-invariant
normalisation, do not perform well because, for the most part, they work well only for the
small image area defined in the normalisation procedure. Rather, variables employed in the
normalisation should be derived from a larger subset of the image; however, areas of

apparent change have to be excluded (op. cit.). The method selected follows this advice.

Other factors influencing comparability of data
MSS data have not been taken down since 1994, and consequently long-term change

analysis has to compare different data-types.

One of the differences between MSS and TM data is their spatia resolution. Although the
TM image is resampled to M SS resol ution, some of the changes observed seem to arise out

of differencesin the original resolution.
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At al localities there are bright areas caused by high reflection from sandy areas. These
bright areas are fingerprints from torrents. (If water-flow is slower, there is rather a
deposition process that leaves dark silt.) These sandy areas are seen on al the panorama
images, to some extent on the TM-image, and to a lesser extent on the resampled TM-
images. Their presence seems to be a question of resolution rather than of ground truth.
Decrease or increase in pixels within these areas is, therefore, not necessarily related to

vegetation.

At the Nugrus site, bright areas appear on both the panorama images and on the TM-image.
They do not, however, appear on any of the historical scenes (MSS scenes with lower
resolution); and derived change images show sharp decreases in “vegetation” (class 13) for
these areas. On the panorama image it can also be seen that trees grow along the edges of
these patches; however, no arboreal vegetation was growing at that time within these
bright, sandy spots. If thisis the normal, main channel, it is likely that no trees have had an
opportunity to establish themselves in this unstable area. On the other hand, one cannot
exclude the possibility that arboreal vegetation has been growing there. Although arboreal
death seems only rarely to be caused by torrents, it is not unlikely that torrents do damage
trees; and such damage might be an incentive to remove that tree for charcoal production.
The recorded decrease can, therefore, be a combination of resampling from higher

resolution and an actual decrease in vegetation coverage.

Radiometric resolution constitutes another difference between TM and MSS data. The
actual difference is fourfold, i.e. one DN in araw MSS image is divided into 4 DNs in a
TM-image. In theory, some pixels may therefore show artificial differences of up to four
DNs. A calibration stretches the digital data of MSS images, and these artificial differences
are reduced, but they still represent an artificial variation. This variation is dealt with in the
chosen classification scheme. All the classes applied in the change analysis cover a range
larger than or equal to four steps. Hence, except for border-line cases, variations introduced

by differencesin radiometric resolution are negligible.

Differences in illumination and angles (cf. Fig. 9) introduce variations in all images,
independently of datatype. Asfar as possible these variables are controlled by the selection
of the acquisition date. According to Olsson (1985), the varying size of the shadow cast by
vegetation is a problem even for images from the same season. The images employed in

this study range in acquisition date between the end of February and mid-April (see Table
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15). In terms of shadowing effect, they can be ranged in decreasing order as follows: 1973,
1996, 1984, 1979. If thisis a problem, it is expected that the 1973 image should be darker
over vegetation than any of the other years. Lack of historical reference data makes it
impossible to estimate the ground truth. But when one considers the localities, other
variables evidently cause greater variations and/or changes because the trends observed

cannot be attributed to a shadowing effect alone.

A final factor that introduces variation, i.e. striping, is relevant to the 1973 image only. It
affects every sixth line and is due to calibration errors in some of the detectors (Colwell
1983). In this study no de-striping was done because the methods available do not correct
for the actual difference, they only derive new values from the pixels of those scanlines that
are not affected by striping (Lillesand and Kiefer 1994). This is not, however, a great
problem for any of the selected localities, for no differences are systematically related to

every sixth line.
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CONCLUSION

Have there really been tempora changes in the arboreal vegetation cover of the areas

studied and to what factors are possible changes to be attributed?

Both field observations and satellite images indicate that the desert cultural landscape is
changing. The changes are mainly the consequence of a process that in less arid aress is
called ‘deforestation’, i.e. aprocess caused by land-use activities. Very few, if any, signs of

recovery, i.e. successful regeneration, were observed during fieldwork.

Change images suggest that decrease in vegetation cover has become a more common and
dominant trend during the period studied. An interpretation based on cross-periodic trends
also confirms that a mgjority of pixelsthat do not correlate with a meteorologically induced

trend are pixels that probably register change, i.e. the removal of arboreal species.

At what level is it possible to extract vegetation information from optical satellite

images and hence to interpret change?

The method selected for change analysis gives results that are explicable and compatible
with field observations. Even so it has not been possible to achieve as detailed an
interpretation as had been intended. An absolute interpretation of spectral vegetation
reflectance and therefore of changes was not possible. On the other hand, there is evidence
that vegetation introduces significantly different spectral signatures, in particular in the Red
band. The ability to recognise vegetation and changes in it, is, however, reduced as
heterogeneity at pixel- and locality- level increases. Another obvious problem is the
overlap in magnitude between small, but important changes and the “inherent” variation in
digital datathat the calibration does not remove.

Improved methods, both for extracting vegetation information and detecting changes, and
also better technology seem to be prerequisites if amore detailed interpretation of changeis
to be achieved and if it is to become possible to realise the full potential of remote sensing

in hyper-arid areas.

185



CHANGE AND VARIATION IN A HYPER-ARID CULTURAL LANDSCAPE

REFERENCES

(1976). Srasbourger's textbook of Botany. Stuttgart, Gustav Fischer Verlag.
(1985). Bibelen, Det norske bibelsel skap.

(1994). United Nations Convention to Combat Desertification in Countries Experiencing Serious
Drought and/or Desertification, Particularly in Africa, United Nations.

(1995). ER Mapper 5.0 Reference.

(1997). Egyptian Archaeology(10): 15.

Ali, A.-K.A. (1984). Atlas of the climate of Egypt by the computer.

Al-lzz, A. (1971). The Landforms of Egypt, American University in Cairo Press.

Alstad, G. (1994). “The influence of Acacia tortilis stands on soil propertiesin arid north-east Sudan.” Acta
Oecologica 15(4): 449-460.

Ayyad, M.A. and Ghabbour, S.I. (1985). Hot deserts of Egypt and Sudan. Hot desert and arid shrublands,
B. M. Evenari, |. Noy-Meir and D. W. Goodall, Elsevier. 12B: 149-202.

Ball, J. (1912). The geography and geology of south-eastern Egypt. Cairo, Government Press.
Banjaw, A., Nyawira, V., Solieman, S. and Thomsen, P. (1991). Desertification in the Sahel, Noragric.

Batanouny, K.H. (1973). “Habitat features and vegetation of deserts and semi-desertsin Egypt.” Vegetatio
27: 181-199.

Bergstrom, R. (1992). “Browse characteristics and impact of browsing on trees and shrubsin African
savannas.” Journal of Vegetation Science 3: 315-324.

Blakie, P. and Brookfield, H. (1987). Land Degradation and Society. London, New york, Methuen & Co.
Ltd.

Blankenburgh, J.C. REFERANSE SY STEMER inkl. World Geodetic System 1984 GLOBAL
POSITIONING SY STEM, Inter-Kompetanse.

Blomberg, Y. (1992). Part || Studies of vegetation cover along the khor-gradient in the Sinkat district.
Botanical Institute. Bergen, University of Bergen: 92.

Catana Jr., A.J. (1963). “ The wandering quarter method of estimating population density.” Ecology 44(2):
349-360.

Chavez, P.S. and MacKinnon, D.J. (1994). “ Automatic Detection of Vegetation Changesin the
Southwestern United States Using Remotely Sensed Images.” Photogrammetric Engineering & Remote
Sensing 60(5): 571-583.

Christensen, A. (1998). Faham fi! Charcoal production as part of urban-rural interaction in the Red Sea
Hills, Sudan. Department of Geography/ Nansen Environmental and Remote Sensing Center. Bergen,
University of Bergen: 207.

Cloudsley-Thompson, J.L ., Ed. (1984). Sahara Desert. Key Environments, Pergamon Press.
Cole, R. (1989). Changesin tree density on five sites. Red Sea Province: Early 1960s to 1989, Oxfam.
Colwell, J.E. (1974). “Vegetation Canopy Reflectance.” Remote Sensing of Environment (3): 175-183.
Colwell, R.N., Ed. (1983). Manual of Remote Sensing, American Society of Photogrammetry.

Cracknell, A.P. (1998). “Synergy in remote sensing - what'sin a pixel.” International Journal of Remote
Sensing 19(11): 2025-2047.

Dregne, H.E. and Tucker, C.J. (1988). “ Green biomass and rainfall in semi-arid sub-Saharan Africa.”
Journal of Arid Environments 15: 245-252.

186



REFERENCES

DuTait, J.T., Bryant, J.P. and Frisby, K. (1990). “Regrowth and palatability of Acacia shoots following
pruning by African savanna browsers.” Ecology 71(1): 149-154.

Eckhardt, D.W., Verdin, J.P. and Lyford, G.R. (1990). “ Automated Update of an Irrigated Lands GIS
Using SPOT HRV Imagery.” Photogrammetric Engineering & Remote Sensing 56(11): 1515-1522.

Eide, T., Hagg, T., Pierce, R.H. and Torok, L., Eds. (1994). Fontes Historiae Nubiorum, Textual sources
for the history of the middle Nile region between the eight century BC and the sixth century AD.

El Amin, H.A. (1990). Trees & Shrubs of the Sudan. Exeter, Ithaca Press.

El-Sharkawi, H.M. and Fayed, A.A. (1975). “Vegetation of Inland Desert Wadisin Egypt |. Wadi Bir-El-
Ain.” Feddes Repertorium 86(9-10): 589-594.

El-Sharkawi, H.M., Fayed, A.A. and Salama, F.M. (19824). “Vegetation of Inland Desert Wadisin Egypt
I. Wadi El-Matuli and Wadi El-Qarn.” Feddes Repertorium 93(1-2): 125-133.

El-Sharkawi, H.M ., Fayed, A.A. and Salama, F.M. (1988). “V egetation of inland desert wadis in Egypt
IX. Eastern tributaries of lower Wadi Qena.” Feddes Repertorium 99(9-10): 489-495.

El-Sharkawi, H.M. and Ramadan, A.A. (1983). “Vegetation of inland desert wadisin Egypt V.
Phytosociology of wadi systems east of "Minya" Province.” Feddes Repertorium 94(5): 335-346.

El-Sharkawi, H.M. and Ramadan, A.A. (1984). “Vegetation of inland Desert Wadisin Egypt V. Edaphic
characteristics of plant communitiesin wadi systems east of "Minya' Province.” Feddes Repertorium 95(7-
8): 549-559.

El-Sharkawi, H.M ., Salama, F.M. and Fayed, A.A. (1982b). “Vegetation of inland desert wadis in Egypt
I1l. Wadi Gimal and Wadi El-Miyah.” Feddes Repertorium 93(1-2): 135-145.

El-Sharkawi, H.M., Salama, F.M. and Fayed, A.A. (1990). “Vegetation of inland desert wadisin Egypt X.
Thewadi system north of Hurghada.” Feddes Repertorium 101(1-2): 97-102.

El-Tom, M.A. (1975). Therains of the Sudan "Mechanisms & Distribution", Khartoum University Press.

Elvidge, C.D. and Lyon, R.J.P. (1985). “Influence of rock-soil spectral variation on the assessment of green
biomass.” Remote Sensing of Environment (17): 265-279.

Elvidge, C.D., Yuan, D., Werackoon, R.D. and Lunetta, R.S. (1995). “ Relative Radiometric
Normalization of Landsat Multispectral Scanner (MSS) Data Using an Automated Scattergram Controlled
Regression.” Photogrammetric Engineering & Remote Sensing 61(10): 1255-1260.

Estes, J.E. and Cosentino, M.J. (1989). Remote Sensing of Vegetation. Global Ecology - Towards a
Science of the Biosphere. M. B. Rambler, L. Margulis and R. Fester, Academic Press, Inc.

Evenari, M. (1985a). Adaptations of plants and animals to the desert environment. Hot desert and arid
shrublands, A. M. Evenari, I. Noy-Meir and D. W. Goodall, Elsevier. 12A: 79-92.

Evenari, M. (1985b). The desert environment. Hot desert and arid shrublands, A. M. Evenari, |. Noy-Meir
and D. W. Goodall, Elsevier. 12A: 1-22.

Evenari, M., Noy-Meir, |. and Goodall, D.W., Eds. (1985). Hot desert and arid shrublands, A. Ecosystems
of the world, Elsevier.

Franklin, J. and Hiernaux, P.H.Y. (1991). “Estimating foliage and woody biomass in Sahelian and
Sudanian woodlands using a remote sensing model.” International Journal of Remote Sensing 12(6): 1387-
1404.

Franklin, J., Prince, S.D., Strahler, A.H., Hanan, N.P. and Simonett, D.S. (1991). “ Reflectance and
transmission properties of West African savanna trees from ground radiometer measurements.” International
Journal of Remote Sensing 12(6): 1369-1385.

Furley, P.A. and Newey, W.W. (1983). Geography of the Biosphere, Butterworths.

Goodall, D.W., Perry, R.A. and Howes, K.M.W., Eds. (1979). Arid-land ecosystems: structure,
Functioning and management. Arid-land ecosystems: structure, Functioning and management, Cambridge
university press.

Goudie, A. and Wilkinson, J. (1977). The warm desert environment. Cambridge, Cambridge University
Press.

187



CHANGE AND VARIATION IN A HYPER-ARID CULTURAL LANDSCAPE

Gourley, 1.D. (1995). “Growth ring characteristics of some African Acacia species.” Journal of Tropical
Ecology 11: 121-140.

Greenway, P.J. and Vesey-Fitzgerald, D.F. (1969). “ The vegetation of lake Manyara national park.”
Journal of Ecology 57: 127-145.

Groom, N. (1958). A Dictionary of Arabic Topography and Placenames A trandliterated Arabic-English
Dictionary of Topographical Words and Placenames, Libraire du Liban, Longman.

Grenas, S. (1998). “El Nifio - den serlige oscillasion (ENSO) og sesongvarsling av vaget.” Naturen 122(6):
313-325.

Guirguis, SK., Hassan, H.M ., ElI-Raey, M .E. and Hussain, M.M.A. (1996). “Multi-temporal change of
Lake Brullus, Egypt, from 1983 to 1991.” International Journal of Remote Sensing 17(15): 2915-2921.

Guyot, G. and Riom, J. (1988). Review of factors affecting remote sensing of forest canopies. Seminar on
Remote Sensing of Forest Decline Attributed to Air Pollution; EA-5715; Research Project 2661-19,
Laxenburg, Austria.

Hall, F.G., Strebel, D.E., Nickeson, J.E. and Goetz, S.J. (1991). “Radiometric Rectification: Toward a
common Radiometric Response Among Multidate, Multisensor Images.” Remote Sensing of Environment
(35): 11-27.

Hall, J.B. (1992). “Ecology of akey African multipurpose tree species, Balanites aegyptiaca (Balanitaceae):
the state-of-knowledge.” Forest Ecology and Management 50: 1-30.

Hammer Digernes, T. (1979). “Fuelwood crisis causing unfortunate land use - and the other way around.”
Norsk Geologisk Tidsskrift 33: 23-32.

Hamre, T. (1997) rmssl
Harris, R. (1987). Satellite remote sensing An Introduction. London, Routledge & Keegan Paul Ltd.

Hassib, M. (1950). “Distribution of plant communitiesin Egypt.” Bulletin of the Faculty of Science, Fouad |
University No.29.

Helldén, U. (1984). Drought Impact Monitoring- a Remote Sensing Study of Desertification in Kordofan,
Sudan. Rapporter och Notiser, Lund Universitetes Naturgeografiskainstituten. 61.

Helldén, U. (1988). “ Desertification monitoring: is the desert encroaching?’ Desertification Control Bulletin
17: 8-12.

Helldén, U. (1991). “Desertification - time for an assessment?’ Ambio 20: 372-383.
Hobbs, J.J. (1989). Bedouin life in the Egyptian wilderness. Austin, Texas, University of Texas Press.

Hoalling, C.S. (1973). “Resilience and stability of ecological systems.” Annual Review of Ecology and
Systematics 4: 1-23.

Hornby, A.S. et al. (1987). Oxford Advanced Learner's Dictionary of current English, Oxford University
Press.

Hughes, F.M.R. (1988). “The ecology of African floodplain forests in semi-arid and arid zones: areview.”
Journal of Biogeography 15: 127-140.

Jasinski, M.F. and Eagleson, P.S. (1989). “The structure of red-infrared scattergrams of semi-vegetated
landscapes.” |EEE Transactions on Geoscience and Remote Sensing 27(4): 441-451.

Jensen, J.R., Rutchey, K., Koch, M. and Narumalani, S. (1995). “Inland Wetland Change Detection in the
Everglades Water Conservation Area 2A Using a Time Series of Normalized Remotely Sensed Data.”
Photogrammetric Engineering & Remote Sensing 61(2): 199-209.

Kassas, M. (1952). “Habitat and plant communitiesin the Egyptian desert | Introduction.” Journal of
Ecology 40: 342-351.

Kassas, M. (19534). “Habitat and plant communitiesin the Egyptian desert |1 The features of a desert
community.” Journal of Ecology 41: 248-256.

Kassas, M. (1953b). “Landforms and plant cover in the Egyptian Desert.” Bulletin de la Societe de
geographie d'Egypte 26: 193-205.

188



REFERENCES

Kassas, M. (1954). “Habitat and plant communitiesin the Egyptian desert |11 The wadi bed ecosystem.”
Journal of Ecology 42: 424-445.

Kassas, M. (1966). Plant life in deserts. Arid Lands- A geographical appraisal. E.S.Hills. London, Paris,
Methuen & Co Ltd., UNESCO: 145-180.

Kassas, M. (1992). Desertification. Degradation and restoration of arid lands. H. E. Dregne, Texas Tech.
University.

Kassas, M. and Batanouny, K.H. (1984). Plant Ecology. Sahara Desert. J. L. Cloudsley-Thompson,
Pergamon Press. 77-90.

Kassas, M. and El-Abyad, M.S. (1962). “On the phytosociology of the desert vegetation of Egypt.” Annals
of Arid zone 1(Dec.): utdrag 67-74.

Kassas, M. and Girgis, A. (1964). “Habitat and plant communities in the Egyptian desert V The limestone
plataeu.” Journal of Ecology 52: 107-119.

Kassas, M. and Girgis, W.A. (1965). “Habitat and plant communities in the Egyptian Desert V1. The units
of adesert ecosystem.” Journal of Ecology 53: 715-728.

Kassas, M. and Girgis, W.A. (1972). “ Studies on the ecology of the Eastern Desert of Egypt | The region
between Lat. 27 30" and 25 30' N.” Bulletin de la Societe de geographie d'Egypte XL1-XLI1: 43-72.

Kassas, M. and Imam, M. (1959). “Habitat and plant communities in the Egyptian desert IV The gravel
desert.” Journal of Ecology 47 .

Kassas, M. and Zahran, A. (1962). “ Studies on the ecology of the Red Sea coastal land I. The district of
Gebel Atagaand El-Galala El-Bahariya.” Bulletin de la Societe de geographie d'Egypte 35: 129-175.

Kassas, M. and Zahran, A. (1965). “ Studies on the ecology of the Red Sea coastal land I1. The district from
El-Galala El-Qibliyato Hurghada.” Bulletin de la Societe de geographie d'Egypte 38: 155-193.

Kassas, M. and Zahran, M.A. (1971). “Plant life on the coastal mountains of the Red Sea, Egypt.” J. Indian
bot.Soc. 50A: 571-589.

Kenneni, L. and van der Maarel, E. (1990). “Population ecology of Acacia tortilisin the semi-arid region
of the Sudan.” Vegetation Science 1: 419-424.

Kershaw, K.A. and Looney, J.H.H. (1985). Quantitative and Dynamic Plant Ecology, Edward Arnold.

Klemm, R. and Klemm, D. (1994). “Chronologischer Ablss der antiken Goldgewinnung in der Ostwiste
Agyptens.” Mitteilunges des Deutschen Archiol ogischen Instituts, Abteilung Kairo 50: 189-222.

Krzywinski, K. (1990). Drought (lack of rainfall) or land use as causes for desertification in the Red Sea
cultural landscape. The Red Sea Area Programme (RESAP) The second annual workshop, Khartoum,
University of Khartoum/ University of Bergen.

Krzywinski, K. (19933). Detection of change in a semidesert environment at the landscape and L andsat
MSS pixel Level in the Beja Cultural landscape, Sinkat Area, Red Sea Hills, Sudan. Bergen, Nansen
Environmental and Remote Sensing Center.

Krzywinski, K. (1993b). Multi-tempora analysis of variation and change in the semidesert Beja cultura
landscape, Sinkat area, Red Sea hills, Sudan. Bergen, Nansen Environmental and Remote Sensing Center.

Krzywinski, K. (1998). “ Punt, gudenes |and - fortsatt en botanisk gate.” Naturen 122(6): 298-312.

Lamprey, H.F. (1988). “Report on the Desert Encroachment Reconnaisance in the Northern Sudan: 21
October to 10 November 1975.” Desertification Control Bulletin 17: 1-7.

Lane-pooal, S. (1854 - 1931). Social Life in Egypt- a description of the country and its people. New Y ork, 13-
17 Vandwater street, P.F Callier.

Larsson, H. (1993). “Linear regression for canopy cover estimate in Acaciawoodlands using Landsat-TM, -
MSS and SPOT HRV XSdata.” International Journal of Remote Sensing 14(11): 2129-2136.

LeHouérou, H.N. (1970). North Africa: past, present, future. Arid lands in transition. H. E. Dregne.
Washington, Am. Assoc. Adv. Sci.: 227-278.

Leick, A. (1995). GPS Satellite Surveying, J. Wiley.
Lillesand and Kiefer (1994). Remote Sensing and Image I nterpretation, John Wiley & Sons, Inc.

189



CHANGE AND VARIATION IN A HYPER-ARID CULTURAL LANDSCAPE

Louw, G. and Seely, M. (1982). Ecology of desert organisms. London and New Y ork, Longman.

Malingreau, J.P., Ehrlich, D. and Lambin, E.F. (1996). “ Are there detectabl e discrete boundaries between
African biomes?’ International Journal of Remote Sensing 17(5): 841-844.

Markham, B.L. and Barker, J.L. (1987). “Radiometric Properties of U.S. Processed Landsat MSS Data.”
Remote Sensing of Environment 22; 39-71.

Mas, J.-F. (1999). “Monitoring land-cover changes: a comparison of change detection techniques.”
International Journal of Remote Sensing 20(1): 139-152.

Matheson, W. and Ringrose, S. (1994). “ Assessment of degradation features and their development into the
post-drought period in the west-central Sahel using Landsat MSS.” Journal of Arid Environments 26: 181-
199.

M cAuliffe, J.R. (1990). “A rapid survey method for the estimation of density and cover in desert plant
communities.” Journal of Vegetation Science 1: 653-656.

McGinnies, W.G., Goldman, B.J. and Paylore, P., Eds. (1968). Deserts of the world An appraisal of
research into their physical and biological environments, The university of Arizona press.

Meigs, P. (1953). World distribution of arid and semi-arid homoclimates. Review of research in arid zone
hydrology. Paris, UNESCO: 203-210.

Mueller-Dombois, D. and Ellenberg, H. (1974). Aims and Methods of Vegetation Ecology. New Y ork,
Wiley.

Murray, G.W. (1925, oct.). “ The roman roads and stations in the eastern desert of Egypt.” Reprint from; The
Journal of Egyptian Archaeology XI(parts 1l and V).

Murray, G.W. (1951). The 'Ababda. Survey department paper, Ministry of Finance, Survey of Egypt.

Noy-Meir, |. (1973). “ Desert Ecosystems: environment and producers.” Annual Review of Ecology and
Systematics 4: 25-51.

Noy-Meir, |. (1979/80). “ Structure and function of desert ecosystems.” Israel Journal of Botany 28: 1-19.

Obeid, M. and Seif El Din, A. (1971). “Ecological studies of the vegetation of the Sudan I11. The effect of
simulated rainfall distribution at different isohyets on the regeneration of Acacia senegal (L.) Willd. on clay
and sandy soils.” Journal of Applied Ecology 8: 203-209.

Olsson, K. (1985). Remote sensing for fuelwood resources and land degradation studies in Kordofan, the
Sudan. Lund.

Olsson, L. (1993). “On the Causes of Famine - Drought, Desertification and Market Failure in the Sudan.”
Ambio 22(6): 395-403.

Otterman, J., Ohring, G. and Ginzburg, A. (1974). “Results of the Israeli Multidisciplinary Data Analysis
of ERTS-1 Imagery.” Remote Sensing of Environment 3: 133-148.

Perry Jr., C.R. and Lautenschlager, L.F. (1984). “Functional Equivalence of Spectral Vegetation Indices.”
Remote Sensing of Environment 14: 169-182.

Pickup, G., Chewings, V.H. and Nelson, D.J. (1993). “Estimating Changes in Vegetation Cover over Time
in Arid Rangelands Using Landsat MSS Data.” Remote Sensing of Environment 43(3): 243-263.

Prince, S.D., Justice, C.O. and Los, S.0. (1990). Remote sensing of the Sahelian Environment, A review of
the current status and future prospects, Commission of the European Communities, Directorate general V11
joint Research Centre | spra Establishment.

Reitan, C.H. and Green, C.R. (1968). Appraisal of research on weather and climate of desert environments.
Deserts of the world An appraisal of research into their physical and biological environments. W. G.
McGinnies, B. J. Goldman and P. Paylore, The University of Arizona press.

Richards, J.A. (1986). Remote Sensing Digital Image Analysis An Introduction, Springer Verlag.

Richardson, A.J. and Wiegand, C.L. (1977). “Distinguishing V egetation from Soil Background
Information.” Photogrammetric Engineering and Remote Sensing 43(12): 1541-1552.

190



REFERENCES

Ringrose, S., Matheson, W., Tempest, F. and Boyle, T. (1990). “The development and causes of range
degradation features in southeast Botswana using multi-temporal Landsat MSS imagery.” Photogrammetric
Engineering and Remote Sensing 56: 1253-1262.

Said, R. (1962). The Geology of Egypt. Amsterdam New Y ork, Elsevier.

Salama, F.M. and Fayed, A.A. (1989). “Phytosociological study along the Idfu - Marsa Alam road.” Feddes
Repertorium 100(3-4): 191-195.

Salama, F.M. and Fayed, A.A. (1990). “Phytosociological study on the deltaic part and the principal
channel of Wadi Qena, Egypt.” Feddes Repertorium 101(1-2): 89-96.

Seif El Din, A. and Obeid, M. (1971). “Ecologica studies of the vegetation of the Sudan I1. The
germination of seeds and establishment of seedlings of Acacia senegal (L.) Willd. under controlled
conditions in the Sudan.” Journal of Applied Ecology 8: 191-201.

Shmida, A., Evenari, M. and Noy-Meir, |. (1985). Hot desert ecosystems: an integrated view. Hot desert
and arid shrublands, B. M. Evenari, |. Noy-Meir and D. W. Goodall, Elsevier. 12B: 379-388.

Siegel, S. (1956). Non-parametric statistics: for the behavioural sciences. New Y ork, McGraw-Hill.

Singh, A. (1989). “Digital change detection techniques using remotely-sensed data.” International Journal of
Remote Sensing 10(6): 989-1003.

Smith, J.R. (1997). Introduction to Geodesy, The History and Concepts of Modern Geodesy, John Wiley &
Sons.

Springuel, I., ElI-Hadidi, M.N. and Sheded, M. (1991). “Plant communities in the southern part of the
Eastern Desert (Arabian Desert) of Egypt.” Journal of arid Environments 21: 307-317.

Springuel, I. and Abdel, M.M. (1994). “Economic Value of Desert Plants: Acacia Treesin the Wadi Allagi
Biosphere Reserve.” Environmental Conservation 21(1): 41-48.

Téackholm, V. (1974). Sudent's flora of Egypt, Cairo University.

Tanré, D., Deroo, C., Duhaut, P., Herman, M., Morcrette, J.J., Perbos, J. and Deschamps, P.Y. (1990).
“Description of acomputer code to simulate the satellite signal in the solar spectrum: the 5S code.”
International Journal of Remote Sensing 11(4): 669-683.

Thomas, D.S.G. and Middleton, N.J. (1994). Desertification: Exploding the myth, John Wiley & sons.

Thorntwaithe, C.W. (1948). “ An approach towards arational classification of climate.” Geographical
Review 38: 55-94.

Thorkildsen, F. (1998) prog2.

Townshend, J.R.G., Justice, C.O., Gurney, C. and McManus, J. (1992). “The Impact of Misregistration
on Change Detection.” |EEE Transactions on Geoscience and Remote Sensing 30(5): 1054-1060.

Tsuchiya, K., Tokuno, M., Itaya, H. and Sasaki, H. (1996). “Calibration of GMS-VISSR, Features of
MOS-VTIR and Landsat MSS.” Advances in Space Research 17(1): 1-10.

Tucker, C.J. (1979). “Red and Photographic Infrared Linear Combinations for Monitoring Vegetation.”
Remote Sensing of Environment 8: 127-150.

Tucker, C.J. (1986). “Maximum normalized difference vegetation index images for sub--Saharan Africafor
1983-1985.” International Journal of Remote Sensing 7(11): 1383-1384.

Tucker, C.J., Dregne, H.E. and Newcomb, W.W. (1991). “Expansion and Contraction of the Sahara Desert
from 1980 to 1990.” Science 253: 299.

Tucker, C.J. and Sellers, P.J. (1986). “ Satellite remote sensing of primary production.” International
Journal of Remote Sensing 7(11): 1395-1416.

Vetaas, O.R. (1992). “Micro-site effect of trees and shrubs in dry savannas.” Journal of Vegetation Science
3: 337-344.

Walker, B.H. and Noy-Meir, |. (1982). Aspects of the Stability and Resilience of Savanna Ecosystems.
Ecological studies; Ecology of Tropical Savannas. B. J. Huntley and B. H. Walker. 42.

Wickens, G.E. (1984). Flora. Sahara Desert. J. L. Cloudsley-Thompson, Pergamon Press. 67-75.

191



CHANGE AND VARIATION IN A HYPER-ARID CULTURAL LANDSCAPE

Wyant, J.G. and Reid, R.S. (1992). “ Determining the age of Acacia tortiliswith ring counts for South
Turkana, Kenya: a preliminary assessment.” Afr. J. Ecol. 30: 176-180.

Yuan, D. and Elvidge, C.D. (1996). “Comparison of relative radiometric normaliztaion techniques.” |SPRS
Journal of Photogrammetry & Remote Sensing 51(3): 117-126.

Zahran, M .A. and Willis, A.J., Eds. (1992). The Vegetation of Egypt, Chapman and Hall.

Zareh, M.M. and Fargali, K.A. (1991). “Vegetation of inland desert wadisin Egypt.” Feddes Repertorium
102(7-8): 647-656

Zahran, M.A. and Mashaly, | .A. (1992). “Ecologica notes on the flora of the Red Sea coastal 1and of
Egypt.” Mansoura Scientific Bulletin,Vol. 18(2): 251-292.

192



APPENDICES

APPENDICES

Appendix 1: Conversion of GPS positions

The formulas for conversion of positions are seen below (The Geographer's Craft Project, Department of
Geography, The University of Texas at Austin. All commercial rights reserved. Copyright 1998 Peter H. Dana.
http://www.utexas.edu/depts/gra/geraft/notes/datum/datum.html).

Coordinate Conversion: Cartesian (ECEF X, Y, Z) and
Geodetic (Latitude, Longitude, and Height)

Direct Solution for Latitude, Longitude, and Height from X, ¥, Z
This corversion is not exact and provides centirneter accuracy for heights = 1,000 kxn
(See Bowring, B. 1976, Transformation from spatial to geographical coordinates.
Survey Review, 2T pe. 323-327)

Z+e" bsin” @
=atamf ———————
¢ = atan( p—e’aces” @

1=atan2(¥,X)

P
k_cns(ﬂ N#)

where:
#.1, k= gendetic latitude, longitude ,and height ahove ellipsoid
X F,Z =Earth Centered Earth Fixed Cartesian coordinates
and:

Za a®—b*
p=JX°+F°  @= atan(—) et= s

P
Nig=al. J1-e*sin®$ = radiusof curvature inp rime vertical
a2 = semi- major earth axis (ellip soid equatorial radius)
b = semi- minor earth axis (ellip soid polar radius)

a-b

f=—= fhtiening
2

)

2

e” =2f — %= eccentricity sy uared

Coordinate Conversion
Geodetic Latitude, Longitude, and Height to ECEF, X, Y, Z

X = (N + K)cos¢cosd

Y=(N+kcosgsind

Z=[N(-e*)+h]sing

where:

¢, A, 2 = geodetic latitude, longitude, and height above ellipsoid
X .Y Z = Earth Centered Earth Fixed Cartesian Coordinates
and:

N{g=al.f1-e*sin® ¢ = radius of eurvature in prime vertical
& = semi-major earth axis (ellipsoid equatorial radius)

b = semi-minor earth axis (ellipsoid polar radius)

=22 _ fattening
i

e’ =2f - = eccentricity squared Petar H. Ditia 81596
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According to these formulas a program, prog2.f, was written Thorkildsen (1998) to convert GPS positions from
WGS84 to Helmert07. The source code is given below:

program prog
implicit none

CHARACTER( LEN=20) FI L

doubl e precision fp,fl,tp,tl,fx,fy, tx,ty,fz,tz
doubl e precision fa,fb,ff,fe2, N, dxab, dyab, dzab
doubl e precision ta,th,tf,te2,ten2,p,th

doubl e precision dtor,rtod, Pl

PARAMETER (Pl =3. 14159265358979312D0)

i nteger

dt or =PI / 180. dO
rtod=1/dtor
open(30,file="file_nanes')

| WGS84
f a=6378137. 0d0

f b=6356752. 314245170d0
ff=(fa-fb)/fa

fe2=2. 0d0*ff-ff*ff

I WGS84 -> Hel nert
dxab=130. d0
dyab=-110. dO
dzab=13. d0

I Hel nert

ta=6378200. dO

t b=6356818. 16962789d0
tf=(ta-th)/ta
te2=2.do*tf-tf*tf
ten2=(ta*ta-tb*tb)/(tb*th)

wite(*,' (A 4F21.11)' ) ' Helne' ,ta,tbh,tf,te2
wite(*,' (A 4F21.11)')' WeS84' ,fa,fb, ff,fe2

wite(*,*)" WES84 -> Hel nert

wite(*,' (A F6.1)")" deltaX=", dxab
wite(*,' (A F6.1)" )" deltaY=", dyab
wite(*,' (A F6.1)")"'deltaz=", dzab

do while(.true.)

read( 30, 1100, end=121) FI L
open(uni t=10,fil e=TRIMFI L))
open(uni t=20,file=TRIMFIL)//"'.new)
i =0
do while(.true.)
read(10, *, end=120)fl,fp

fp = dtor*fp

fl = dtor*fl

i =i +1

N=fa/ sqrt (1. dO-fe2*sin(fp)**2.d0)
fx=N*cos(fp)*cos(fl)
fy=Nrcos(fp)*sin(fl)
fz=N*(1.dO-fe2)*sin(fp)

t x=f x+dxab
ty=f y+dyab
t z=f z+dzab

p=sqrt (tx*tx+ty*ty)

th=atan(tz*ta/ (p*th))
tp=atan((tz+tenR*tb*sin(th)**3.d0)/(p-te2*ta*cos(th)**3.d0))
tl=atan2(ty, tx)

N=t a/ sqrt (1.dO-te2*sin(tp)**2.d0)

th=p/cos(tp)-N

tp = rtod*tp

tl = rtod*tl

wite(20,*)tl,tp,th
wite(*,'(2F10.6)"')rtod*fl-tl,rtod*fp-tp
end do

120 wite(*,*)" ' End of file: ', TRIMfil),"', nunmber of pos=',
cl ose(10)
cl ose(20)
end do
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121 write(*,*)' The End
1100 FORNVAT( A20)
end program prog

Appendix 2: Reading raw image formats

Image formats

Each image format usually has two data-types: the image-data itself and the image-information data. There are three
main methods of organising image data, image information, however, can be more randomly placed.

Image data consist of rows/scanlines and columns of pixels, i.e. the main unit of raster data. Normally, there are also
several layers of datathat correspond to the different channel s/bandwidths. The formats organise pixels and layersin
different ways.

The three main formats for writing image data are:

BIL, Band Interleaved by Layer: For each scanline pixels from every channel is consecutively written, e.g.
Scanliney.n: C1P1.n, CoPyn, CaPrn, CaPrn

BSQ, Band SeQuential: Every channel is written in one file. Both columns and scanlines are continuously
ordered, e.g. Scanline,.,; C,Py.

BIP, Band I nterleaved by Pixel: The corresponding pixel from different channels is written one after another,
e.g. Scanline;: C,Py, CoPy, C3Py, C4Py1, CiPy, CoPy, CsPy, CaPry CiPrits CoPavty CaPrit, CaPrqr. Total length of
one scanlineis four times the length of each channel.

Image information can occur in one file or in the same file as the image-data, than either in the start or end of the
file.

Reading procedures

Images that were received on exabyte tape were read from the tape-station by following commands:
dd if=/dev/rnt 0.5 of =<fil enane> bs=<nunber of horizontal bytes>
Use conversion command if needed (to read header information)

conv=asci
conv=ebhdc

Rewinding the tape:

m -f /dev/rnt0.5 rew nd
(witing 0.4 in the reading conmand (not 0.5) automatically rew nds the tape

Skipping filesto read the next file:
nt -f /dev/rnt0.5 fsf 1

BIP2 — from raw format to a compatible format

The 1973 data-set is written as a BIP2. It is a BIP format, but two consecutive pixels from each channel is written
successively, e.g. P1B1, P2B1, P1B2, P2B2, P1B3, P2B3, P1B4, P2B4, P3B1, P4B1 and so on.

Thereis atotal of 5files.

File 1-4 are similar:

1 record 40 bytes |ong

1 record 624 bytes | ong

2340 records 3296 bytes |ong

end of file >>> totally 3242 records |ong

Record one and two consist of header information and the image data are in the last 2340 records. Each of these four
filesis one fourth of the total image. Also in the start of every image record there are 56 bytes of information, hence
the image data itself is 3240 bytes. Every channel for each fourth of the image is thus 810 bytes.

File 5:

1 record 2048 bytes | ong
1 record 268 bytes |long
1 record 222 bytes long
1 record 160 bytes |long
1 record 144 bytes |long
1 record 76 bytes | ong
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1 record 324 bytes long
1 record 480 bytes |ong
end of file 5 >>> 8 total records

Selecting two and two pixels from the image data is done by the program rmssl (Hamre 1997).

Program interface:

rmeslversion 1.1, 14- MAR- 1997
conv. MSS Bl P2 Tenneco!formrawdata to FLAT out-file.

enter in-filename (NO quotes)
filel_186_43_73oct. dat

Ent er by/rec(ERCS-ol d: 3296, BI E: 3248)
3296
In-file opened with 3296 by/rec

Ent er nunber of bytes in header
664

Enter out-filename (NO quotes)
ch4_1b. dat
Qut-file opened! (ch4_1b.dat)

enter out-rec.size in bytes(=pixels/linel)
810

No conversion Uto T! Ua nust be odd
Conv.'i4'" x-pixels from Ual Ua

1

Convert npy lines fromline dVa, aggr=nny! dVa, npy, nny
1,2340,1

Enter selected channel (4,...7)

4

list each In out-line for check. In:

100

Starting conversion of data..

in-1ine no= 100, out-line no= 100, offset=330264
ne no= 200, out-line no= 200, offset=659864
ne no= 300, out-line no= 300, offset=989464
ne no= 400, out-line no= 400, offset=1319064
ne no= 500, out-line no= 500, offset=1648664
ne no= 600, out-line no= 600, offset=1978264
ne no= 700, out-line no= 700, offset=2307864
ne no= 800, out-line no= 800, offset=2637464
ne no= 900, out-line no= 900, offset=2967064
ne no= 1000, out-line no= 1000, offset=3296664
ne no= 1100, out-line no= 1100, offset=3626264
ne no= 1200, out-line no= 1200, offset=3955864
ne no= 1300, out-line no= 1300, offset=4285464
ne no= 1400, out-line no= 1400, offset=4615064
ne no= 1500, out-line no= 1500, offset=4944664
ne no= 1600, out-line no= 1600, offset=5274264
ne no= 1700, out-line no= 1700, offset=5603864
ne no= 1800, out-line no= 1800, offset=5933464
ne no= 1900, out-line no= 1900, offset=6263064
ne no= 2000, out-line no= 2000, offset=6592664
ne no= 2100, out-line no= 2100, offset=6922264
ne no= 2200, out-line no= 2200, offset=7251864

|
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i ne no= 2300, out-line no= 2300, offset=7581464

535333 3030330303303 03353333335

Fi ni shed

Program source code:

#define PROG | D "rmesl”
#defi ne PROG_VERSI ON "version 1.1, 14- MAR-1997"

/*

** C version of:

** MBS tape read. Bl P2(Band interl. by pixel-2) format (Eros)

** Convert data in direct, rawdata byte-image file. 21.feb.88 kk

** 3296 by/rec(ERCS-ol d) and 3248 by/rec(BIE).

** Revi sed 14. Feb. 90

> 12. Mar.97 TH Qutput file is "flat", i.e. contains only pixel values
> 14. Mar. 97 TH Corrected bug in conversion, junp 2x4 bytes
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* %

** Conpile: cc -o rmssl rnssl.c

*/

#i ncl ude<st di 0. h>

#defi ne BUFSI ZE 3296

mai n (argc, argv)

int argc;
unsi gned char argv;

unsi gned char | nBuf [ BUFSI ZE] , Qut Buf [ BUFSI ZE] ;
unsi gned char Fil enane[ 256] ;
unsi gned char AuxStr[81];

int irby;
i nt idv, npx, npy, nny;
int ich;

int iout,iin;

int iy,iv,iua,ln;

long O fset, HdrSi ze;
FILE *InFile,*QutFile;

printf("%%\n", PROG |D, PROG VERSION);

printf("conv. MSS Bl P2 Tenneco!formrawdata to FLAT out-file.\n\n");

printf("enter in-filenane (NO quotes):\n");
gets(Fil enane);

printf("\n");

printf("Enter by/rec(ERCS-old: 3296, BIE:3248):\n");
get s(AuxStr);

i rby=(int)atoi (AuxStr);

I nFi | e=f open(Fil enane, "rb");

if (InFile==NULL)

{
fprintf(stderr,"%l: could not open file %\n\n",
PROG I D, Fi |l enane); fflush(stderr);

exit(1);
printf("In-file opened with %d by/rec!\n",irby);

printf("\n");

printf("Enter nunber of bytes in header:\n");
get s(AuxStr);

Hdr Si ze=(1 ong) at oi (AuxStr);

printf("\n");

printf("Enter out-filenane (NO quotes):\n");
gets(Fil enane);

Qut Fi | e=f open(Fil enane, "wh");

if (InFile==NULL)

{

fprintf(stderr,"%l: could not open file %\n\n",
PROG | D, Fi |l enane); fflush(stderr);
exit(1);

printf("CQut-file opened! (%)\n\n",Filenane);

printf("enter out-rec.size in bytes(=pixels/line!):\n");
get s(AuxStr);
npx=(int)atoi (AuxStr);

printf("\n");

printf("No conversion Uto T! Ua nust be odd!\n");
printf("Conv."i4" x-pixels from Ua! Ua:\n");

get s(AuxStr);

iua=(int)atoi (AuxStr);

if((iua%) != 1)

fprintf(stderr,"U start pixel nust be odd!"); fflush(stderr);
exit(1);

printf("Convert npy lines fromline dVa, aggr=nny! dVa, npy, nny:\n");
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get s(AuxStr);
sscanf (AuxStr, "%l, %, %", & dv, &py, &ny) ;
printf("\n");
printf("Enter selected channel (4,...7):\n");
get s(AuxStr);
ich=(int)atoi (AuxStr);
printf("list each In out-line for check. In:\n");
get s(AuxStr);
In=(int)atoi (AuxStr);
/*
** Main | oop:
*/
printf("\nStarting conversion of data...\n");
for (iy=1; iy<=npy; iy++)
{
i v=i dv+(iy-1)*nny;
O fset =Hdr Si ze+i r by*i v;
fseek(InFile, Ofset, 0);
fread(l nBuf, sizeof (unsi gned char),irby,InFile);
if((iy%wn) == 0)
printf("in-1ine no=%%d, out-line no=%%d, offset=%d\n",iv,iy, Ofset);
/* Move bytes for selected channel to output buffer */
for (iout=0,iin=(ich-4)*2; iout<npx; iout+=2,iin+=8)

QutBuf [iout]=InBuf[iin];
Qut Buf [i out +1] =I nBuf [i i n+1];

/* Wite one inage line to output file */
fwrite(QutBuf, sizeof (unsigned char), npx, QutFile);

}
printf("\nFinished!'\n\n");

exit(0);

Output from this procedureistotaly 16 files, i.e. four for each channel.
Combining these files to one is done in Erdas Imagine and ERMapper:
1) Viathe import/export dialog in Erdas, import the four files from one channel as generic binary BSQ
-4 layers
-2340 rows
-810 columns
2) Export this *.img-file as generic binary BIL
-1 layer
Thisfileisthen actually a BSQ file where the four parts of the selected channel is connected into one part.
3) Combine the four channels into one file by the cat command
-cat <filename - outfile> >> < filename - channel n+1
4) Import this *.dat-file into ERMApper as generic binary
-Total number of rows 2340

-Total; number of columns 3240

BIL — from raw format to a compatible format

The 1979 image isin a BIL format. Images are processed by ESA. Shortly this format consists of three files where
the two first are information data. The third file consists manly of image-data. This ESA BIL format places the
ancillary data differently in the blue band and the other bands. The blue channel (channel 1) is preceded by 2
counter bytes and by 178 bytes of ancillary data. The other channels are only preceded by 2 counter bytes, while the
ancillary data are placed after the image data. Hence, there is a spatial inconsistency between the blue channel and

the other channels.
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Counter and ancillary bytes have been removed by using the RLE-command RLETORAW. This command is used
together with the RLEFLIP command that turns the image. In praxis the - and —p flags remove bytes respectively in

front of and after arow of data. These flags vary for the different channels.

rawtorle -w 3780 -h 2286 -n 1 -|<nunber of bytes skipped in front of the wanted channel > -p

<nunber of bytes skipped after the wanted channel > <fil enanme>
rletoraw -o <out filnanme>

rleflip -v

rleflip -v

Counter (c) and ancillary (a) data is then removed by adding their length to the number of bytes that precedes or

follows the channel of interest:

channel 1: 1= c+a (180) p= 3(c+a)+3w (11340)
channel 2: |= (c+a)+wta (3782) p= 2(c+a)+2wta (7738)
channel 3: |= 2(c+a)+2wta (7562) p= (c+a)+wta (3958)
channel 4: |= 3(c+a)+3wta (11342) p= a (178)

where wis the width of image data (3600)
This gives the following set of commands:

Channdl 1:

rawmtorle -w 3600 -h 2286 -n 1 -
kanal 1_79. dat

Channdl 2:

rawmtorle -w 3600 -h 2286 -n 1 -
kanal 2_79. dat

Channdl 3:

rawmtorle -w 3600 -h 2286 -n 1 -
kanal 3_79. dat

Channdl 4:

rawmtorle -w 3600 -h 2286 -n 1 -
rletoraw -o kanal 4_79. dat

180 -p 11340 file3* | rleflip -v

3782 -p 7738 file3* | rleflip -v |
7562 -p 3958 file3* |

rleflip -v

11342 -p 178 file3* | rleflip -v

rleflip -v | rletoraw -o
rleflip -v |rletoraw -o
rletoraw -o

rleflip -v

rleflip -v

This gives four files where each file corresponds to one channel written in BSQ format. These files are then

combined (cat-command) and imported.

BSQ

Both 1984 and 1996 images are received in BSQ-format. They are combined into one file (cat command) before

they are imported into ERM apper.

Appendix 3: GCPs and RMS errors for historical scenes

GCPsfor 1973 dataset:

# Total nunmber of GCPs: 16

# Nurmber turned on : 14

# \Warp order 0

# GCP TO map projection details

# Map Projection : TMEGYPTG

# Dat um EGYPTO7

# Rot ati on 0. 000

#

# Point On Locked Cell-X Cell-Y To- X To-Y
"26" Yes Yes 406. 500 250.500 247528.2859000 580280.9855000
"27" Yes Yes 302.000 599.000 235013.0000000 554175.0000000
"28" Yes Yes 829.404  466.595 267463.3416000 559295.4427000
"29" Yes Yes 1450. 000 799.995 296453. 0000000 527266.0000000
"30" No Yes 924.500 1052.500 261806.3512000 512751.6698000
"31" Yes Yes 646.500 1300.500 241348.5634000 496207.3136000
"32" No Yes 1290.901 1293.999 278070.4221000 490399.0923000
"33" Yes Yes 613.500 1771.500 230622.6419000 459878.1437000
"34" Yes Yes 1759.881 1965.056 292104.2208000 433516.5308000
"35" Yes Yes 2275.500 1693.500 326549.2066000 449631.0322000
"36" Yes Yes 1504. 999 1454.021 287278.1025000 475845.8276000
"37" Yes Yes 893.000 1704.000 247738.2124000 462376.8846000
"38" Yes Yes 429.500 981.500 235061.6193000 523138.0892000
"39" Yes Yes 1068. 500 2205.500 248248.5967000 421582.4693000
"40" Yes Yes 2550. 000 1894.000 338357.6138000 431285.5156000
"41" Yes Yes 817.500 1230.503 252377.6485000 499980.9878000

# RVS5 error report:

- ACTUAL- - - - - ---POLYNOM AL- - -
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# Poi nt Cel I -X Cell-Y Cel I -X Cell-Y

# " 26" 406. 500 250. 500 406. 636 250. 506

# "27" 302. 000 599. 000 302.134 599. 080

# "28" 829.404  466.595 829. 139 466. 808

# "29" 1450. 000 799.995 1449.733 800. 002

# " 30" 924.500 1052.500 924.083 1052.788

# " 31" 646. 500 1300. 500 646. 334 1300. 379

# "32" 1290.901 1293.999 1290.191 1293.768

# "33" 613.500 1771.500 613.883 1771. 202

# "34" 1759.881 1965.056 1759.944 1965.286

# "35" 2275.500 1693.500 2275.641 1693.198

# "36" 1504.999 1454.021 1505.228 1453.608

# " 37" 893. 000 1704.000 892.673 1703.928

# " 38" 429. 500 981. 500 429. 965 981. 691

# "39" 1068.500 2205.500 1068.231 2205.874

# "40" 2550.000 1894.000 2550.113 1894.259

# "41" 817.500 1230.503 817.130 1230.350

#

# Average RMS error : 0.330

# Total RMS error : 4.616

# Note: Total and average RVS errors do not

# End of GCP details

GCPsfor 1979 dataset:

# Total nunber of GCPs: 16

# Nunber turned on . 16

# Warp order 0

# GCP TO map prolectlon details:

# Map Projection : TMEGYPTG

# Dat um . EGYPTO7

# Rot at i on : 0.000

#

# Point On Locked Cel | - X Cell-Y
"26" Yes Yes 421.500 127.500 247502
"28" Yes Yes 825. 413 347.564 267328
"30" Yes Yes 864. 500 929.500 261629
"27" Yes Yes 283. 500 476.500 234987
"29" Yes Yes 1421. 500 681. 500 296421
"38" Yes Yes 377.500 860. 500 235063
"31" Yes Yes 565.459 1179.509 241331
"32" Yes Yes 1220.500 1174.500 278384
"36" Yes Yes 1417.500 1335.500 287335
"37" Yes Yes 776.503 1584.500 247737
"33" Yes Yes 488.500 1650.500 230620
"39" Yes Yes 883.496 2085.500 247014
"34" Yes Yes 1624.500 1846.500 292062
"40" Yes Yes 2424.547 1778. 448 338189
"35" Yes Yes 2170.500 1576.500 326608
"41" Yes Yes 743.500 1110.500 252343

# RMS error report:

# e ACTUAL- - - - - ---POLYNOM AL- - -

# Poi nt Cel I -X Cell-Y Cel I -X Cell-Y

# "26" 421. 500 127. 500 421.597 127. 857

# "28" 825. 413 347.564  825.663 348. 022

# 30 864. 500 929. 500 864. 451 929. 016

# 27 283. 500 476. 500 283. 820 476. 637

# "29" 1421.500 681. 500 1421.079 681. 327

# " 38" 377.500 860. 500 377. 425 860. 241

# 31 565. 459 1179. 509 565. 215 1179. 500

# 32 1220.500 1174.500 1220.236 1174.487

# "36" 1417.500 1335.500 1417.414 1335.245

# " 37" 776.503 1584.500 775.989 1584.221

# "33" 488.500 1650.500 488. 780 1650. 461

# "39" 883.496 2085.500 883.855 2085.971

# "34" 1624.500 1846.500 1624.205 1846.975

# "40" 2424.547 1778.448 2424.646 1778.370

# "35" 2170.500 1576.500 2170.985 1576.531

# " 41" 743.500 1110.500 743.556 1110. 160

#

#

#

#

Average RMS error @ 0.388
Total RMS error 6. 206
End of GCP details
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Appendix 4: Recorded species

Species

Acacia ehrenbergiania
Acaciartortilis

Aerva javanica
Anthrochnemon glaucum
Avicennia marina
Balanites aegyptiaca
Belpharisciliaris
Bergularia tomentosa
Calligonum polygonoides
Calotropis procera
Capparis decidua
Cassiaitalica

Cassia senna
Chrozophora plicata
Citrullus colocynthis
Cleome arabica

Cleome chrysantha
Cleome droserifolia
Coaulata monocantha
Cocculus pendulus
Cynodon dactylon
Fagonia arabica
Fagoniaindica
Fagonia mollis
Farsetia aegyptiaca
Francoeuria crispa
Kickxia aegyptiaca
Lavendula stricta
Leptadenia pyrotechnica
Lycium shawii
Monsonia densiflora
Moringa peregrina
Ochradenus baccatus

Ochradenus baccatus
Paronychia sinaica
Pterantus dichotomus
pulicaria undulata
Reseda pruinosa
Reseda stenostachya
Salvadora persica
Solenostemma argel
Solenostemma argel
Tamarix aphylla
Trichodesma baccatus
vild sorghum

Zilla spinosa

Zizyphus spina-christi
Zygophyllum coccineum

Appendix 5: Historical data and resampled 1996 data for sites

On the following pages are the historical data and the resampled 1996 data from al sites presented. These images
are RGB colour composites from which the Red band is basis for the change analysis.
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