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Abstract

Coastal sand dunes present a complex system in which a-biotic, biological and human factors
interact. Due to the proximity of large human populations to these areas, and their unique
physical and biotic properties, the processes shaping coastal sand dunes demand better
scientific understanding. This is especially relevant in the face of the ongoing global changes.
In this thesis my objectives were to analyze the physical and human factors that affect the
spatial and temporal variability in the process of coastal dune stabilization. To achieve these
goals an interdisciplinary and multi-scale approach was adapted, combining tools from remote
sensing, Geographic Information Systems (GIS) and geomorphologic field work. The main
study area was the Ashdod-Nizzanim dunes, the largest remaining area of coastal dunes in
Israel. The scientific papers comprising this thesis (in which each chapter is built as a paper)
are organized along three axes, which include a methodological axis, a temporal axis and a
spatial axis. The first axis aims at developing new methods to study sand dunes applying
remote sensing and GIS tools; the second axis aims at studying the temporal changes in the
dune dynamics and the physical and human factors responsible for these changes; and the
third axis aims at quantifying the factors affecting or indicating the spatial variability in sand
movement. Following are the major contributions and findings of this study, along these three

axes:

Methodological axis. New methods were developed in this study for (a) Extracting of
topographic information of dunes (slope, aspect and height) from shading effects appearing in
satellite (e.g. Landsat) images, in areas where the mineralogy of the surface is homogeneous
and there is no vegetation cover (Chapter 1); (b) Determining the color of sand, the content of
free iron oxides and fine particles of sand samples using a digital camera, with an accuracy
similar to that achieved with a field spectrometer (Chapter 2); (c) Calculating dune movement

rates of sand dunes using a new method developed in this work that can be applied in



complex cases where different parts of a dune are moving at different rates. This method was
applied to historical maps (Chapter 3) as well as to aerial photographs (Chapter 4); and (d)
assessing the chlorophyll content of biological soil crusts over sand dunes at various depths in
the field using a field spectrometer (Chapter 8), thus enabling to find the factors governing its

presence over the coastal dunes.

Temporal axis. This part of the work focused on a study of the movement rates of coastal
dunes in Israel since the 19th century, using both historical maps and aerial photographs.
Analyzing the best map of the region generated in the 19th century (The Survey of Western
Palestine by the Palestine Exploration Fund, 1871-1877) and comparing more recent maps by
applying modern GIS methods, I found that the dunes were mobile during the first half of the
20th century, moving at an average rate of 5.1 m/year (Chapter 3). Based on an analysis of
historical aerial photographs between 1944-1999, climatic records and historical archives, I
demonstrated that the direct impact of human activities, and especially the presence of
nomadic societies (the Bedouins) and their herds was responsible for changes in the dune
mobility and stabilization processes along the Mediterranean coast of Israel (chapter 4). Time
series of sand erosion/deposition rates, as measured in the field using erosion pins were
studied with respect to meteorological time series of wind and rainfall. These were used to
explain the low effect of rainfall on sand and dune movement along Israel’s coastal dunes

(Chapter 6).

Spatial axis. In this axis, the relationships between topography, vegetation, wind and sand
mobility were explored. At first it was demonstrated that it is possible to map the
aerodynamic surface roughness (Z0) over a dunes field with accuracy higher than 64% using
a digital elevation model from which the relative height was calculated and using vegetation

indices derived from a medium resolution satellite image (Chapter 5). These factors also



explained nearly 70% of the spatial variation of erosion/deposition rates as measured in the
field by 315 erosion pins that were examined monthly along four transects from the coastline
towards the dune edge over two years (Chapter 6). In both Chapters 5 and 6 I also examine
the effect of upwind variables on sand drift variables and quantify this effect using directional
filters. Vegetation cover is commonly used as an indicator of dune activity. However,
different processes may occur at similar levels of vegetation cover: stability or mobility,
erosion or deposition. To identify whether certain perennial plant species may serve as
indicators for these different aeolian processes, a graphic exploratory data analysis method
was developed and applied (Chapter 7). Using statistical tools, this approach enabled me to
identify several plant species that can serve as useful indicators for different environments
and the aeolian processes shaping them, including stable (Retama raetam, Stipagrostis lanata),
erosive (Silene succulenta) or undergoing sand accumulation (Ammophila arenaria).
Performing a detailed spectral survey of surface and subsurface properties (the content of
chlorophyll, fine particles and free iron oxides) of three dunes in the heart of the Nizzanim-
Ashdod study area, it was shown that chlorophyll content is higher in the most stable areas, as
well as at the north facing slopes. Surface stability was able to explain 64% of the variability
in the chlorophyll content, but only 26% of the variability in the content of fine particles and
only 17% of the variability of free iron oxides. It was therefore shown that sand rubification is
a weak indicator of dune stabilization processes, and is more related to the dune age or to its

source material (Chapter 8).

The tools developed in this thesis, the identification of biotic and a-biotic indicators of dune
stabilization, and the uncovering of the human role in this process in Israel, will enable
efficient monitoring of coastal dune processes worldwide, as well as to predict future trends.
This is especially valuable given the current global changes in climate and land use, which

affect sand dunes around the world.



Preface

As a child growing up in Tel-Aviv and not far from the sea, the landscape of sand dunes was
part of my childhood. Whether they were coastal dunes between my neighborhood and the
beach where we would see wild hares running in the sand, or ancient sand dunes that have
transformed into aeolionite (“Kurkar”) hills with their magnificent cross beddings and ancient
carved graves, they were both a wonderful area waiting to be explored at a walking distance
from home. These landscapes are slowly disappearing however, the sand dunes being covered
with high-rise buildings and new roads, and exposures of “Kurkar” stones are now hard to
find in the city.

During the course of my university studies I worked for seven years in the Society for the
Protection of Nature in Israel, on various mapping projects related to the preservation of open
landscape areas in Israel. The subject of one of those projects was the conservation of the
coastal dunes of Israel. As part of that project I rediscovered the landscape of dunes,
especially those south of Ashdod, and started to map the current and historical extent of
coastal dunes and their vegetation using historical maps, aerial photographs and satellite
images. This thesis is therefore a consequence of that work.

Coastal dunes are not only an attractive landscape that together with the adjacent beach is
drawing tourists. Nor is it only an area where we may witness the working of evolution, with
endemic species that have adapted to these special conditions. As sand dunes are highly
porous, they form a perfect medium that captures and stores rainfall in underground aquifers.
In addition, the preservation of coastal dunes, as well as of other coastal landscapes (such as
mangroves) is an effective way to protect the hinterland from surges of the sea. The fact that a
large part of the world’s population is living near the coast, adds another challenge in
understanding and protecting this unique ecosystem, a desert-like ecosystem that penetrates
into every possible climate zone, and maybe the most dynamic of all geologic landscapes. In
the face of future climate changes and increasing human pressures, which may lead to the re-
activation or to the stabilization of coastal dunes, this is all the more important.

In this study I have tried to study coastal dunes in a multi-disciplinary approach, combining
human, biotic and a-biotic aspects, at several spatial and temporal scales, using both field and
remote sensing methods. I hope that the readers of this work will gain a new insight of coastal
dune areas, and upon visiting such an area, will be able to understand that the landscape that

they witness is ever changing, and will not be the same when they return to see it again.
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Introduction

1. Coastal dunes

1.1 Geomorphology of coastal dunes
Desert and coastal dunes cover about 10% of the land area between latitudes 30°N and
30°S (Sarnthein, 1978). Sand dune areas are dynamic in nature, with the dunes changing
their location, length, or height, depending on the dune type (Tsoar, 2001). Dunes span a
height range from about 30cm to over 300m, but they are generally poorly mapped
around the world, due to their dynamic nature and their remoteness (Cooke et al., 1993).
The physical properties of sand and its movement as sand grains and as sand dunes were
first studied and described by Bagnold (1941). This work, considered a classic in aeolian
geomorphology, focused mainly on desert dunes. Since then, many books and
publications have been written on this subject (e.g. McKee, 1979; Pye and Tsoar, 1991;
Wiggs, 2001). Wasson and Hyde (1983) found that the two factors determining the type
of dune that will form are wind regime and availability of sand, whereas the presence of
vegetation has only a secondary influence, and the wind power has no influence on the
type of dune that will form. In experiments that studied the influence of the flow regime
upon dunes, it was found that the surface is created with an orientation that aspires to
maximize the transport of sand, aiming at an orientation perpendicular to the winds’
direction (Rubin and Hunter, 1987; Rubin and Ikeda, 1990).
Coastal dunes are different from desert dunes, being of a younger age (up to 10,000
years, related to the last glacial period and low sea level, 18,000 years ago; Hesp, 2000;
Tsoar, 2001), experiencing higher rates of sand deposition (Illenberger and Rust, 1988),
having additional stress factors exerted on their plants due to salt spray and availability of
underground water near the beach (Danin, 1991), and being closer to population centers,
are more influenced by human activities. One of the classical books about coastal dunes
is that of Ranwell (1972), that covers also their development and ecology.
Several dune forms may be identified at a coastal dune field (Pethick, 1984; Hesp, 2000;
Tsoar, 2001):
e Foredunes, originating at the landward edge of the beach, parallel to the
shoreline. They are formed by the wind blown sand deposition within vegetation,

and are usually preceded by incipient embryo dunes.
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e Blowouts, being an erosional dune landform. They are typically saucer-, cup or
trough-shaped depressions or hollows formed by wind erosion of a pre-existing
sandy substrate or dune.

e Transgressive dunefields of transverse or barchan dunes that migrate inland
form as a response to rising sea level and/or climatic change, in regions with high
sediment supply, strong winds, and on coasts experiencing erosion, where
foredunes are only temporary or missing. It is common that in a transgressive
dune field several dune ridges may be identified, that are separated by dune slack
areas.

e Parabolic dunes are characterized by short to elongate trailing ridges that
terminate downwind in U-, or V-shaped depositional lobes. Parabolic dunes
typically evolve from blowouts or from transgressive dune fields that are in the
process of stabilization.

e Nebkha (coppice) dunes are sand hammocks that are formed by isolated clumps
of vegetation that act as sand traps. These can reach up to 30m high and 100m

across; variations in shape depend upon the shape of the canopy.

1.2 The coastal dunes of Israel

The origin of the sand forming the coastal dunes of Israel is from the mountains of
Ethiopia, from which it is carried first by the Nile River and then by the Mediterranean
long shore current towards the shore of Israel (Nir, 1989). The coastal dunes of Israel are
mostly comprised of quartz as is common in most dune areas (Muhs, 2004). Calcium
carbonate is present in only minor amounts, mostly less than 7 per cent (Emery and
Neev, 1960). The reddish color of the sand is due to a thin coating of iron oxides
following oxidation and weathering processes, whereas the color of beach sand was lost
during long shore transportation as iron was reduced (Emery and Neev, 1960).
Archaeological remains covered by these coastal dunes indicate that acolian sand
forming the current stage of coastal dunes started to encroach on the coastal plain of
Palestine/Israel between the 7™ and 9" centuries A.D. (Tsoar, 1990). This encroachment
of sand is attributed by some to climatic changes (Issar, 1995; Issar and Yakir, 1997), or
as claimed by Reifenberg (1947, 1950) and Rubin (1989), to processes of soil erosion in
Palestine, caused by changes in human land uses, following the occupation of the area by

the Arabs from the hands of the Byzantine Empire.
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Shaped by the SW and W winter storm winds, the coastal dunes of Israel were formed as
transverse dunes, advancing towards the NE direction (Goldsmith et al., 1990). Aeolian
sand was able to penetrate and develop coastal dunes only where the coastal sea cliff
does not exist, or where streams breach it (Tsoar, 1990). Estimations of the coastal dunes
movement rates in the 1940's and early 1950's range was found to be between 2-6 m/year
(Reifenberg, 1947; Reifenberg, 1951; Tsoar and Blumberg, 2002a). However, during the
early 1950's the dunes began to stabilize, their movement rate decelerating, and their
shape changing from transverse to parabolic dunes. In addition to the stabilization
process, the area covered by coastal dunes in Israel has diminished from 462 km? (Tsoar,
1990), to only 185 km? at the end of the 1990’s (Frumkin-Ahiron et al., 2003), due to the
quarrying of sand, and the construction of cities, military bases and water reservoirs over

dune areas.

Table 1: Major studies that have been conducted about coastal dunes in Israel, according

to their theme, study area and year.

Dunes area Theme Reference

Acre Vegetation of the dunes Orshan, 1955

General Ammophila arenaria as a pioneer plant Tsuriel, 1959

General Mediterranean beaches of Israel Emery and Neev, 1960
El-Arish Sand and dune movement Tsoar, 1970

Caesarea Dunes | Photogrammetry of dune movement Shtoch and Finkel, 1973
Caesarea Dunes | Photogrammetry of dune movement Gat, 1974

Caesarea Dunes

Plant communities and succession

Kutiel et al., 1979/80

Sharon Park Silt and clay sedimentation during plant Danin and Yaalon, 1982
succession
Netiv ha Asara | Vegetation and its habitats Nukrian, 1988

Southern dunes

The role of cyanobacteria in dune stabilization

Danin et al., 1989

Neve Yam The influence of vegetation on sand transport Gertner, 1989
Atlit Sand transport Harel, 1990
General Aeolian transport measurements and wind Goldsmith et al., 1990

Nizzanim Dunes

The influence of coastal cliffs on sand movement

inland from the beach

Blumberg, 1989

General

Dune development

Tsoar, 1990

Nizzanim Dunes

The influence of coastal cliffs on sand movement

inland from the beach

Tsoar and Blumberg, 1990
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Nizzanim Dunes

The influence of coastal cliffs on sand movement

inland from the beach

Tsoar and Blumberg, 1991

of dune vegetation

Netiv ha Asara | Dynamics of dune vegetation since 1945 Danin and Nukrian, 1991

Holon Effects of urbanization Peery and Dmiel, 1995

Sharon Park Changes in vegetation 1918-1991 Kosovsky et al., 1996

Sharon Park Landscape changes in the past 50 years Kutiel P. and Sharon H.,
1996

Sharon Park The role of biogenic soil crusts in the succession | Kutiel et al., 1996

Caesarea Dunes

Annual plants

Kutiel, 1997

General

Stabilized efforts of dunes during the British

mandate period

Liphschitz and Biger, 1997

Rishon Lezion

Soil microbial biomass

Sarig et al., 1999

Sharon Park Recreational impacts on soil and vegetation Kutiel et al., 1999

Sharon Park The effects of removing shrub cover Kutiel et al., 2000

Ashdod Dunes | Dune movement rates Barzilay, 2001

Ashdod Dunes Dune activity and the formation of parabolic Tsoar and Blumberg,
dunes 2002a

Ashdod Dunes The effect of vegetation removal on sand Tsoar and Blumberg,
transport 2002b

Ashdod Dunes Vegetation establishment and invasion by Acacia | Cohen, 2002
Saligna 1965-1999

Ashdod Dunes Mapping of the rubification process Levin, 2002

Ashdod Dunes | Photogrammetry and volume changes Arnold, 2003

General Conservation — a policy report Frumkin-Ahiron et al.,

2003

Ashdod Dunes | Vegetation establishment and invasion by Acacia | Kutiel et al., 2004
Saligna 1965-1999

Ashdod Dunes Mapping of the rubification process Ben-Dor et al., 2006

Most of the studies of coastal dunes in Israel have been focused in the past in areas north

of Tel Aviv (see Table 1). As the largest area of remaining coastal dunes in Israel is now

between the cities of Ashdod and Ashkelon, this area has recently been declared as a

Long Term Ecological Research (LTER) station, and many studies are being conducted

there in the past five years. However, most of the studies so far have focused on only a

single aspect, and a holistic research integrating the human, biotic and a-biotic
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components of this system was still lacking. Such in-depth holistic studies are few also in
coastal dunes around the world (e.g. Liddle and Greig-Smith, 1975a, b; Rutin, 1983). We
have thus aimed in this study to understand and quantify the relative weight of the
physical and human factors influencing the stabilization process of coastal dunes, and the
spatial and temporal variability of this process. The present study therefore presents a
new and important approach to bridge the above gap. The main study area was the

Ashdod-Nizzanim dunes, the largest remaining area of coastal dunes in Israel.

1.3 Stabilization processes of coastal dunes

The stabilization of coastal dunes is a complex process, involving interactions and
feedback mechanisms between a-biotic factors (mainly the wind regime, characteristics
of the sand grains, aeolian input of dust, evolution of a soil profile, and the level of
underground water) and biotic factors (mainly the development of vascular and of
microphytic vegetation, the activity of animals, and human land uses).

The stabilization or re-activation of sand dunes may thus be a result of either climate
changes (e.g. Anthonsen et al., 1996; Lancaster, 1997) or of human activities (e.g. Al-
Dabi et al., 1997; Tsoar and Mgller, 1986).

Dune stabilization processes are commonly described by many studies as follows (Danin
and Yaalon, 1982; Tsoar and Mgller, 1986; Danin et al., 1989; Danin, 1991; Hesp, 1991):
(1) With sufficient rainfall (above 50 mm/year) pioneer plants of perennial grasses
germinate; (2) The presence of vegetation leads to a decrease in the wind speed, causing
a local deposition of sand forming biogenic hillocks (nebkhas) and at a lower rate also
the trapping of fine-grained particles transported via aerosols that are washed by the
rainfall; (3) This amelioration in the water regime enables the development of
filamentous cyanobacteria and the formation of a biogenic crust; (4) This in turn
increases surface roughness, leading to less sand movement, enabling plant succession,
an increase in nutrient levels and a decrease in stress levels for the plants. Due to the low
field capacity of sand, the frequency and distribution of rainfall events may be more
important than overall rainfall amounts, especially in desert environments.

Another important phenomenon in the soil formation process over sand dune
environments is the rubification process. The rubification is defined as a pedogenesis
stage in which iron is released from primary minerals to form free iron oxides that coat
quartz particles in soils with a thin reddish film (Buol et al. 1973). The free iron oxides

coat the quartz particles and provide a reddish chroma to the matrix as well as stability
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(Ben-Dor and Singer 1987). In fact, differences in iron oxide mineralogy (red hematite
vs. yellow goethite) may be used to understand differences in the pedoclimate (see Singer
et al., 1998; Balsam et al., 2004).

In addition to the increase in vegetation cover, and the decrease in the movement of sand
grains, stabilizing dunes also experience morphological and topographic changes. Thus,
“the establishment of vegetation on the crest changes the dynamics of barchan and
transverse dunes, so that not all the sand eroded from the windward side is carried to the
lee slip-face; some is trapped by plants. Consequently, there is a change in the shape of
the windward slope from convex to concave, and the dune gradually becomes parabolic”
(Tsoar and Blumberg, 2002a). This process was observed on coastal dunes in Israel,
Denmark, and elsewhere (see Anthonsen et al., 1996). Later on in the stabilization
process, the whole topography of the sand dunes changes gradually, with the formation
of sand hills lower than the initial dunes and with moderate slopes; these may then
undergo processes of re-sedimentation, that will then fill the former interdune areas (see
Zonneveld, 1999; Ringrose, 1996; Tsoar and Mgller, 1986).

The coastal dunes of Israel are undergoing processes of stabilization by vegetation since
the establishment of the state of Israel, in 1948. This is attributed to the low energy wind
regime and changes in human land uses along the coast (Danin and Nukrian, 1991; Tsoar

and Blumberg, 2002a), however the role of the human factor was not yet studied.

1.4 Physical factors affecting the stabilization or reactivation of sand

dunes

Amongst the various physical factors that influence dunes some may encourage
stabilization while others may encourage mobility. The magnitude of these factors
changes both spatially (between and within a field dune) and temporally (along the year
and between subsequent years and decades). These various factors are related to sand
mobility in what can be described as positive and/or negative feedback loops (Tsoar and
Moiller, 1986).

Indices of sand mobility are traditionally based on precipitation, evaporation and wind
magnitude. Lancaster (1988) has suggested the following mobility index that was then

applied in many studies, based on his findings in the Namib and Kalahari deserts:

M = W/(P/PE) (1)
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Where W = the percentage of the time the wind is blowing above
the threshold velocity for sand transport
P=  annual rainfall

PE = potential annual evapotranspiration

According to Lancaster (1988), dunes will be fully active when the values of M are
higher than 200 and inactive when M is lower than 50. However, this index is only
capable of predicting the general level of acolian activity on a timescale of decades or
longer (Lancaster and Helm, 2000). As demonstrated by Tsoar and Werner (1998) and
Tsoar (2002, 2004) wind regime is the most important physical factor in determining
the mobility of dunes. They recommend using another index for calculating the winds’

drift potential, following Fryberger (1979):

DP=Yq,q=U*(U-U,)/ 100 *t )

Where DP = the scalar sum of potential sand fluxes
q = the drift potential for a certain wind sector
U = wind velocity
U, = the threshold wind velocity for sand movement

t = the time the wind blew above the threshold

Using the DP values for each sector, the Resultant Drift Potential (RDP) can be
calculated as the vector sum of the sector sand fluxes q. They have thus suggested the
following equation to differentiate between vegetated and un-vegetated dunes.
Following Equation 3 sand dunes in areas where the annual rainfall is higher than

50mm are un-vegetated and mobile under wind conditions in which M is above 1.

M = DP / (1000 — 750*RDP/DP) 3)

Where DP = the parameter presented in Equation 2 of the potential maximum
at of sand that could be eroded by the wind during a year.
RDP/DP = an index of the directional variability of the wind that is
the ratio of the resultant drift potential to the drift potential of the
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wind (where unidirectional winds result in RDP/DP close to unity,
while multidirectional equally spread winds result in

RDP/DP values close to zero).

However, under the influence of human activities (as detailed in the following section)
dunes may be either active or stabilized in contrast to the favoring climatic factors.

As the quantity of sand flux is a function of third power of the wind speed (Bagnold,
1941), it will also be affected by the factors influencing wind speed (that is, the factors
determining the aerodynamic surface roughness, or Z). It should also be remembered
that with increased sand movement, erosion leads to the exposure of the roots of plants,
deposition may bury plants, and saltating sand grains impact and injure plant tissues
(Hesp, 1991; Danin, 1996). Thus, to explain the spatial variability in wind speed and in
sand mobility within a dune field or within a single dune, the following factors are
known to be of importance:

e Topography: Wind speed and sand movement are expected to increase with the
relative height and available wind fetch (see Yeaton, 1988; McKenna Neuman et
al., 1997; Bauer and Davidson-Arnott, 2002; Sauermann et al., 2003; Hesp et al.,
2004). Maximum sand erosion is commonly found on the steepest part of the
windward slope (Wiggs, 2001), however with increasing slope angle sand
transport decreases (Iversen and Rasmussen, 1999) and heavier sand grains are
left behind at lower elevations (White and Tsoar, 1998);

e Vegetation: The higher is the vegetation cover and height, and depending on its
spatial arrangement, wind speed and sand movement will be lower (Lettau, 1969;
Wasson and Nanninga, 1986; Yeaton, 1988; Wolfe and Nickling, 1993; Lancaster
and Baas, 1998; Dong et al., 2001);

e Biogenic crust. Depending on their cover and type biogenic soil crusts stabilize
the soil and inhibit sand erosion by the wind (Belnap and Gillette, 1998;
McKenna Neuman et al., 2005);

e Surface moisture content. During and following rainfall surface moisture content
rises, decreasing the effective amount of sand transported by the wind (Sherman
et al., 1998; Arens et al., 2004; Cornelis et al., 2004; Wiggs et al., 2004);

e Underground water table. In places where the water table is less than two meters
below the surface plant growth on sand dunes may be related to the water table

height (Ranwell, 1972; Munoz-Reinoso and de Castro, 2005);
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Aeolian deposition of fine particles. Dust deposited during dust storms may
penetrate into the soil by rainfall events that commonly follow events of Sharav
(Alpert and Ziv, 1989; Zaady et al., 2001;Chen et al., 2002). A higher content of
fine particles may lead to a higher cover of vascular plants and biogenic soil
crusts, due to the higher retainment of water, thus enhancing stabilization (Tsoar
and Moller, 1986), as well as enhance the cementing of quartz grains by clay

minerals.

1.5 Human factors affecting the stabilization or reactivation of sand dunes

Human activities may change and impact coastal systems faster than physical factors

related to climate changes (Gabriel and Kreutzwiser,2000). In addition, human

disturbances are usually not cyclic, and therefore do not allow the natural system enough

time to recover.

As with the physical factors, human activities over sand dunes may either lead to their

stabilization or reactivation, depending on the type of activity and its intensity:

Livestock grazing, surface trampling and cutting of dead and live vegetation by
nomadic populations. Changes in the intensity of these activities may either
reactivate stabilized dunes, or stabilize active dunes (Meir and Tsoar,1996;
Barth,1998). Thus, the trampling of biogenic soil crusts by the movement of
people and their livestock, and the human uses of dune plants (Bailey and Danin,
1981) may lead to a decrease in the surface aerodynamic roughness, and increase
the erosion of sand by the wind.

Planting of vegetation to stabilize dunes, as these were often regarded in the past
as a menace to agricultural areas, transportation lines, settlements and the
navigability of rivers (for a description of dune stabilization efforts in Israel, see
Liphschitz and Biger, 1997).

Planned stabilization of dunes is often done using plants that are not native to the
area, and thus may lead to their invasion by exotic plants, especially in areas
disturbed by human activities, changing the ecological system of the dunes (van
der Meulen and Salman, 1996; Wiedermann and Pickart, 1996; Hilton and
Harvey, 2002; Kim, 2004). This problem is now also studied in the coastal dunes
of Israel with respect to the invasive tree Acacia saligna (Kutiel et al., 2004).
Disturbances related to military activities, that by removing vegetation cover and

biogenic soil crusts may lead to reactivation of dunes, as happened after the first
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Gulf War in Kuwait (Al-Dabi et al.,1997), or following war-time military training
in England (Hewett, 1970).

Disturbances to the vegetation and biogenic soil crusts as a consequence of
recreational activities, such as off-road vehicles (ORVs) and hikers (Curr et al.,
2000; Lemauviel and Roze, 2003). To a certain degree, the compaction of soil
along tracks and paths increases the water content of dry sand dune soils, and thus
enhances the growth of vegetation (Liddle and Greig-Smith, 1975a). Along
heavily used trails however no vegetation will be found. Studying an area of
stabilized dunes in the Sharon Park of Israel, Kutiel et al. (1999) have found that
the impact of high visitor use is localized and limited to the trail boundaries and
their immediate surroundings (6 m axis perpendicular to the trails), while the
effect on low-use trails is dispersed over a larger area, apparently because the trail
borders are less visually defined to the visitor.

Changes in sand supply due to the building of coastal facilities, as well as dams,
and other structures. The building of dams along the Nile River (and especially
the Aswan dam), as well as the dense network of irrigation canals in the Delta of
the Nile, resulted with the slow destruction of the delta (Frihy, 1988; Stanley,
1996; Stanley and Warne, 1998). However, the present rate of sand transport of
sand supply to Israel’s coast, derived from the Nile Delta, its submarine cone, and
the beaches of north Sinai, is expected to persist unchanged for the foreseeable
future (Almagor et al., 2000). Nonetheless, the construction of ports and marinas
along the Israeli coast has been shown to cause beach accretion in the upstream
area of the marine structure, and erosion on the downstream, to a distance of even
2 km or more (Shoshany et al., 1996; Almagor et al., 2000; Klein and Zviely,
2001). The trapping of sands by new marine structures reduces the volume of
sand that is transported and causes an overall deficit of sand along the coast. This
may be offset by nourishment projects (Matias et al., 2004).

Mining of minerals from sand dunes as well as from beached and development of
built areas. These activities destroy sand dunes, as has been the case over many
coastal dune areas and beaches in Israel (Almagor et al., 2000; Frumkin-Ahiron et
al., 2003). However, areas where dune mining was practiced in the past may some

times be rehabilitated (Lubke and Avis, 1998).

The sensitivity of coastal dunes to human impacts is a function of their morphodynamic

type, as defined by Rust and Illenberger (1996): Retentive dune systems, being vegetated,
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are sensitive and fragile. Mobile dunes that form the major component of transgressive
dune systems are robust and resilient. This morphodynamic classification is particularly
useful because the two types of dune systems have diametrically opposed sensitivities
and hence different management requirements.

In areas where dunes are being stabilized as a result of human actions (whether in
purpose or indirectly), the ecological consequences are now being questioned. In such
areas, not only does the landscape change, populations of sand-living organisms decrease
as a result of the loss their habitat — shifting sand, and are replaced by other organisms,
more adapted to stabilized dunes (Kutiel et al., 2000). In Israel, this may result with the
loss of species that are endemic to the Israeli coastal dunes. As a result experiments are
being conducted that aim at reactivating stabilized dunes to restore their ecological
values (Kutiel et al., 2000; Arens et al., 2004). Similar efforts are now starting also in the
Ashdod and Nizzanim Dunes (Tsoar and Blumberg, 2002b).

1.6 Remote sensing of coastal dunes

1.6.1 Introduction

Remote sensing 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). The
sensors used may be mounted on a spaceborne platform (e.g. satellite) or taken to the
field (e.g. digital camera). Another distinction between different sensors is whether that
are passive, measuring the solar reflected energy, or active, measuring the energy
reflected from the controlled pulse of energy that they have emitted themselves.

Sand dunes differ from each other in their size and shape (depending on the wind regime,
the amount of sand available to build them, vegetation cover; Wasson and Hyde, 1983),
in their mineralogy, color and grain size (reflecting their sources and evolution through
time), and in their state: active or stabilized. All these characteristics can be determined
using remote sensing means that give a new regional insight into processes shaping the
dunes, and into past climate regimes.

Sand dunes present an ideal target for monitoring by remote sensing methods, enabling a
worldwide coverage with repetitive and quantitative measurements of biophysical and
geophysical variables. As coastal dunes cover smaller areas than desert dunes, low spatial
resolution sensors (~ 1km) are not appropriate, and typically coastal dunes studies will

utilize sensors whose spatial resolution is between 30m (e.g. Landsat) to 1m or less (e.g.
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Ikonos and aerial photographs). In this section (for the full version see Levin and Ben-
Dor, in press) an overview of the great variety of applications remote sensing has to offer
for studying dune areas is given. The focus will be put on coastal dunes and wherever
available give examples from case studies along the coastal dunes of Israel, and

especially from the dunes of Ashdod and Nizzanim.

1.6.2 Remote sensing studies concerning the mineralogy of dunes

During the past few years it was shown that soil spectra across the Visible-Near
InfraRed- Short Wave InfraRed (VIS-NIR-SWIR) region are characterized by significant
chromophores (e.g. OH, Fe3+, CO3 and COOH) enabling qualitative and quantitative
analysis of soil properties (Ben-Dor 2002). This is mostly done today with advanced
hyperspectral sensors that can provide a full spectrum out of every acquired pixel.
Accordingly, remote sensing of sand dunes in general and using hyperspectral sensors in
particular enables to rapidly and quantitatively map the mineralogy of sand dunes.

As the spectral reflectance of quartz is relatively flat and high exhibiting few absorption
features (White et al., 1997; Ben-Dor et al., 1998), the spectral reflectance properties of
sand dunes will be influenced by even small quantities of clay minerals, iron oxides,
organic material, biogenic crust or vegetation.

While many soil properties can be detected across the NIR-SWIR regions of the
spectrum, soil color in the human visible range (0.4-0.7 um) is related to the presence of
pigments or chromophores that absorb radiation in different wavelengths and intensities.
Organic matter, water molecules, iron oxides, carbonates and chemical composition of
transition metals in clay minerals are the major components affecting soil color (Ben-Dor
et al., 1998). Traditionally, Munsell soil color charts are used to describe soil color
visually, by assigning hue, value and chroma indices. This method is slowly being
replaced by more accurate spectral measurements in the field (e.g. Torrent et al., 1983,
Mathieu et al., 1998). In addition, various studies have applied remote sensing techniques
in the field or using air- and space-borne sensors to map the mineralogic content (e.g iron
oxides and carbonates) of sand dunes, to map relative-age zones, and to study the source-
areas contributing to a dune field (see El-Baz, 1978; Blount et al., 1990; White et al.,
1997, Pease et al., 1999; White et al., 2001; Bullard and White, 2002). Levin (2002) and
Ben-Dor et al. (2006) have demonstrated the ability of a CASI airborne hyperspectral

sensor to map low concentrations of iron-oxides over the Ashdod Dunes.
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1.6.3 Remote sensing studies concerning the vegetation over dunes

The spectral reflectance of electromagnetic radiation from vegetation is dependent upon
several factors, among them are the chlorophyll absorption, the geometry of the leaves,
the morphological and physiological characteristics of the plant, the type of soil, the solar
incidence angle and the climatic conditions (Barret and Curtis, 1992). Characteristic
spectral reflectance curves of several desert habitats and of dominant desert vegetation
(including key species common also to Israel’s coastal dunes, e.g. Ammophila arenaria,
Artemisia monosperma and Retama raetam) were collected using a field spectrometer by
Pinker and Karnieli (1995).

Biological soil crusts, which can be formed by communities of several types of
microphytes including mosses, lichens, fungi, green and blue-green algae as well as
bacteria, are a common and widespread phenomenon in arid and semi-arid landscapes
(Lange et al., 1992). Much attention has also been given for the spectral study of
cyanobacteria soil crust over sand dunes (for desert dunes in Israel - Karnieli and Sarafis,
1996; Karnieli, 1997; Karnieli et al., 1999; for semi-arid regions in Australia — O’Neill,
1994).

Based on the spectral characteristics of vegetation many vegetation indices that

serve as estimators for green vegetal biomass have been developed. These are

usually based on the reflectance in the near-infrared band (that is related to the

leaves of the plant) and in the red band (that is related to the chlorophyll

absorption). A review and a comparison of some of the most popular vegetation

indices is given by Broge and Leblanc (2000). Karnieli (1997) has suggested an

index for mapping cyanobacterial crust covering sand dunes, using the red and

blue bands, and tested it over the Nizzana dunes, Israel.

Remote sensing estimations of vegetation cover using the VIS-NIR spectral range

are considered difficult in arid and semi-arid regions where vegetation cover is

sparse (lower than 25%-35%), due to the soil background reflectance (Tueller,

1987). Nevertheless, maps showing classes of vegetation cover for almost the

entire coastal dunes of Israel are presented by Frumkin-Ahiron et al. (2003) based

on Normalized Difference Vegetation Index (NDVI) values calculated from a

Landsat image of August 1999, whereas maps showing classes of historical

vegetation cover (between 1965-1999) for the Ashdod dunes based on aerial
photographs were created by Kutiel et al. (2004).
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Classifying coastal dune fields into separate vegetation units or habitats was

considered impossible until lately (Lucas et al., 2002), however new studies using
hyperspectral sensors are showing promising results (Lucieer et al., 2003; Til et

al., 2004; de Lange et al., 2004; Kempeneers et al., 2004).

Further improvement in this respect may be achieved by combining several images based
on the phenological characteristics of the dunes’ vegetation (see Schmidt and Karnieli,

2000; Karnieli, 2003).

1.6.4 Remote sensing studies of the activity of sand dunes

Active sand dunes areas may be identified based on their mineralogy (as in Jacobberger,
1989 and Paisley et al., 1991), or by mapping the extent of bare sand (as in Janke, 2002),
using Landsat satellite images. However, most studied analyzing the mobility of sand
dunes are usually done using time series of aerial photographs, from which the dunes
movement rate is then analyzed by locating the position of the front of the dune (slip
face) at successive times (e.g. Hunter et al., 1983; Illenberger and Rust, 1988; Gay, 1999;
Jimenez et al., 1999). This method was also utilized by Tsoar and Blumberg (2002a) to
analyze the dunes movement rate for 15 dunes south of Ashdod, identifying their
decreasing movement rate, from 3.36 m/year between 1944-1956, to 1.90 m/year
between 1980-1990. A new method for calculating the migration rate of parabolic dunes

was recently introduced by Bailey and Bristow (2004).

1.6.5 Remote sensing studies of the topography of sand dunes

However important are studies concerning the movement of sand dunes, to fully
understand their dynamic nature, they should be treated as 3D objects, and their
topographic characteristics should be analyzed (Andrews et al., 2002). Knowledge of
dune topography is extremely important for remote sensing as it influences the radiation
reaching the sensor through shading and shadowing effects. As dunes’ topography
change with time, dune movement (analyzed above) and topography are two factors that
should be assessed for a better remote sensing interpretation. Once a Digital Elevation
Model (DEM) is created several attributes can be measured (such as the surface height
and angles of exposure and slope) and compared between measurements done in
different times. The following methods for extracting DEMs and surface roughness
characteristics are commonly applied for sand dunes and desert areas: photogrammetry

(e.g. Brown and Arbogast, 1999; Arnold, 2003, over the Ashdod Dunes), RAdio
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Detection And Ranging (RADAR; see Blumberg and Greeley, 1993; Blumberg, 1998;
Qong, 2000 and also Rabus et al., 2003) and LIght Detection And Ranging (LIDAR; see
Lefsky et al., 2002). LIDAR measurements of dunes are becoming widely used for
studying volumetric changes in relation with physical and human impacts (e.g. Rango et
al., 2000; de Stoppelaire et al. 2001; Woolard and Colby, 2002), as well as providing a
new method to derive the effective aerodynamic roughness length (Z) and displacement

height (do), as in de Vries et al. (2003).

2. Research aims
In spite of the importance of coastal dune areas as a unique desert-like landscape in
different climates, as a habitat for specifically adapted plants and animals, and their
various roles for human society (serving as an underground water aquifer, as a line of
protection from the sea, and as an area for tourism), coastal dune research is less
developed than that of desert dunes. Especially lacking are studies that incorporate
human, biotic and a-biotic aspects, at several spatial and temporal scales, using both field
and remote sensing methods (see Sherman, 1995). Only using such an approach can we
gain a synoptic view of the various components of this ecosystem.
The research aim was therefore to understand and quantify the relative weight of the
physical and human factors influencing the stabilization process of coastal dunes, and the
spatial and temporal variability of this process.
More specifically to:
e Develop new remote sensing and geographic information system (GIS) methods
for monitoring sand dune areas.
e Monitor the changes in the stabilization process of the Israeli coastal dunes in the
past century, analyzing the spatial and temporal variability.
e Identify the physical and human factors affecting dune stabilization at different

temporal and spatial scales..
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Introduction

Following is a description of the order of the scientific papers and their relations to

each other as well as to the general line of research.

3.1 The development of new remote sensing and GIS techniques for

monitoring sand dunes

Throughout the articles included in this thesis an intensive use of remote sensing and
geographic information systems (GIS) has been made to analyze the spatial and
temporal properties of dune stabilization processes. Part of the research was therefore
devoted to develop new remote sensing and GIS methods to enable better and more
accurate quantification of the variables studied. Some of these techniques deserved
their own articles, whereas some are included in the methods of other articles.

In the first article the topographic properties of active sand dunes are treated, and a

new method for extracting the height, slope and aspect of dunes is presented based on
the principle of “shape from shading”. In this paper it was shown that shading effects
assessed by Landsat can be treated as a signal that stores important topographic
information, especially when the spectral characteristics of a surface are homogenous,
as they are in mobile dunes.

When dealing with sand dunes, whether stabilized or active, the properties of the sand
however cannot be considered homogeneous when large areas are involved. Due to
chemical and physical weathering processes that occur as sand is transported by the
wind, exposed to the elements, and in interaction with vegetation, the properties of the
sand itself change. Among those changing properties are the colour of the sand, its

mineralogy and granulometry.

In the second article, a method to characterize the colour of soil samples is presented,
and related chemical and physical properties of the soil (content of iron oxides and of
fine particles), using a digital camera, instead of subjective munsell charts or
expensive field spectrometers. These variables, may serve as indicators of the
stabilization process, as will be discussed in the subsequent articles.

Other indicators for the stabilization process of coastal dunes include the movement
rate of sand dunes, and the presence of biogenic soil crusts. As part of this thesis new
techniques for these issues have been developed and are incorporated in the more

geomorphologic-oriented articles.
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In the fourth article a new GIS method is presented for calculating the movement rate
of dunes, that is adapted for the case of dunes are stabilizing. In such cases, it is
shown that the traditional method for estimating the dunes' movement rate results with
overestimates, due to the fact that not all the parts of a dune are advancing at all, or at
the same rate. The method proposed is based on integrating the whole area over which
the dune advanced for the calculation, instead of using only a few selected lines to
measure the advance rate.

As for the presence of biogenic crust, in the eighth article a new method is presented

to measure its reflectance in the field along a vertical micro-profile. This was
achieved by using a specially constructed Subsurface Biogenic Crust Sampler, that
enabled to remove 2mm layers of sand one after the other, and thus to measure the
reflectance at several layers. Furthermore, a study on the effect of moisture on
spectral indices related to the chlorophyll content has been conducted, and a
relationship was established between the content of fine particles in a sand sample and
its spectral properties in the short wave infra-red region of the electromagnetic
spectrum. Using these techniques it was possible to quantify the content of biogenic
soil crust and of fine particles in the field, and relate them to the variables of surface
aspect and surface stability (mobile or stabilized, erosion or deposition) that occur in
different places on the dune.

The combination of all these new methods with established remote sensing technique
for analyzing vegetation cover (using vegetation indices such as NDVI and SAVI),
together with directional filtering methods, enabled to obtain quantitative
relationships between various indicators of dunes' activity, and the spatial factors of

vegetation and topography, as will be detailed in articles 5-8.
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3.2 Analyzing temporal changes in the mobility of the Israeli coastal
dunes

The activity of sand dunes changes with time both on a micro-scale (minutes-hours-
days) and on the meso-scale (months-years-decades). On the meso-scale these
changes may be due to either physical changes in the climate and in the sediment
supply, or due to changes in human activities over the dunes. A historical analysis of
such changes is commonly done using historical maps, aerial photographs and

satellite images, and is usually limited therefore to the past decades only.

In the third article the possibility of using historical maps for studying the mobility
rate of coastal dunes is presented. As is discussed there, the accuracy of a historical
maps should be assessed before using it for landscape changes. To this end two sets of
historical maps were used: the Survey of Western Palestine executed in the 1870's by
the Palestine Exploration Fund, at a scale of 1:63,360, and topocadastric maps of
Palestine executed in the 1930's-40's by the British Mandate Department of Survey at
a scale of 1:20,000. From these two sets of geo-referenced and digitized maps a study
of the dunes movement rate in six regions along the coast of Israel was then executed,
going farther back than has been previously done.

In the fourth article an analysis of the temporal changes in the stabilization process of

the Israeli coastal dunes in the past 60 years is presented, focusing on the case study
of the Ashdod and Nizzanim dunes. In this part of the research the trends of dune
stabilization and re-activation were studied using historical aerial photographs since
1944/5. To explain the trends that were discovered an extensive array of both physical
and human factors are discussed, to reveal the causes of dune stabilization in the study

arca.

3.3 Analyzing factors influencing the spatial variability in sand
movement

The first variable to understand with respect to the spatial variability of sand
movement is the wind field, as after all sand grains are moved by the wind.

In the fifth article the aim was to quantify the spatial variability in the wind speed, or

to be more specific, in the aerodynamic surface roughness (Z) across a coastal dune

field, focusing on two areas: the Ashdod dunes and those of Bet Yanay.
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Understanding the spatial variability of the wind field and how it is influenced by
vegetation and topography are a key for better models of dune stabilization. In this
chapter the importance of analyzing the influence of the area upwind of a selected
location to understand its wind speed characteristics was demonstrated. The same
principle was expected to be true also for the movement of sand, as measured in the
field.

In the sixth article the rates of erosion and deposition of sand that were measured

using erosion pins across the dunes of Ashdod and Nizzanim at 315 locations for 25
periods along two years (2002-2004) are presented. Using this dataset the effect of
wind and of rainfall on sand movement along Israel’s coastal dunes is explored. In
addition, the spatial variability in sand movement was quantified, as governed by
vegetation cover and topography upwind of the erosion pins.

In the seventh article it was shown that even when no measurements of sand erosion

and deposition are conducted, the composition and cover of the perennial plants at a
certain location may indicate whether it is stable or active, and whether it is
undergoing erosion or deposition. To this end nine perennial plant species that are
abundant across these coastal dunes, were analyzed using a specially devised visual
exploratory data analysis method (the gradient visualization) in combination with
established statistical methods.

In the eighth article a detailed analysis of changes in the soil properties in a small

basin surrounded by three dunes was conducted. The soil properties that were mapped
based on spectral features as measured in the field were the content of fine particles,
free iron oxides and biogenic soil crusts. Studying in detail the spatial variability in
these variables, in a basin that has begun stabilizing only 30 years ago, was intended
to reveal the differences in the temporal responses of these indicators to dune

stabilization.
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In the first article the topographic properties of active sand dunes are treated, and a
new method for extracting the height, slope and aspect of dunes is presented based on
the principle of “shape from shading”. In this paper it was shown that shading effects
assessed by Landsat can be treated as a signal that stores important topographic
information, especially when the spectral characteristics of a surface are homogenous,

as they are in mobile dunes.
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Abstract

Topographic variations affect the reflectance properties of the Earth’s surface and are often removed in remote sensing studies,
especially when significant terrain variations exist. In this study, however, we show that shading effects assessed by Landsat can be treated
as a signal that stores important topographic information, especially when the spectral characteristics of a surface are homogenous. The
coastal transverse dunes of the Ashdod area, and the desert linear dunes of Nizzana (both located in Israel), were selected to investigate
the abovementioned idea. The dune heights in these areas are 10 m on average (relative to their surroundings) and have maximum slopes
of 33°. An innovative method for extracting slope, aspect, and height data for sand dunes using Landsat Thematic Mapper (TM) and
Enhanced Thematic Mapper Plus (ETM+) images was developed, based on the regularity and periodicity of dunes’ landscapes. Using two
Landsat images representing different sun zenith and azimuth angles, reflectance values of each image were converted to cos(i) values
(i=incident angle between the surface normal and the solar beam radiation), applying histogram matching methods. The slope and aspect
of each pixel were determined as those that give the best prediction of the observed value of cos(i). Height profiles were then extracted,
using simple trigonometric relationships. The accuracies of heights and slopes along selected profile lines were to the order of 1 m and 3°,
respectively (at a spatial resolution of 15 m). Best results were obtained when the images included one from the summer and the other
from the winter, corresponding to maximum difference in solar zenith and azimuth angles. Errors in heights were attributed to surface
heterogeneity (e.g., presence of biogenic soil crusts in the rainy season), geometric correction errors, cast shadows, and Bidirectional
Reflectance Distribution Function (BRDF) effects. Comparison to Advanced Thermal Emission and Reflection Radiometer (ASTER) 3D
information showed that the proposed method is better in representing the topographic variation of the area than the digital elevation
model (DEM) produced by ASTER.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Landsat; Shape from shading; Sand dunes; Digital elevation models

1. Introduction
1.1. Shading effects in remote sensing

Environmental phenomena measured by electromagnetic
radiation can be treated either as noise or as a signal,
depending on the theme under study. For example, the
absorption of gases in the atmosphere can be seen either
as noise masking reflectance or as a signal that can be
processed to show the spatial distribution of these gases

* Corresponding author. Tel.: +972-2-6798365; fax: +972-3-6406243.
E-mail address: levinnoa@post.tau.ac.il (E. Ben-Dor).

0034-4257/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.rs¢.2003.12.008

(e.g., Gao et al., 1993). Topographic shading and cast
shadows can introduce errors into accurate analysis of
satellite images since they mask significant spectral features
and hamper signal based mapping. Consequently they are
usually treated as noise that needs to be removed (Ekstrand,
1996; Shepherd & Dymond, 2002; Smith et al., 1980).
Nevertheless, shading also stores information about topo-
graphic characteristics (in our case, of sand dunes), and in
this sense, the noise becomes an important signal that
should be extracted and analyzed.

Digital elevation models (DEMs) are a digital repre-
sentation of topographic surfaces, containing only eleva-
tion data (Carter, 1988). The traditional methods to
measure heights and create DEMs are (Toutin, 2001):
(1) photo-clinometric methods (the use of information
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from either shadowing or shading; also termed photomet-
ric stereo or shape from shading); (2) photogrammetric
methods (using stereo pairs of aerial photographs, or
satellite images, e.g., SPOT or ASTER, Welch et al.,
1998); (3) radar (e.g., the shuttle radar topography mis-
sion; Rabus et al., 2003); (4) and laser altimeters (Rango
et al., 2000). As aerial photogrammetry and laser altim-
eters are expensive and not applicable over wide range
areas, remote sensing from satellite images may provide a
favorable solution.

Variation in the reflectance of the visible range has
been used to extract information on the mean slope of the
waves in the sea, using aerial photographs (Cox & Munk,
1954), laser (Shaw & Churnside, 1997), or satellite images
(Melsheimer & Kwoh, 2001). In the urban environment,
cast shadows were used in several studies to determine
building heights (Cheng & Thiel, 1995; Hartl & Cheng,
1995). Ichoku et al. (1996) took advantage of the spatial
behavior of shading on Landsat-TM images with respect
to channels and other topo-morphologic features in order
to detect drainage channel networks. Planetary remote
sensing used photoclinometry to determine the topography
of the moon, Mars (mostly in the polar regions) and other
planets since the 1960s (Bridges & Herkenhoff, 2002;
Fenton & Herkenhoff, 2000; Howard et al., 1982; Wildey,
1975). The only attempt, however, to the best of our
knowledge, to extract topographic information of the
Earth’s surface from optical satellite images based on their
shading effects, was that of Lodwik and Paine (1985).
They have empirically calibrated reflectance values (from
two images, with different sun elevations) to maximum
slope data assuming a linear relationship between the two,
over the Barnes icecap on Baffin Island (in an area
ranging between 2300 and 3300 ft above sea level). Using
this method they were able to extract a generalized DEM,
that corresponded more to a trend surface, than to detailed
contours. In addition, no quantitative assessment of the
accuracy of their method was given. A previous attempt to
quantify dunes’ topographic parameters from satellite
images was done by Qong (2000), that suggested a
method for estimating Root Mean Square (RMS) of a
dune’s slope and height from Synthetic Aperture Radar
(SAR) images.

Zhang et al. (1999) compare several algorithms that were
developed for the extraction of shape-from-shading (SFS)
on a single image (as generally applied by the photoclino-
metric studies of Mars) and conclude that existing SFS
techniques produce generally poor results with either syn-
thetic data or real images. One of their recommendations for
future research was to use multiple images where the light
source is moved—an approach that we will develop in the
following sections.

Determination of topography by passive remote sens-
ing was done mostly by multi-look angle platforms,
whereas the shade option was neglected. This is mostly
because shading over heterogeneous areas may be diffi-

cult to assess due to the varying albedo characteristics of
the landscape targets. Sand dunes are high albedo targets
that may be considered homogeneous. In this study, we
used sand dunes and treated their shading effects on
imagery as a signal, in order to develop a new method
of extracting topographic information from nadir viewing
platforms. Developing a method for extracting dune
attributes from optical satellite images can be of great
value for studying the movement of shifting dunes on
both regional and continental scales, and related environ-
mental hazards. In addition, dunes’ surface presents a
challenge different from that of icecaps, due to the
periodicity of the surface, and the smaller height range
of dunes’ surfaces.

1.2. Sand dunes—geomorphologic properties

Desert and coastal dunes cover about 10% of the land
area between latitudes 30°N and 30°S (Sarnthein, 1978).
Sand dunes areas are dynamic in nature, with the dunes
changing their location, length, or height, depending on
the dune type (Tsoar, 2001). An example of the speed
with which dunes’ topography changes can be given from
the coastal dunes of Ceara, Brazil, where barchan dunes
that reach heights of 50 m move at an average rate of
17.5 m/year (Jimenez et al., 1999).

Dunes span a height range from about 30 c¢cm to over
300 m, but they are generally poorly mapped around the
world, due to their dynamic nature and their remoteness,
and their extent of area is usually known more accurately
than their height (Cooke et al., 1993). The main factors
that influence the shape of a dune are the wind regime,
sand supply, vegetation cover, and grain size. Linear
dunes are formed under bidirectional wind regimes, while
transverse dunes are formed under a unidirectional wind
regime and an ample supply of sand (Wasson & Hyde,
1983).

Vegetation cover on sand dunes depends on several
factors: wind speed and wind regime, rainfall, evaporation,
water table height, dust accumulation, and anthropogenic
disturbances (Pye & Tsoar, 1990; Tsoar & Illenberger,
1998). In areas with more than 100 mm/year of rainfall,
only strong wind energies, or significant anthropogenic
influences (such as grazing) can keep the dunes bare of
vegetation. An increase in vegetation cover can influence
the morphology of the dunes (Tsoar & Blumberg, 2002),
inhibits the movement of sand, and eventually stabilizes the
dunes.

Dune dynamics is an important indicator of desertifica-
tion processes that are influenced by both man and climate
change. Studies of dune surface stability, dune movement
rate or sand transport rate are usually based on field
measurements using iron rods (as in Kadmon & Leschner,
1995), topographic field surveys (as in Andrews et al.,
2002), or through the visual or digital identification of the
dunes’ location in successive years from aerial photo-
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graphs (e.g., Gay, 1999; Jimenez et al., 1999; Levin &
Ben-Dor, in press), and are therefore limited in their scope.
Once a DEM is constructed, various types of geomorpho-
logical analyses can be made, e.g., elevation change maps,
elevation profiles, volumetric change calculations, identifi-
cation of areas of erosion or deposition, etc. (Andrews et
al., 2002). Incorporation of the third dimension from
archived satellite images can therefore enhance our under-
standing of dune processes, and enable us to analyze larger
areas.

1.3. Sand dunes—spectral properties

Sand dunes present an ideal target for monitoring by
remote sensing methods, due to their remoteness and lack
of data. The reflectance spectra of sand dunes as received
on the sensor is dependent upon: (1) the characteristics of
the dunes and their surface; (2) the geometry between the
sun, the surface, and the sensor; and (3) atmospheric
attenuation. The reflectance spectrum of sand dunes is
influenced, in addition to vegetation cover, by their
mineralogy (Ben-Dor et al., 1999; White et al., 1997),
texture (Gerbermann & Neher, 1979), and presence of
biogenic soil crusts (Karnieli et al., 1999).

The reflectance of sand is also dependent upon Bidirec-
tional Reflectance Distribution Function (BRDF) effects
(Romanova, 1964). BRDF effects become important for
sand and crust surfaces especially at solar zenith angles
greater than 30° (Cierniewski & Karnieli, 2002). BRDF
effects are governed by the sun-object-sensor geometry, and
are characterized by two specific areas of minimum and
maximum reflectance (Pellikka et al., 2000). Where the
scattering angle (the angle between the target source (the
sun) and the target observer (the sensor) vectors) is zero, the
area generally appears brighter than the rest of the image, and
is therefore termed a “hotspot”. At the largest scattering
angles, a dark area is found. BRDF effects are different than
shading effects. Although they also occur on horizontal
surfaces, they are more wavelength dependent and specific.
BRDF effects are stronger when the viewing angle of the
sensor is wider, and their importance is of second order (in
relation to shading effects) on nadir viewing sensors, such as
Landsat, or when the area analyzed is relatively small (i.e.,
the scattering angle between the sun and the sensor in the
area is constant).

Based on the previous review that summarized the
importance of dune morphology and shading effects, the
objectives of this study were:

m Study whether the relatively coarse spatial resolution of
Landsat images (between 15 and 120 m) enables the
characterization of desert and coastal dunes, according to
shading effects on the images;

m Study the shading effects on transverse and linear dunes,
as influenced by their orientation and the sun’s zenith and
azimuth angles;

m Develop and apply a method for extracting slope/aspect/
height information of sand dunes from shading effects as
seen on Landsat images;

m Determine the accuracy of the method when applied on
Landsat TM and ETM+ images, compared to height
profiles extracted from photogrammetrically derived
DEMs over sand dunes.

2. Materials and methods
2.1. Research area

Two research areas were selected at the center and the
south of Israel (Fig. 1), each representing a different kind of
sand dune:

1. Coastal sand dunes south of the city of Ashdod,
Israel (area A in Fig. 1). These are barchan and
transverse dunes, shaped by the strong southwesterly
winter winds. These dunes are in general going
through a process of stabilization (since 1948) and
morphological change from transverse to parabolic
dunes (Levin & Ben-Dor, in press; Tsoar & Blumberg,
2002).

2. Desert linear dunes of the Negev (near Nizzana), on
both sides of the Isracl-Egypt border (area B in Fig.
1). The dunes in this area are shaped by a
bidirectional wind regime, alternating between south-
westerly winds and northwesterly winds. The utiliza-
tion of the desert’s resources in this area, and the
resulting changes in the dunes’ landscape were shown
in the literature of the past two decades to be de-
pendent upon the geopolitical situation, and the
accessibility of the area to the Bedouin population
(e.g., Tsoar & Moller, 1986). The influence of human
settlement, and particularly sheep herding, upon the
dunes in this area, through trampling, collection of dry
vegetation and grazing, have transformed those dunes
from semi-stabilized and vegetated linear shape to a much
more dynamic braided and seif shape. When the pressure
of nomadic population decreases, the dunes start to
stabilize.

The spatial and morphometric characteristics of these
dunes are summarized in Table 1. From this table, it is
postulated that significant differences between the two dune
types emerge. While the height characteristics of the dune
areas are quite similar (average height of 10.5 m, standard
deviation of about 4 m), the average and variance of the
slope values are greater in the linear dunes of Nizzana. In
addition, the linear dunes of Nizzana present two slip faces
(alternating between N and S) and these comprise 41.6% of
the dunes’ area, while those of Ashdod have only one slip
face (generally facing NE) comprising only 13.1% of their
respective area.
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Fig. 1. Location map of the research area (projection UTM 36N), presented over a false color composite image of Landsat 7 ETM+ image (bands 7, 4, 2), from

August 7, 1999.
2.2. Landsat imagery

Six Landsat images were selected for this study in order
to represent two generations of Landsat sensors, and to
study the influence of the time of year on the shading
effects. Table 2 provides the details of the images used.

The spectral, spatial, and temporal characteristics of the
Thematic Mapper (TM) sensor onboard Landsat 5, and the
Enhanced Thematic Mapper Plus (ETM+) sensor placed
onboard Landsat 7, are quite similar (Masck et al., 2001;
Teillet et al., 2001). The main improvements of the ETM+
over the TM are in the improved resolution of the thermal
band, the supplement of a panchromatic band, and the
availability of two calibration modes from radiances into
DN; the low and high gain modes are selected according to
the time of year (the sun’s position) and the average albedo
of the Landsat scene. All Landsat images were converted
from DN to radiance values, and then corrected atmospher-
ically using the MODTRAN 3 radiative transfer model
(Abreu & Anderson, 1996). Satellite images over the
Ashdod dunes were geo-rectified to Israel Transverse Mer-
cator (ITM) coordinate system (Mugnier, 2000) using 10—
20 ground control points (GCP’s) located on an orthophoto,
using the triangulation method available in Envi 3.4 pack-
age (Research Systems, 2001). Satellite images over the

Nizzana dunes were left in UTM coordinate system (as they
were received), and the DEM was converted from ITM to
UTM using standard projection tools.

2.3. High resolution DEMs of the dunes areas

As the average height of the dunes is about 10 m, the
Survey of Israel DEMs constructed from 1:50,000 maps is
unsatisfactory, as it is based on 10-m contours (Hall et al.,
1999). For our work, we used detailed DEMs created by
photogrammetric methods from aerial photographs. The
DEMs were created from detailed contours (vertical spac-
ing of 0.5 m) that were measured photogrammetrically.
The data from the contours were converted into a DEM
using the triangulation method described by Zhu et al.
(2001), as implemented in the Idrisi software (Eastman,
2001).

2.4. ASTER DEM data

The Advanced Thermal Emission and Reflection Ra-
diometer (ASTER) sensor, onboard the EOS-AMI plat-
form, acquires along-track stereo data for topographic
mapping, at 15 m resolution, with a base-to-height (B/
H) ratio of 0.6 (Welch et al., 1998). With the above B/H
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Main characteristics of the dunes investigated

Ashdod, Israel’s
coastal plain

Nizzana, Negev
desert

Landsat path/row

Location

Elevation above sea
level (m)

path 174, row 038
34°65' E, 31°77 N
0-50

path 174, row 039
34°37 E, 30°94' N
150-250

Average yearly 485 90
rainfall (mm)
Perennial vegetation 25 14
cover, late 1990s
(o)
Dune type transverse/parabolic longitudinal/seif
Mean and standard n=10.7, =43 1n=10.2, 6=4.0
deviation of
height (m)
A (m) 300 150-200
Mean and standard n=47,6=29 n=6.1,a=5.0
deviation of
slope (deg)
Orientation of the NW-SE West—East
crest line of
the dunes
% area of flat places 0.0 13.9
% area of N 11.2 22.6
facing slopes
% area of NE 13.1 6.5
facing slopes
% area of E 11.0 4.1
facing slopes
% area of SE 8.6 7.6
facing slopes
% area of S 10.0 19.0
facing slopes
% area of SW 14.4 8.1
facing slopes
% area of W 20.5 7.3
facing slopes
% area of NW 11.2 10.9

facing slopes

ratio and correlations to within + 0.5 to =+ 1.0 pixel, the
error of a single (relative) height measurement for AS-
TER was originally (prelaunch) expected to be between
+12 and £25 m (Welch et al., 1998). Evaluations of
vertical accuracy resulting from stereocorrelation indicated
that RMSEz values of approximately + 7 to + 15 can be
expected with images of good quality and adequate
ground control (Hirano et al., 2003). Although the AS-
TER DEM was not expected to be detailed enough in the
case of the Israeli dunes, it is able to give a base height
(meters above sea level), while in other dune fields of the

world, where the dunes are higher, it may be more
relevant.

ASTER DEM data available on the web (http://edcdaac.
usgs.gov/gov/) that corresponded to the study areas, was
found only for the Ashdod dunes. The Local Granule ID of
the image used was: ASTER_DEM?20020610100628.hdf.

3. Theory and methods: shading effects on sand dunes
3.1. Solar radiation models

According to Dubayah and Rich (1995, p. 406) “There
are three sources of illumination on a slope:

m Direct irradiance, which is strongly influenced by illu-
mination angle, and includes self-shadowing by the slope
itself and shadows cast by nearby terrain;

m Diffuse sky irradiance, where a portion of the overlying
hemisphere may be obstructed by nearby terrain;

m Direct and diffuse irradiance reflected by nearby terrain
towards the point of interest.”

Shading can be modeled to a first degree as a function of
how directly the sun’s rays are incident upon the slope, that
is, a function of cos(i) (Ekstrand, 1996, p. 152):

cos(i) = cos(e)cos(z) + sin(e)sin(z)cos(pg — ¢,) (1)

where i =incident angle between the surface normal and the
solar beam, e =surface normal zenith angle or terrain slope,
z=solar zenith angle, ¢;=solar azimuth angle, and ¢,=
surface aspect of the slope angle.

To determine whether a point is in shadow, the zenith
angle to the horizon should be calculated and compared
with the solar zenith and azimuth angles. In sand dunes,
the maximum angle of slope (the angle of repose) is 33°
(Bagnold, 1954). This angle is reached in the slip face of
active sand dunes, and beyond it dry sand is unstable. In
three of the Landsat images used, the solar zenith angle
was less than 57° (i.e., sun elevation greater than 33°)
and thus no shadowing was expected. In the other
Landsat images that were used (January 1987, December
1994 and January 2001), we estimated that there were
only small shadowing effects, based on solar zenith
angles between 58° and 62°. For our analysis, we
presumed that under clear sky conditions, spatial vari-
ability in radiation is dominated by the illumination

Table 2

Time of year, and sun zenith and azimuth angles for the six Landsat images selected for the research

Sensor ™ ™ ™ ETM + ETM + ETM +
Date 8-8-1985 18-1-1987 7-12-1994 7-8-1999 14-1-2000 21-5-2000
Solar zenith 342 62.4 61.8 28.6 58.6 24.6

Sun azimuth 108.6 142.6 148.1 116.6 151.6 112.5



 http:\\www.edcdaac.usgs.gov\gov\ 

N. Levin et al. / Remote Sensing of Environment 90 (2004) 190-209 195

angle, so the diffuse sky irradiance can be neglected
(Dubayah & Rich, 1995).

3.2. Factors affecting shading on dunes

On bare sand dune areas (active dunes with dry sand and
almost no vegetation cover) several factors determine the
shading effects observed by a sensor:

m The zenith and azimuth angles of the sun. The greater the
sun’s zenith angle, and the more its azimuth angle is
perpendicular to the crest of the dune, the greater are the
shading effects. As Landsat is a sun-synchronous

a

satellite, the time of year (and not the time of day) is
the main factor determining the position of the sun with
respect to the ground, and hence the shading. Thus, in the
northern hemisphere, we expected shading to be more
evident in winter (November—February) than in summer
(May —August).

The orientation of the dunes with respect to the sun
direction. We expected those parts of a dune where the
slope is steep (at the slip face) to exhibit the greatest
shading effects. Thus, when the incident angle (i)
between the slip face and the radiation source is either
0° or 180° we expected to have the most pronounced
shading effects. This supposition was confirmed by

Fig. 2. (a) Transverse dunes of Ashdod (band 4 of Landsat 5 TM image, 8-8-1985). The white rectangle marks the area used for the calibration of reflectances
to cos(i) values. Relative elevations were calculated along profile lines A and B. (b) Linear dunes of Nizzana (Panchromatic band of Landsat 7 ETM+,
January 14, 2000). The white rectangle marks the area used for the calibration of reflectances to cos(i) values. Relative elevations were calculated along

profile lines 1 and 2.
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Blumberg (1998, p. 10) using SAR images, where for
linear dunes “a look direction that is parallel to the
crest line decreases the visibility of the dunes”. He
reported however that for transverse dunes, a look
direction parallel to the mean crest line is optimal for
showing the dunes and inter-dune regions.

m The topographic structure of the dune. Active sand dunes
will have slip faces with angles of 33°. When dunes are
stabilizing, as is the case along the coast of Israel (Tsoar
& Blumberg, 2002) slip faces will be less pronounced
and be covered with more vegetation, and thus, with time
fewer shading effects will be evident, due to an increase
in mixed vegetation-shading signal.

The magnitude of observed shading effects can be
calculated from the variance of reflectances observed in
an area. Expected shading effects for a given time of day
and year can be calculated using a DEM (see Section
4.1), using Eq. (1), where the variance in cos(i) gives the
shading effect. In addition, calculated cos(i) values can be
compared with the reflectance values observed in the
Landsat images, for each of its spectral bands, in order
to evaluate which bands are best for extracting topo-
graphic information (see Section 4.2). Correlation coeffi-
cient values between cos(7) and reflectances depend upon
the homogeneity of the dunes’ surface (therefore those
parts of the dunes with no vegetation cover were ana-
lyzed), accuracy of the geometric correction and of the
DEM, and the dynamic range of reflectances and cos(7)
values.

3.3. Extracting dune slope and aspect from topographic

effects

Eq. (1) presents the shading effect as dependent on the
sun’s position (zenith and azimuth angles) with respect to
the surface and the topography of the surface itself (slope
and aspect). Given two images taken at different times
(sun’s position known), close enough in time so that no
significant changes in the topography or the land cover
emerge, they can be used as a database, from which the
slope and the aspect of the surface can be extracted from the
reflectance values of the images. This is based on the idea
that variation in the reflectance of the dunes’ surface is only
governed by the shading effects.

Accordingly, the proposed method, which was developed
to account for the slope and aspect information, is applicable
only within areas of uniform land cover, and thus, is feasible
only for dry sand dunes that are bare of vegetation, and have
no biogenic soil crusts. This is because all these factors can
change the reflectance of the dune significantly and create a
bias.

3.3.1. The proposed method
The problem presented here is actually solving for the
values of two variables from two equations. As it is not

possible to isolate either the slope or the aspect variables
from Eq. (1), the following method is proposed:

m For each pixel, a lookup table consisting of 192 possible
combinations of slope and aspect were calculated (12
values of slope between 0° and 33° with intervals of 3°,
16 values of aspect between 0° and 337.5° with intervals
of 22.5°). Cos(i) values were calculated for all these
combinations.

m Cos(i) values were estimated from the reflectance values
in the images (see Section 3.3.2).

m For each of the 192 combinations, the difference between
the actual value of cos(i) in the image, and the lookup
table cos(i) was checked:

Difference; = abs[cos(i); gae— — €08(1) gate o]

+ abs[cos(i)j,date—b - cos(i)date—b] (2)

where j=1 — 192 combinations, date-a=image from time
a, date-b=1image from time b, abs=absolute difference.

m Each pixel is assigned to those slope and aspect values
that give the smallest difference between the calculated
and actual cos(i) values.

The method proposed assumes lambertian reflectance
and no cast shadows.

3.3.2. Calibration of observed reflectance values to cos(i)
values

In order to apply the proposed method, reflectance values
of the images need to be calibrated to cos(i) values. While
photoclinometric studies of Mars are based on visually
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Fig. 3. Empirical calibration functions derived for the Ashdod 1985 and
1987 scenes, from reflectance values to cos(i) values, as derived by
histogram matching techniques.
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v

Fig. 4. Extraction of relative elevations (/) along a profile line from images
of maximum slope (2) and aspect. The angle ¢ is the difference between the
profile line azimuth and the azimuth of the surface. The gray arrow
represents the direction of the profile line, the side / of the triangle
represents the size of a pixel along the profile line, and the angle f§ stands
for the slope along the profile line.

Crest line perpendicular
to sun's azimuth angle

identifying flat areas in the image (e.g., in Fenton &
Herkenhoff, 2000), we propose a method that is based on
the regularity of dunes’ landscapes. The proposed empirical
calibration method is based on the availability of a DEM of
the same dune type, rotated and stretched so it will have the
same characteristics of the area under study (that is: dunes’
orientation, height, spacing etc.). The calibration steps are as
follows:

m Atmospheric correction is performed for all images.

m The area with less than 5% vegetation cover is extracted
using Normalized Difference Vegetation Index (NDVI)
(Eastman, 2001) values, as a reference.

m The distribution of reflectance values over the bare area
is calculated for each of the images, over selected areas
(shown as white rectangles in Fig. 2a and b).

m A DEM with similar dune characteristics is used to
calculate cos(i) values for the time of the two images. For
this purpose, it is enough to have a detailed DEM for a
small test area (established by photogrammetry or laser
altimetry) of sand dunes with similar characteristics.

m The distribution of cos(i) values is calculated for the two
dates.

m A histogram matching is performed between reflectance
values and cos(i) values.

Crest line parallel
to sun's azimuth angle

Linear
Dunes of
Nizzana

Transverse
Dunes of
Ashdod

Fig. 5. Influence of the sun’s azimuth angle and the dune’s orientation on the simulated shading effects (for the month of December), on the linear dunes of
Nizzana and the transverse dunes of Ashdod. Cos(i) values of all four images were linearly stretched between the values of 0.25—0.75. The arrow presents the

sun azimuth angle in December 22nd.



198 N. Levin et al. / Remote Sensing of Environment 90 (2004) 190-209

The area selected for calibrating the reflectance values to
cos(i) values in the dunes of Ashdod covers 2.25 km?
(~ 25% of the area of the dunes analyzed), presented in
white in Fig. 2a. This area may be used for the calibration of
reflectance to cos(i) on transverse coastal dunes, typical
along many coastal areas worldwide. The area used for the
same calibration over the dunes of Nizzana covers an area
1.05 km? ( ~ 10% of the Egyptian side of the area, or ~ 5%
of the total area of the dunes analyzed), and is presented in
Fig. 2b. This area may be used for the calibration of
reflectance to cos(i) on linear dunes, typical to many desert
areas in the world.

From Fig. 3 (calibration functions of the two Landsat
TM images, over the Ashdod dunes) it can be seen that the
calibration functions are nonlinear, hence using linear
correlation functions to calibrate from reflectance values
to cos(i) is not appropriate (as presumed by Lodwick &
Paine, 1985), and empirical calibration functions should be
used.

3.4. Extraction of elevations from slope and aspect maps
along profile lines

The slope and aspect maps derived by the proposed
method present the maximum slope (x) and its orientation
relative to north. In order to calculate the relative heights
along a profile line from those values of slope and aspect,
one needs to extract from the maximum slope o in a pixel,
the slope f in the direction of the profile line. Fig. 4
describes the problem geometrically, and the following
equations describe the relations between angles o, f3, and
¢, mathematically.

[ = h*tano/cos¢ (3)
tanff = tano/cos¢ 4)

where /=length of pixel along the profile line, #=height
difference between adjacent pixels along the profile line,
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0.060 160 ; ; )
dune's crest line relative
0.055 -1 140 to thfe mean sun's
= azimuth angle
3 0.050 1120
3 O | —-—C
o =)
= 0.045 T 100 §
2 s |—o
£ 0.040 t+8 3
E £ | ——o0°
o 0.035 160 2
3 5 |- 135°
2 I
£ 0.030 L a0
% ——180°
0.025 + 20
—225°
0.020 0
—270°
& ——315°
Time of year sun azimuth angle
0.09 160 Orientation of the
dune's crest line relative
0.08 to the mean sun's
% azimuth angle
Q
O 0.07 & R
% EX
& &
£ 0.06 1 e | ——45°
8 d
] E o
- 0.05 A E
B & .
2 004 1 & [e135
s o
7] —+—180
0.03 4
—225°
0.02 .
= 0°
)
& .
b ——315

Time of year

sun azimuth angle

Fig. 6. Standard deviation of cos(i) values, as a factor of the time of year, and the orientation of the dune’s crest line relative to the look direction (sun’s azimuth
angle). (a) Transverse dunes of Ashdod (dune’s crest line azimuth: 135°). (b) Linear dunes of Nizzana (dune’s crest line azimuth: 0°).
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o=maximum slope angle, f=slope in the direction of the
profile line, ¢ =difference between the aspect angle of the
maximum slope and the azimuth of the profile line.

4. Results

4.1. Simulating topographic effects on dunes in Landsat
images

Shading effects were simulated using detailed DEMs of
Ashdod and Nizzana dunes (described previously in Sec-
tion 2.3) in order to study the influence of two of the
factors mentioned above: the time of the year and the
dune’s orientation. The DEMs were resampled to a spatial
resolution of 30 m to match the TM spatial resolution, and
rotated by 45° increments, so that eight DEMs were
created representing transverse dunes (Ashdod) and linear

©

dunes (Nizzana), with orientations of 0°, 45°, 90°, 135°,
180°, 225°, 270°, and 315°. Shading was simulated on
these DEMs by calculating cos(i) values for the 22nd of
each month (thus representing the winter and summer
solstice, and the fall and spring equinox) at the time of
day corresponding to the overpass of Landsat TM (10:00
am). All in all, 96 simulated cos(i) images (8 ori-
entations X 12 months) were created for each of the dune
fields (Fig. 5).

The amount of the simulated shading (estimated by
calculating the standard deviation of cos(i) values, over
the DEM of those sand dunes) is presented in Fig. 6a (for
the transverse dunes of Ashdod) and in Fig. 6b (for the
linear dunes of Nizzana). As the overall distribution of the
aspect (orientation of the surface relative to the north) is
more uniform on the transverse dunes of Ashdod (Table
1), the general trend is similar in the different months of
the year, with shading effects greater in winter than in
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Fig. 7. Correlation coefficient values between cos(i) in December, and cos(i) in the other months of the year. (a) Transverse dunes of Ashdod (dune’s crest line
azimuth: 135°). (b) Linear dunes of Nizzana (dune’s crest line azimuth: 0°).



200 N. Levin et al. / Remote Sensing of Environment 90 (2004) 190-209

summer (Fig. 6a). The favorable orientation of the dune’s
crest line for achieving maximum shading effects in
wintertime is at angles orthogonal (90° and 270°) to
the dune’s crest line (in contrast to the findings of
Blumberg, 1998 that were based on visual interpretation
of SAR images).

The spatial pattern of the linear dunes of Nizzana is
much more regular, with aspect values distributed less
evenly (as seen in Table | and in the greater range of
values in Fig. 6b relative to Fig. 6a). The general trend of
standard deviation of cos(i) values for linear dunes (Fig.
6b) exhibits greater differences between the different
orientations. The greatest shading effects are expected
when the sun’s azimuth angle is perpendicular to the
dune’s crest line orientation (at 90° and 270°), the max-
imum values achieved at wintertime. However, for some
orientations (45° and 225°) there are no differences
between the months of the year.

When comparing the shading effects on linear (Nizzana)
and transverse (Ashdod) dunes, it appears from Fig. 6a and
b that they will be more pronounced on linear dunes (as
the standard deviation of cos(i) is higher in Fig. 6b). This
may be explained by the higher average and standard
deviation of the slope (Table 1) in the linear dunes of
Nizzana. This is due to the fact that the active slip face of
linear dunes shifts (in the case of the Nizzana dunes,
between the northern and the southern sides) in the
different seasons in response to the alternation between
the two main wind directions (Tsoar & Moller, 1986),
while in the transverse dunes of Ashdod the aspect of the
slip face is stable throughout the year.

Fig. 7a and b present the correlation coefficients be-
tween cos(i) values in December and cos(i) values in the
other months of the year. The general pattern emerging is
as expected, with minimum correlation occurring between
the summer and winter months in both locations. We
hypothesize that for the extraction of topographic informa-
tion from reflectances, the best results will be achieved
when using those bands with high correlation to cos(i)
values, and when combining pairs of images with the least
correlation between them. Accordingly, the most recom-
mended months to derive topography will be a combina-
tion of a wintertime image (highest correlation with cos(7)
values) and a summertime image (least correlated with the
wintertime image).

4.2. Correlation between Landsat bands and simulated
shading effects

4.2.1. Ashdod transverse dunes

Fig. 8 presents the images of cos(i) and band 4 (band 4
was chosen as it is less affected by atmospheric scattering,
and because the dynamic range of the sand reflectance
is higher in the NIR than in the VIS) of the Landsat 5
TM from August 1985, January 1987, December 1994 and
of Landsat 7 ETM+ from August 1999. As observed on

£

Cos(i) dec-1994

N

Fig. 8. Comparison of simulated shading (cos(i)) and reflectances as
measured by Landsat TM/ETM+ band 4, on the transverse dunes of
Ashdod. Note the correlation between the pairs of images.

the Landsat 5 TM images of 1985, 1987 and 1994, and on
the Landsat 7 ETM+ image of January 2000 (not shown)
the shading effects clearly reveal the morphology of the
dunes. However, on the Landsat 7 ETM+ images of



N. Levin et al. / Remote Sensing of Environment 90 (2004) 190-209 201

—_ 0.7
= g —— August 8, 1985
8 g 0.6 —e—January 18, 1987
= 05 4 —— December 7, 1994
L g 2
g = ~=— August 7, 1999
£ g @ 04 ~e— January 14, 2000
-g g E 0.3 4 —=—May 21, 2000
S E 02 A square symbol
% i stands for a
= 'g 0.1 1 saturated band
=)
o™ 0 =

>

(\

o

Landsat bands Q’é\

Fig. 9. Correlation coefficients between cos(i) values and reflectances on Landsat 5 TM and Landsat 7 ETM+ bands, over the eastern part of the Ashdod dunes.
The thermal band of Landsat 5 was not analyzed due to its poor resolution (120 m).

summer 1999 and spring 2000 (not shown) no shading cos(7) values and the Landsat reflectance values (in the areas
effects were evident. with less than 5% vegetation cover—an area containing
To examine this observation quantitatively, Fig. 9 more than 15,000 pixels) for all the bands over the entire
presents the correlation coefficients between the calculated span of years, for the Ashdod dunes.
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Egyptian side of the border, (3) Egyptian side of the border with the crusted areas filtered out.
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From Fig. 9 several observations can be made: found on the other Landsat 7 ETM+ image, of January
2000. As the radiometric performance of the ETM+ is
m Correlation between the shading and the topographic supposed to be similar to the TM (Masek et al., 2001),
effects is higher in the winter than in the summer, as our explanation for the lack of correlation in the images
expected. of summer 1999 and spring 2000 is related to the
m The low correlation between cos(i) and ETM+ band 6 stabilization process of the Israeli coastal dunes that
(of January 2000) is probably due to cirrus clouds, accelerated during the 1990s (Tsoar & Blumberg, 2002).
barely apparent in the visible bands, but masking the As dunes stabilize, vegetation cover increases and the
dunes in the thermal band (band 6). dune’s topography changes, therefore of those Landsat 7
m No correlation was found between cos(i) and reflectance ETM+ images used, only the 2000 winter image (when
values in the images of August 1999 and May 2000, the sun is lower) was still able to discern the dune’s
over the entire range of bands. However, correlation was shape.
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from the above Landsat images. (d) Slope map derived from the above Landsat images.
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4.2.2. Nizzana linear dunes

Fig. 10a presents the correlation coefficients between
cos(7) values and Landsat reflectance values found over the
Nizzana dunes. A distinction was made between the Israeli
side of the border (where the dunes are stabilized, vegetation
cover is higher, and the inter-dune areas and the slopes are
covered by biogenic soil crusts, Fig. 1) and the Egyptian
side of the border (where the dunes are active). Furthermore,
in Fig. 10b we compare the correlation coefficients obtained
when the region of interest (on the Egyptian side of the
border) included or excluded areas with biogenic soil crust
(which is quite sparse in the Egyptian side; these areas were

marked out from the analysis using the Crust Index (CI)
developed by Karnieli, 1997).

The main observations from Fig. 10a and b are as
follows:

* In general, correlation coefficients between cos(i) values
and reflectances are higher in wintertime.

* The correlation of the thermal band of the ETM+ is
usually higher than that of the optical bands, although its
spatial resolution is coarser (60 m vs. 30 m).

* The correlation of the panchromatic band is the highest,
probably due to its finer spatial resolution (15 m).

e
Meters

2000.00

Fig. 12. Slope (a) and aspect (b) maps of the Egyptian side of the Nizzana dunes, derived from Landsat 7 ETM+ panchromatic images of August 1999 and

January 2000.
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¢ Correlation coefficients are influenced by the homoge-
neity of the sand dune’s surface. On the Israeli side of the
border, where vegetation cover and crust development
are greater than on the Egyptian side, correlation
coefficient values are lower. On the Egyptian side of
the border, correlation coefficients improve when
focusing on areas of bare sand and where there is no
biogenic soil crust cover.

4.3. Topographic information extracted from Landsat
images

The method developed in Section 3 was applied to the
Landsat TM images of August 1985 and January 1987, for
the eastern part of the Ashdod sand dunes that are relatively
bare of vegetation. The two images were rectified to the
Israel Transverse Mercator coordinate system using the
triangulation method, to a spatial resolution of 15 m. Band
4 of the TM was used for that purpose, for the same reasons
given in Section 4.2.1. Landsat 7 ETM+ panchromatic
images from 1999-2000 were not used, as explained in
Section 4.2.1.

N. Levin et al. / Remote Sensing of Environment 90 (2004) 190-209

Over the linear dunes of Nizzana, the panchromatic band
of Landsat 7 ETM+ was used to derive the slope and aspect
images. This band was used as it presented the highest
correlation coefficients and has the finest spatial resolution.
In addition, three temporal combinations were examined
(August 1999—January 2000, August 1999 —-May 2000, and
January 2000—May 2000), in order to examine the stability
of the method and the best temporal combination for the
extraction of topographic information. Our hypothesis was
that the best results would be achieved if a winter and a
summer image would be used as a pair based on the two
extremes they represent.

The Landsat 5 TM images that were used for the above
calculation (for the Ashdod dunes) and their resulting slope
and aspect maps are given in Fig. 11. In the northeastern part
of the area shown, where vegetation cover is minimal, the
structure of transverse dunes is extracted and clearly seen.
The extracted DEM includes dunes that are beyond the
extent of the available DEM (as during the time when the
Landsat images were acquired, these dunes were not built
over yet by the development of the city of Ashdod) and
beyond the area used for calibrating from reflectance to
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Fig. 13. Transverse dunes of Ashdod. (a) Heights calculated along profile line A. (b) Heights calculated along profile line B.
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cos(?). Slope and aspect maps were calculated also for the
linear dunes of Nizzana (Fig. 12).

To examine the reliability of these results, the slope,
aspect and height values were measured along two profile
lines from west to east along the Ashdod dunes, and from
south to north along the Nizzana dunes. The profile lines
were aligned normally to the orientation of the dunes’ slip
faces, in order to achieve the best estimates of the slopes, as
was done in similar studies (e.g., Bridges & Herkenhoff,
2002; Fenton & Herkenhoff, 2000). These profile lines and
their positions are shown in Fig. 2a and b.

Over each profile, the slope, aspect and height were
measured from available detailed DEM information (men-
tioned in Section 2.3) which was used as a reference, and for
the Ashdod dunes also from the ASTER DEM data. Slope
and aspect were also extracted along the profile lines from
the Landsat images, and relative elevations were calculated
from these in the method described in Section 3.4.

Fig 13a and b present the extracted heights along the
profile lines of Ashdod (A and B). From these figures, it can
be clearly seen that the DEM produced by ASTER is
inadequate in mapping dune areas (where the dunes heights
are about 10 m). However, the height profiles extracted from
the Landsat TM images follow closely those extracted from
the detailed DEMs. A quantitative analysis (Table 3) reveals
high correspondence between DEM elevations and those
extracted from Landsat images: R=0.63 for profile A,
R=0.88 for profile B, and that the average absolute differ-
ences between height changes along profile lines of both
DEMs are only 0.9 m.

In Fig. 14a and b, the extracted heights along the profile
lines of Nizzana are presented, calculated from three com-
binations of Landsat 7 ETM+ images: (1) August 1999—
January 2000, (2) August 1999—May 2000, and (3) January
2000—May 2000. Table 3 presents a quantitative analysis of

Table 3

the profiles along the Nizzana dunes; as the elevation errors
accumulate along the profile lines, the average absolute
difference is much smaller for changes in heights along a
profile line, than for the elevations themselves. From Table
3 and from a careful observation of Fig. 14a and b, it is clear
that the worst results were obtained using the August 1999—
May 2000 combination (lowest R values), and the best
results using the August 1999—January 2000 combination
(highest R values and lowest differences of elevation).
Based on these results, our previous hypothesis that using
a combination of a winter image with a summer image was
confirmed. The average absolute errors of the slope (Table
3) were about 3° (for the combinations of winter and
summer images), which is similar to the slope intervals
defined in our lookup table for calculating slope values from
reflectances (Section 3.3.1). These errors can be reduced by
applying smaller intervals than those used by us for iden-
tifying the slope and aspect.

One of the causes for errors in our method, evident in the
Nizzana dunes, was due to the heterogeneity of the surface.
Shortly after the first effective rainfall, a peak in the
photosynthetic activity of the biogenic soil crust takes place,
more or less around January (Schmidt & Karnieli, 2002).
During the winter of 2000, only 4.8 mm of rain accumulated
until January 14th (the date of one of the images used).
However, apparently even this meager amount of rainfall
was sufficient for the influence of the crust on topographic
information extraction from Landsat images of August 1999
and January 2000 to be seen in Fig. 15. On the right hand
side of the figure, it can be seen that the heights extracted
from the Landsat images deviate from those of the detailed
DEM. In this same place (around the distance of 800 m), the
values of the crust index increase, and as the homogeneity
of the surface is damaged, the elevations extracted become
less reliable.

Accuracy of elevations and slopes extracted from Landsat 7 ETM+ images over the dunes of Nizzana along profile lines 1 and 2, and from Landsat 5 TM
images over the dunes of Ashdod along profile lines A and B, compared with the data extracted from detailed DEM

Study area Nizzana

Ashdod

Sensor used

Landsat 7 ETM+ panchromatic band (15 m resolution)

Landsat 5 TM band 4 (30 m resolution)

Length of profile lines

Line 1: 1560 m, Line 2: 830 m

Line A: 720 m, line B: 460 m

Landsat images used Aug 1999 and

Jan 2000 and

Aug 1999 and August 1985 and January 1987

Jan 2000 May 2000 May 2000
Profile line 1 2 1 2 1 2 A B
Comparison with R 0.86 0.74 0.81 0.77 0.14 0.35 0.63 0.88
DEM elevations Average 4.7 4.6 8.2 4.6 8.8 13.3 22 3.1
absolute
difference
Comparison with R 0.67 0.76 0.63 0.75 0.00 0.00 0.44 0.74
changes in DEM Average 1.1 1.0 1.2 1.1 2.5 2.8 0.9 0.9
elevations along absolute
profile lines difference
Comparison with R 0.59 0.48 0.46 0.46 0.00 0.14 0.45 0.73
DEM slopes Average 2.9 33 3.6 1.3 5.9 7.6 3.6 34
(along profile line) absolute

difference
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Fig. 14. Linear dunes of Nizzana. (a) Heights calculated along profile line 1. (b) Heights calculated along profile line 2.

4.4. Discussion

The study of sand dune areas is challenging, as not only
does the land cover (vegetation, biogenic soil crusts, human
uses) vary in space and time, the topographic features of the
landscape may change over short time spans of several years
or even months! Measuring these dynamics is essential to
the understanding of these areas.

The method proposed in this study treats what is
usually considered as unwanted additional variability in
satellite images (the topographic effects) as a signal, and
estimates the slope and aspect of the dune terrain, using
two Landsat images taken at different times of the year.
The photometric stereo method developed here requires,
in addition to a pair of satellite images taken at different
sun angles, knowledge of the dune type studied and a
sample DEM of such a dune. In general, it is possible to
create such information as a library for further utilization.

Calibration of reflectances to cos(i) values is then possi-
ble to extract slope and aspect parameters of each pixel,
by searching the best fit between cos(i) observed values
and those resulting from all possible combinations of
slope and aspect angles. With a spatial resolution 10
times higher (15 m in ETM+ band 8, and 30 m in the
other optic bands) than that of the dune’s spacing (150—
300 m), subtle topographic features of sand dunes could
be extracted, reaching an average accuracy of 3° in the
estimation of slopes. Calculated relative elevations along
selected profile lines, yielded highly accurate results, to
the order of 1 m (for pixels the size of 15 m) that is 1/10
of the average dune height. These accuracies were
obtained in two areas of sand dunes, each having
different characteristics: one of transverse coastal dunes,
and the other of linear desert dunes. This method can
thus be substituted for ASTER DEM in areas of sand
dunes, where the ASTER accuracy (between =+ 7 and
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Fig. 15. Linear dunes of Nizzana: heights and crust index values calculated along profile line 2.

+ 15 m) is not satisfactory. Best results were obtained for
a combination of a winter and a summer image, offering
maximum difference of sun position with respect to the
surface. In addition, orientation of the dunes at an angle
normal to the sun azimuth enhances shading effects, and
is thus favorable for the success of shape from shading
algorithms.

In spite of the good results that were obtained by the
proposed method and its ease of use, we can identify several
limitations, as follows:

(a) The method can be applied only to homogenous
surfaces (i.e., dunes, snow, glaciers), where differences
in the reflectance are the result of shading effects (i.e.,
no vegetation, crust or rocks are present).

(b) In order to calculate slope and aspect images from
satellite images, over large areas, BRDF effects should
be dealt with prior to the processing of the images.

(c¢) Dune sand is a high albedo target, and in spite of the
dynamic range improvements of Landsat-7 ETM+ over
Landsat-5 TM, images may still suffer from saturation
problems. As Karnieli et al. (2002) noted, Landsat 7
images taken over light targets in Israel suffered
occasionally from saturation (especially band 3), prior
to the correction of the gain modes in July 2001.

(d) One of the major limitations of applying the proposed
method is in the need to have some DEM information
for the proper sand dune type in question, to calibrate
reflectances into cos(i) values. In this regard, Breed and
Grow (1979) used satellite images of uniform
1:1,000,000 scale and worldwide coverage as a base
for quantitative and qualitative studies of large-scale
eolian landforms. They were able to discriminate
(visually) between the following dune types: linear,
crescentic, star, parabolic and dome-shaped. They have
also measured the dunes’ length, width (or diameter)

and wavelength (spacing). Among their findings is that
“patterns made by dunes of the same type are similar,
despite their occurrence in widely distant sand seas,
because the relationships of mean length, width (or
diameter), and wavelength are similar among dunes of
each type, regardless of differences in size, form, or
geographic location”.

Based on the findings of Breed and Grow (1979), we
suggest creating a DEM library (lookup table) for dunes. In
this library, there will be a collection of high-resolution
DEMs for the different dune types-barchan, parabolic,
transverse, linear, star, and so on. For each dune type,
several parameters will be recorded, such as the dune’s
mean length, width, spacing, orientation, and height. To
apply these sample DEMs in order to predict the expected
shading on a given sand dune’s area, the DEM will be
chosen according to the dune type and then rotated and
stretched to fit the actual orientation and spacing (that can be
visually estimated). These steps will enable the calibration
of reflectance values to cos(i) and the calculation of sand
dune characteristics for sand dunes all over the world with
minor efforts, based on a few high-resolution measurements,
using the proposed method.

Photometric stereo methods for the extraction of topo-
graphic information have several important advantages, for
example: (1) DEM with a high spatial resolution (the spatial
resolution of the sensor); (2) the extraction of topographic
information from satellite images acquired by early Landsat
MSS and TM missions. So far, optical satellite images were
used to gain information regarding the spatial extent of sand
dunes, their vegetation cover and mineralogical composi-
tion. The method developed offers new opportunities for
studies of eolian geomorphology, adding the ability to
analyze dynamic aspects of sand dunes topography in time
and space.
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In the second article, a method to characterize the colour of soil samples is presented,

and related chemical and physical properties of the soil (content of iron oxides and of
fine particles), using a digital camera, instead of subjective munsell charts or
expensive field spectrometers. These variables, may serve as indicators of the

stabilization process, as will be discussed in chapter 8 of this thesis.
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Soil colour carries important information regarding the soil’s chemical and
physical properties. However, common practices for measuring soil colour, either
by Munsell charts or by field/laboratory spectrometers, are insufficient, due to
the subjective and nonquantitative character of the Munsell charts, and to the
high cost and inconvenience of field spectrometers. We present herein, a method
to characterize the colour of soil samples, and related chemical and physical
properties of the soil, using a digital camera, and an array of coloured plastic
chips, that are used for calibration purposes. Using 370 samples of sandy soils,
we have demonstrated that both RGB values from digital images and their
derived soil indices, correlate highly with similar measurements performed by a
field spectrometer. When checked against free iron oxide content and against the
percentage of fine particles in a sub-sample set of 42 soils, the redness index as
measured by the digital camera gave similar or better correlations than those
obtained from a field spectrometer, against both free iron oxides and fine particle
contents (R* of 89% for the iron oxides, and of 81% for the fine particles). We
propose the use of a digital camera as a field analytical tool to determine
precisely: soil colour, iron oxide and fine particle content. Further study in this
direction, with other soil population and more soil properties, is strongly advised
in order to launch this as a vastly applicable and generic method.

1. Introduction

The spectral characteristics of the soil are determined by the chemical and physical
soil-related properties (Ben-Dor 2002). Thus various scanning and sensing
technologies were developed as proximal sensors for a range of soil properties
which have important agronomic implications for precision agriculture (Viscarra
Rossel and McBratney 1998, Adamchuk et al. 2004). While many of these
properties can be detected only in the near-infrared—short-wave infrared (NIR-
SWIR) regions of the spectrum, soil colour in the human visible range (0.4-0.7 pm)
is related to the presence of pigments or chromophores that absorb or scatter
radiation in different wavelengths and intensities. Organic matter, water molecules,
iron oxides, carbonates and chemical composition of transition metals in clay
minerals are the major chemical components affecting soil colour; while grain size,
as a physical chromophore, also plays an important role in affecting this colour
(Ben-Dor et al. 1998). Traditionally, Munsell soil colour charts are used to describe
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soil colour visually, by assigning hue, value and chroma. This method, however,
suffers from several drawbacks: (1) it oversimplifies colour identification due to its
use of a limited number of colour chips; (2) unlike reflectance it is not a continuous
quantitative physical variable; and (3) it may be influenced by variables independent
of soil sample properties, such as operator’s fatigue, illumination conditions, etc.
(Mathieu et al. 1998).

Spectrometers and chroma meters permit more physically based characterization
of soil colour, and are becoming an alternative tool to Munsell charts (Torrent ez al.
1983, Mathieu et al. 1998, Konen et al. 2003). However, these are quite expensive
and are inconvenient for field operation, and thus, are not available for many people
in general, and for colour measurement in particular. A low-cost alternative is to use
digital cameras for imaging and measuring colours. The development of solid-state
charge coupled device (CCD) sensors had already begun in the late 1970s and early
1980s (King 1995). Digital cameras have several advantages over 35mm photo-
graphy, as they avoid inconsistencies in film development and errors introduced
during scanning (Dean ez al. 2000), and provide greater sensitivity than standard
film (King 1995). Low cost digital cameras may also have advantages over narrow
band imaging for most remote sensing applications, as they decrease the needs for
precise calibration and accurate modelling of the physical characteristics of the scene
(atmosphere, Bidirectional Reflectance Distribution Function (BRDF), etc; King
1995). Digital cameras have been used scientifically in many applications to date,
e.g. to measure the colour of food surfaces (Yam and Papadakis 2004); to identify
damage in maize plants (Sena et al. 2003); to locate characters in scene images
(Wang and Kangas 2003); to automatically monitor snow cover in Antarctica
(Hinkler et al. 2002); and various others as reviewed by King (1995). Several studies
have demonstrated the benefits of using close range imaging systems to study soil
sample attributes: 35 mm photography was used to map the soil surface in three
dimensions (Warner 1995), or to analyse soil pore structure (Robertson and
Campbell 1997); while Adderley et al. (2002) used an Olympus polarizing micro-
scope and a three chip video camera to measure the colour of soil thin-sections.
Using a digital camera in the laboratory and under ‘ideal’ lighting conditions,
Viscarra Rossel and Walter (2002) were able to predict the content of soil organic
carbon (SOC) for soil samples collected in Brittany, France; they found better
correlations when the samples were moistened, and concluded that colour measure-
ments using either RGB image-intensity values or Commission Internationale de
I’Eclairage (CIE) L*a*b*/CIE Luv colour coordinates show good responses to SOC
(with a higher content of SOC darkening the soil). In a follow-up study they found
that predictions of SOC using simple colour models from a digital camera were
comparable, or even better, than those obtained from a partial least-squares
regression, implemented on spectral reflectance data measured by a FieldSpec Pro
visible and NIR spectrometer (Viscarra-Rossel et al. 2003).

It should be noted, however, that using spectrometers, unique absorption features
of minerals can be quantified; using a digital camera, however, only three bands are
available—red, green and blue (these can be transformed into other colour
coordinates, such as the CIE L*a*b*)—from which spectral indices can be derived.

Digital cameras therefore offer a new and simple opportunity to characterize soil
samples. As with standard remote sensing applications, care should be taken when
analysing images photographed with digital cameras. To avoid inconsistencies due
to the light source, a controlled source of artificial illumination is commonly used to
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light the target of interest (Sena ez al. 2003, Yam and Papadakis 2004). For accurate
calibration, the quantum efficiency curves of the CCD and the lens transmission
spectra should also be known (Dean et al. 2000). However, these are often not
supplied by the digital cameras’ manufacturers, as they are regarded as an industrial
secret. In many studies standard colour chips (Yam and Papadakis 2004), painted
wooden panels (King 1995, Dean et al. 2000), or just a standard white reference
(Webster and Mollon 1997), were imaged within the scene (‘in-flight calibration’) to
enable calibration of the RGB values. Calibration is needed due to differences in the
illumination conditions, and to contrasts within the image scenes themselves. Other
artefacts that are encountered when using CCD arrays on digital cameras include: a
brightness fall-off towards the corners of the image, partly due to obliquity in the
view away from the nadir axis, and partly due to vignette effects from the lenses
(Dean et al. 2000); adjacency effects that smooth the boundaries between objects;
and BRDF effects (King 1995). To the best of our knowledge, other than the works
on soil organic carbon by Viscarra Rossel and Walter (2002) and Viscarra Rossel
et al. (2003), there has been no work to date that showed the ability of a simple
digital camera, to serve as a practical tool for characterizing soil properties such as
free iron oxides and measuring amounts of fine particles.

The percentage of free iron oxides in sand dunes and in sandy soils may represent
their stage in the rubification process (Norris 1969, Walker 1979). The rubification is
defined as a pedogenesis stage in which iron is released from primary minerals to
form free iron oxides that coat quartz particles in soils with a thin reddish film (Buol
et al. 1973). The free iron oxides coat the quartz particles and provide a reddish
chroma to the matrix as well as stability (Ben-Dor and Singer 1987). There is
abundant evidence that many dune sands become reddened with time and that this
process is promoted by warm temperatures, oxidizing conditions, and the periodic
presence of moisture (Norris 1969). Williams and Yaalon (1977) have demonstrated
reddening in sand dune under laboratory weathering conditions. Their research
showed that organic matter is not necessary to initiate the process. Thus the
percentage of iron oxides in sand dunes may indicate their age, source materials, and
transport paths, as demonstrated by White ez al. (1997) and White et al. (2001) using
Landsat satellite images; whereas in Terre Rosse and Rendzina soils (Rhodoxeralfs
and Xerochreys, respectively, according to the US Department of Agriculture)
differences in iron oxide mineralogy (red hematite vs yellow goethite) were
interpreted by Singer et al. (1998) to be due to differences in the pedoclimate (see
also Balsam et al. 2004).

The amount of fine particles increases during sand succession and dune
stabilization processes (Danin and Yaalon 1982) and in sandy soils is important
for estimating the water-holding capacity of these soils as it determines the
availability of water to plants (Tsoar and Zohar 1985). Differences in the particle
size of soils influence their reflectance; wherein if multiple scattering dominates,
as is usually the case in the visible and NIR, the reflectance is expected to decrease
as the grain size increases (Clark 1999). This was indeed observed by Okin and
Painter (2004) who studied sand plumes from abandoned agricultural fields, in
which effective particle size decreased towards the toe of the plume. Analysing a
hyperspectral Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) image,
they demonstrated the expected negative correlation between effective grain size of
sand in the plume, and its reflectance, with the most significant correlations in the
SWIR.
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This paper presents a simple method for using a digital camera to measure soil
colour, and assesses the accuracy of soil colour indices derived from the digital
camera, with respect to those obtained from a field spectrometer, and with chemical
measurements of the iron oxides and of the percentage of fine particles in the
samples. The methodology was designed to meet the following operational criteria:

1. images should be taken with a standard digital camera in natural daylight;
2. reference chips used for calibration should be simple and available to all;
3. no knowledge about the camera’s characteristics is required; and

4. data capture and analysis using commercially available software.

2. Methods
2.1 The soil samples

The soil samples that we collected included sand samples from the coastal dunes of
Israel covering a range of colours (from light yellow to light red) attributed to the
soil rubification stage. Altogether, 370 soil samples were analysed, most of them
(368) were collected from the coastal dunes between the cities of Ashdod and
Ashkelon (south to Tel-Aviv, Israel), along several NW-SE transects going from the
beach inland. While most of the coastal dune sand samples represent the surface of
the dunes, 21 samples were taken from a depth of 2cm below the surface, and eight
were collected from places with exposed ‘Hamra’ (Haploxeralfs in the USDA soil
classification terminology) soils. Two additional samples were collected from the
surface of sand dunes in the Arava valley in southern Israel, 225 km south of the
coastal dune study area. All samples were gently crushed (as the samples were taken
from very sandy soils) by hand, or by lightly tapping with a hammer (in the case of
hard aggregates found in samples taken from Hamra soil) and then air-dried for
three days. No further treatments (removal of organic matter or calcium carbonate,
sieving, etc.) were applied, so as to not alter the samples. This was done to keep the
samples as close as possible to their natural composition, in order to represent the
dune status under a remote sensing means.

2.2 Camera settings

After air-drying the soil samples for three days in an indoor environment, they were
placed in the laboratory on a simple sheet of white A4 paper, situated on a small
chair (at a height of 44 cm above the floor). The samples were carefully flattened by
gently tapping on a hard-cover book that was set on top of the sand sample, in order
to avoid shading effects due to possible microtopography. The thickness of the
levelled sand sample was about S mm. The sand was rimmed by a piece of cardboard
with 12 coloured plastic chips (key holders). The coloured plastic chips included
duplicates of six colours (red, green, blue, white, grey and black; see figure 1).

A 1.3 megapixel digital camera (Olympus CAMEDIA C-920) was held on a
tripod, with the lens facing downward, towards the sand sample. The distance from
the camera lens to the sand sample was 50 cm. Images were taken in Tel-Aviv, Israel
(April-June, 2003) under the following camera settings: no flash, no artificial
lighting system, daylight diffuse conditions (the Sun did not light the sand samples
directly) in a room with wide open windows (facing north), resolution 1280 x 960
pixels (of which the sand sample itself occupied ca. 270 x 190 pixels), and high
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Figure 1. Arrangement of plastic colour chips around a soil sample (serial number 1001).
Regions of interest (ROIs) drawn in ENVI over the plastic colour chips and the soil sample
are presented in a thin white or black line.

quality (HQ) mode—JPG (Short for Joint Photographic Experts Group (JPEG)
2004) standard compression. Although JPG files are not recommended for research
purposes (Yam and Papadakis 2004), our results show that the compressed (JPG)
file did not hamper the accurate identification of the samples’ colour. An important
reason for preferring JPG images is the high compression ratio they offer for 24-bit
images, thus allowing a greater number of photographs to be taken in a single
session, especially on field trips.

2.3  ASD measurements

All soil samples were measured by a high performance single-beam field spec-
troradiometer—the Analytical Spectral Devices FieldSpec Pro (ASD 2001)—
measuring throughout the visible to SWIR wavelength range (350-2500 nm). Soil
samples were measured in the laboratory by attaching the contact probe (‘potato’)
to the soil sample, and extracting for each sample the average of 20 readings, using
the bare fiber mode and using the ASD’s illumination. A white reference panel
(made of halon) was used to calibrate the measurement to reflectance values in the
same geometry. In addition, the reflectance of the plastic colour chips was also
measured with the ASD, to enable an empirical line calibration (Smith and Milton
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Figure 2. The reflectance spectra of the 12 plastic colour chips (two colour chips for each
colour) and sand sample 1001, as measured by the field spectrometer (ASD). The captions of
the spectral curves stand for the following reference objects: red chip (a, a’); green chip (b, b’);
blue chip (c, c¢’); black chip (d, d'); grey chip (e, ¢’); white chip (f, f'); and a selected sand
sample (g; sand sample number 1001).

1999). Figure 2 presents the reflectance spectra of a soil sample (serial number 1001)
and of the 12 plastic colour chips used.

2.4 Calibration of the camera digital number values to reflectance values

Data encoded by the digital camera are scaled into 0-255 (8 bits) digital numbers
(DN) in three bands (RGB) and saved in JPG format. We processed the digital
images using ENVI 3.4 software (Research Systems 2000). Over each image, we
defined 13 regions of interest (ROIs; 12 for the 12 colour chips, and one for the sand
sample), covering the central part of these objects, so as to avoid adjacency effects
(as recommended by Dean et al. 2000), as seen in figure 1. For each plastic colour
chip, we averaged the values of RGB from the ROIs. These RGB values are referred
to here as DC-RAW (digital camera raw data). Two calibration methods were
applied to the measured RGB values: relative and absolute.

With the relative calibration, a linear regression line was found between the RGB
values of the plastic chips of each soil sample (for each of the RGB values) and those
of the image in an arbitrarily selected soil sample (the sample shown in figures 1 and
2). The average R> for all samples (N=370) and bands was 99.6%. Using the
regression line coefficients, the RGB values of the soil sample (in each image) were
corrected to match the illumination conditions of the first image. These RGB values
are referred to here as DC-RGB (digital camera RGB).

Absolute calibration to reflectance values was based on measuring the spectral
reflectance of the plastic chips with the ASD (figure 2). An exponential regression
line was found between the digital camera’s RGB values of the plastic chips (in each
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image) and the ASD’s reflectance values (at 640, 510 and 460 nm, representing red
green and blue colour, respectively)—the average R* for all samples and bands was
93.7% (N=370). These regression lines were applied to the RGB values of the soil
samples, in order to transform them into reflectance values, referred to here as
DC-R (digital camera reflectance).

2.5 Calculation of soil colour indices

The following soil colour indices were calculated (Madeira et al. 1997, Mathieu et al.
1998):

Brightness Index BI=sqrt { (B2 +G*+ Rz) /3} (1)
Saturation Index SI=(R—B)/(R+B) (2)
Hue Index HI=(2+*R—-G-B)/(G—B) (3)
Colouration Index CI=(R—G)/(R+G) 4)
Redness Index RI=R?/(B x G’) (5)

where R=red band (640 nm when using the ASD); G=green band (510 nm when
using the ASD) and B=blue band (460 nm when using the ASD).

We have used soil colour indices, as they were shown by Mathieu et al. (1998), to
be good predictors of each of the soil colour components (expressed in Helmholtz
coordinates). These indices were calculated for each of the sand samples four times:
(i) from the raw DN values of the digital camera prior to their calibration (DC-
RAW); (ii) from the self-calibrated DN values of the digital camera (DC-RGB); (iii)
from the reflectance calibrated values of the digital camera (DC-R); and (iv) from
the reflectance values of the ASD spectrometer (ASD-R).

As these indices are mostly ratio indices, we expected them to reduce shading and
BRDF effects that may be present in the images, due to viewing angle with respect
to the direction from which the light is coming (Lillesand and Kiefer 1994, King
1995). This is because a ratioed image of a scene effectively compensates for the
brightness variation caused by the differences in the topography, and emphasizes the
colour content of the data. In this study, we assumed that using a contact probe
device to measure the reflectance with the ASD will significantly reduce major
BRDF effects.

In addition, we have examined the performance of two other colour models, in
predicting the content of free iron oxides and fine particles. The two colour models
that we studied in comparison with the RGB model, were the CIE L*a*b* and the
CIE L*C*H". The CIE (1978) colour spaces form the foundation of device-
independent colour for colour management, and are meant to be true representa-
tions of colours as perceived by the human eye (Amazys Holding 2004). In the CIE
L*a*b*, L* is a measure of lightness of an object, and ranges from 0 (black) to 100
(white), a* is a measure of redness (positive a) or greenness (negative a), and b* is a
measure of yellowness (positive b) or blueness (negative b). The coordinates a* and
b* approach zero for neutral colours (white, greys and black). The higher the values
for a* and b*, the more saturated the colour is. The CIE L*C*H" system is the same
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as the CIE L*a*b* colour space, except that it describes the location of a colour in
space by use of polar coordinates, rather than rectangular coordinates. L* is the
same as above, C* is a measure of chroma (saturation), and represents the distance
from the neutral axis, and H® is a measure of hue and is represented as an angle
ranging from 0° to 360°.

We have calculated the colour coordinates in these two additional models,
applying the formulas used in the software EasyRGB-PC™ (Logical 2004).

2.6 Measurement of iron oxides and fine particles in the soil samples

From the entire soil sample population, a set of 42 soil samples was selected for
chemical measurements. The samples were selected according to their spectral soil
colour indices, so as to cover the whole range of colour in the population. For each
of those soil samples, two replications were used for the extraction of iron oxides,
using the method described by Mehra and Jackson (1960). In this extraction,
dithionite—citrate-bicarbonate (DCB) was used to extract the free iron into the
solution for analytical determination. These values of free iron oxide content are
referred to here as DCB-Fe. From the same set of 42 soil samples, an amount of 40 g
was taken to analyse the content of fine particles (silt and clay) in the soil, as
described in Kidron (2001). Table 1 presents the basic statistics of the content of free
iron oxide and fine particles, as well as those of the Munsell value, hue, and chroma,
as found using Munsell colour chart (Munsell 1923).

The samples’ content of organic matter was not measured, as it was considered to
be non-significant with in dune areas in Israel, as reported by Kutiel ez al. (1996)
(less than 1% of the coastal dunes and Hamra soils in Israel).

3. Results

Table 2 presents the linear correlation coefficients obtained for the RGB values, and
their derived soil indices (between the digital camera and the ASD), as calculated
from the above four sets: DC-RAW, DC-RGB, DC-R and ASD-R. Figure3
presents some of the scatter plots for these variables. Both table2 and figure3
demonstrate the high correlation that exists between measurements performed by
the digital camera and the ASD (r values along the diagonal of the table are mostly
greater than 0.9). As for the stability (that is, how well do the values of a certain
variable correlate when measured either by the ASD or by the digital camera), the

Table 1. Descriptive statistics of the amount of free iron oxides and fine particles, as found in
the 42 samples that were subject to chemical analysis in the laboratory.

Coefficient
Standard of I 3rd
Average deviation variation Minimum quartile Median quartile Maximum

% Fe 0.078 0.100 0.779 0.022 0.030  0.037 0.060 0.393
% Fine 6.01 11.13 0.54 0.18 0.39 0.86 5.38 44.78

particles
Munsell 9.8 0.7 14.8 7.5 10.0 10.0 10.0 10.0

value
Munsell 6.1 1.3 4.5 4.0 5.0 6.0 7.0 8.0

hue
Munsell 4.0 1.0 4.0 2.0 3.5 4.0 4.0 6.0

chroma




Table 2. Linear correlation coefficients (r) between RGB values and their derived soil indices, as measured by the digital camera (DC-RAW: raw RGB
values; DC-RGB: relative RGB values calibrated by the RGB values of the colour chips; DC-R: RGB values converted into reflectance values) and the ASD
field spectrometer.

DC-RAW DC-RGB DC-R

R G B BI SI HI CI RI R G B BI SI HI CI RI R G B BI SI HI CI RI

R 092 094 082 094 —-038 —0.39 —045 —0.64 096 093 0.87 096 —049 —-026 —0.44 —0.69 097 091 082 096 0.15 0.05 0.08 —0.74

G 089 096 087 095 —048 —0.47 —0.53 —0.65 0.92 094 092 09 —-0.60 —0.32 —0.53 —0.70 094 093 088 096 0.00 —0.02 —0.03 —0.77

B 080 091 089 091 —0.57 —-0.50 —0.57 —0.59 0.81 088 094 090 —0.72 —0.37 —0.59 —0.63 085 091 094 090 —0.23 —0.10 —0.19 —0.73

ASD-R BI 090 095 084 094 —043 —043 —048 —0.64 093 094 091 096 —0.57 —0.30 —0.50 —0.69 095 093 0.87 09 0.04 0.0l 0.00 —0.76
SI  —025 —049 —0.67 —048 0.74 058 0.68 042 —0.18 —0.41 —0.63 —0.40 084 046 0.66 034 —025 —049 —0.70 —0.36 0.81 037 0.62 0.48

HI  —0.19 044 —-0.54 =039 0.71 071 0.79 0.69 —0.24 —0.44 —-0.56 —041 0.79 0.53 0.73 0.65 —0.23 —042 —0.52 —0.32 0.57 042 0.55 0.69

CI  —-025 —0.50 —0.67 —0.48 0.77 0.64 0.73 049 —023 —046 —0.65 —044 089 053 0.76 0.54 —0.26 —0.49 —0.66 —0.37 0.75 043 0.64 0.64

Rl —0.65 —0.80 —0.73 —0.75 0.62 0.63 0.76 096 —0.79 —0.83 —0.79 —0.83 0.66 0.41 0.64 096 —0.74 —0.74 —0.67 —0.76 0.00 0.12 0.10 0.94
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Figure 3. Scatter plots between various variables ((¢) red band; (b) green band; (¢) blue
band; (d) Brightness Index; (e) Saturation Index; (f) Hue Index; (g) Colour Index; (k)
Redness Index) measured by the digital camera and the field spectrometer (ASD).

soil indices can be ranked in the following decreasing order: Redness Index,
Brightness Index, Saturation Index, Colour Index and Hue Index. Note that the
correlations achieved between the ASD measurements and the uncalibrated digital
camera measurements (DC-RAW) were almost as high as the calibrated digital
camera measurements.

A comparison between DCB-Fe values of 42 selected soil samples, with the
various soil indices (presented in table 3 and figure4), reveals that similar results
are obtained with either the digital camera or the ASD; the best spectral soil index
(calculated from RGB values) being the Redness Index (with linear r values greater
than 0.85 for both the digital camera and the ASD spectrometer). In fact,
correlation coefficients with the digital camera were similar, if not higher, than
those achieved with the ASD. One should note that the relationship between the
redness index and the free iron oxide content is of a logarithmic trend line (in
figure4). A similar relationship (using a parabolic fit, however) was interpreted by
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Table 3. Linear correlation coefficients (r) between the content of iron oxides (DCB-Fe)
values of 42 selected soil samples, and soil indices as calculated from RGB values, measured
by the digital camera and the ASD field spectrometer (*95% significance, **99% significance).

Correlation with

DCB-Fe DC-RAW DC-RGB DC-R ASD-R
BI —0.73%* —0.75%* —0.69%** —0.72%*
Spectral SI 0.73** 0.76** 0.16 0.53%*
soil index HI 0.78%* 0.66** 0.35% 0.86%*
CI 0.80%* 0.76%* 0.27 0.63%*
RI 0.92%#* 0.92%* 0.86** 0.89**

Torrent et al. (1983) in Brazil, to represent a saturation in their redness rating index
(that was based on Munsell colour charts), with respect to the hematite content of
the soil.

Similar results were obtained for the relationship between spectral indices and the
content of fine particles in the soil samples, as presented in figure 5 and table 4. This
relationship follows a linear trend line; however, we used a logarithmic scale for the
x-axis in this figure. Again, the best index for the fine particles was found to be the
Redness Index (with linear r values greater than 0.82 for both the digital camera and
the spectrometer). In addition, the digital camera performed better than the ASD, in
predicting the content of the fine particles based on spectral indices.

Evaluating four different colour models (RGB, CIE L*a*b*, CIE L*C*H° and
Munsell) with respect to the ability of their colour coordinates to predict the content
of fine particles and free iron oxides, we found that the poorest performance was
that obtained by the Munsell charts (r values not surpassing —0.70; see table 5). As
for the other colour models, whose coordinates were calculated from the digital
images, the RGB model and the two CIE models performed equally well (the best r
values reaching about —0.75). The best results were obtained with those colour
variables that are directly related to the brightness of the soil sample (R, G, B and
L*); whereas, the variables related to the redness of the soil sample obtained lower
correlation values (r~=+0.65, for a* and H®). However, the spectral colour indices
discussed above, and most notably the redness index, were found to be the best
predictor of both DCB-Fe and of fine particle content.

4. Discussion

We have demonstrated the ability of a simple digital camera combined with simple
plastic colour chips to capture RGB values of soil samples. From these, various soil
colour indices were calculated. We found that soil colour indices in general, and
those relating to the brightness or the redness of a soil sample in particular, may be
calculated from digital camera images, with accuracies similar to or better than
those achieved by an ASD. From these, accurate predictions of the free iron oxide
and of fine particle contents can then be done, using either the digital camera or the
ASD field spectrometer. Regarding the performance of a digital camera with respect
to a field spectrometer, similar results were obtained by Viscarra Rossel et al. (2003)
for the prediction of soil organic carbon. The fact that the accuracy achieved by the
digital camera and the ASD spectrometer were quite similar, with different types of
light sources (direct artificial light in the ASD, diffuse daylight with the digital
camera), may be evidence that the sand samples behaved as lambertian reflecting
surfaces. It may also be explained by the fact that a much larger, and hence
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Figure 4. A scatter plot between the content of iron oxides (DCB-Fe) measured in the
laboratory and the spectral redness index as measured («) by the field spectrometer (ASD),
and () by the digital camera.

representative, area of the soil sample was imaged by the digital camera (140 sq cm),
as compared to the less than 2 sqcm imaged by the ASD, thus compensating for the
higher accuracy expected from a sophisticated ASD field spectrometer.

With the Redness Index, high correlations were found between both the soil
samples’ free iron oxide content (DCB-Fe) and the fine particle percentages. In our
study, we found that sandy soils with higher amounts of fine particles were darker
than soils with a lower percentage of fine particles. This may seem to be contrary to
the expected (see Clark 1999); however, in our case there was a high correlation
between the content of free iron oxides and fine particles (R*=93.5%). As noted by
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Dematte ez al. (2004), as well as by Sanchez-Maranon et al. (2004), high iron content
contributes to low reflectance; and hence, the fine particle inverse correlation with
the reflectance values is explained by the occurrence of iron oxides.

We found the Redness Index to be the best spectral index for predicting both
DCB-Fe (R*>=88.9%) and the content of fine particles (R>=81%) in our soil sample
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Table 4. Linear correlation coefficients (r) between content of fine particles of 42 selected soil
samples, and soil indices as calculated from RGB values measured by the digital camera and
the ASD field spectrometer (*95% significance, **99% significance).

Correlation with %

fine particles DC-RAW DC-RGB DC-R ASD-R
BI —0.74%* —0.75%* —0.69%* —0.71%*
Spectral SI 0.64** 0.70** 0.09 0.46**
soil index HI 0.73%* 0.66** 0.31%* 0.80%*
CI 0.72%* 0.73%* 0.22 0.56**
RI 0.89%* 0.90** 0.83%* 0.85%*

population. We found that applying a spectral index was preferable to using simple
colour coordinates, whether they belong to the RGB model or to the CIE models.
Higher content of free iron oxides had two effects: lowering the brightness of the soil
samples (as expressed in the negative correlation with R, G, B, L* and the Munsell
value), and reddening them (as expressed in the positive correlation with a*, and the
negative correlation with H° and the Munsell hue).

Although we were successful in quantifying soil colour indices and related soil
properties using a digital camera, we may note the following limitations for this
method: (1) changing illumination conditions may have more influence on the
accuracy achieved when images are taken in the field; (2) images taken by different
cameras can only be compared after they are calibrated to the same reference; and
(3) soil samples should be levelled before images are taken to reduce shading
artefacts, due to possible microtopography and BRDF. These artefacts are,
however, partially compensated for when using ratio indices.

Organic matter may change the spectral slope of the VIS-NIR region (Ben-Dor
et al. 1997), and accordingly the RI. Indeed, organic matter was demonstrated by
Viscarra Rossel and Walter (2002) and Viscarra Rossel et al. (2003) to lower the
reflectance of soils as measured by a digital camera. However, this can happen only
when the organic matter content reaches a significant threshold (above 2%;
Baumgardner et al. 1985). If the organic matter is fresh, then signatures of

Table 5. Linear correlation coefficients (r) between the content of fine particles and iron
oxides (DCB-Fe) as measured in 42 soil samples, and several colour coordinates used in the
following colour models: RGB, CIE L*a*b*, CIE L*C*H° and Munsell. All the calculations
referring to the digital colour models were based on the DC-RGB values (the calibrated RGB

values).
Colour model Colour coordinate % fine particles DCB-Fe
RGB R —0.75 —0.74
RGB G -0.76 —-0.76
RGB B -0.71 —-0.73
CIE L*a*b*: L* -0.76 —-0.77
CIE L*a*b*: a* 0.62 0.65
CIE L*a*b*: b* 0.09 0.17
CIE L*C* H® C* 0.19 0.28
CIE L*C* H° H° -0.62 —-0.63
Munsell Value —0.68 —0.69
Munsell Chroma 0.31 0.39

Munsell Hue —-0.59 —0.62
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chlorophyll can be also present at around 680 nm (Ben-Dor ef al. 1997). The organic
matter content (fresh and mature) within a sand dune area (far from vegetation
spots), as well as in typical ‘Hamra’ soil, is fairly low in the selected area (less than
1%,; see Kutiel et al. 1996), and thus, not spectrally significant. As demonstrated by
Danin et al. (1989), even when the silt+clay content in cyanobacterial crusts over
desert dunes in Israel is 30%, the organic matter is less than 2%. However, in
proximity to vegetation pockets, caution must be taken when using the proposed
method. Along these areas, both organic matter and chlorophyll content may be
masking the spectral response of the iron oxides.

5. Conclusions

In conclusion, the method presented here offers the possibility of using a digital
camera as an alternative tool for a three-band field spectrometer in the VIS range;
and it may also be applied in the field, thus allowing an easy, objective, and fast way
to quantitatively measure soil colour variables. These may then be related to the
amount of free iron oxides, content of fine particles, and probably also to organic
carbon—all of which are important soil properties, which may also serve as
indicators of the stage in the stabilization process of sand dunes. Further research
may be applied to more soil populations, and to additional soil properties such as
water and lime content, and to biogenic crusts, as they all affect the soil colour
properties.
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In the third article the possibility of using historical maps for studying the mobility

rate of coastal dunes is presented. As is discussed there, the accuracy of a historical
maps should be assessed before using it for landscape changes. To this end two sets of
historical maps were used: the Survey of Western Palestine executed in the 1870's by
the Palestine Exploration Fund, at a scale of 1:63,360, and topocadastric maps of
Palestine executed in the 1930's-40's by the British Mandate Department of Survey at
a scale of 1:20,000. From these two sets of geo-referenced and digitized maps a study
of the dunes movement rate in six regions along the coast of Israel was then executed,

going farther back than has been previously done.



Chapter 3 Coastal dune changes based on the PEF map

The Palestine Exploration Fund map (1871-7)
of the Holy Land as a tool for analyzing landscape changes:

the coastal dunes of Israel as a case study

Levin Noam
Department of Geography and Human Environment, Tel Aviv University

10 Zelig St., Tel Aviv, Israel

Abstract

The Palestine Exploration Fund (PEF) maps (1871-1877) are highly praised for their accuracy
and completeness; however no systematic analysis of their accuracy has been done to date. To
study the potential of these 1:63,360 maps for a quantitative analysis of land cover changes over
time, I have compared them to 20" century topographic maps. The map registration error of the
PEF maps was 74.4m using 123 control points of triangulation stations and a 1* order
polynomial. The median RMSE of all control and test points (n = 1104) was 153.6m. As a case
study of land cover changes, the area of coastal dunes as shown on the PEF maps was compared
with that shown on British Mandate 1:20,000 topo-cadastral maps from ca. 1930. In five of the
six areas analyzed the yearly dunes movement rate was above the estimated annual error due to
data resolution (2.96 m/year). The rate of dune movement south of Acre was found to be
between 3.9-6.3 m/year (depending on the method used for map registration) between 1874-
1930, meaning that the current stage of coastal dunes in Israel has begun encroaching about
1,200 years ago, presuming no major change in the climatic conditions. Care should be taken
when analyzing historical maps as it cannot be assumed that their accuracy is consistent at

different parts or for different features depicted on them.
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1. Introduction

1.1 Historical maps as a tool for studying landscape changes

In numerous studies modern historical maps have been used to analyze urban and landscape
changes, to mention only a few examples from the USA (Rumsey and Williams, 2002), Austria
(Hall et al., 2003), Argentina (Kitzberger and Veblen, 1999), Australia (Harvey, 2003), Great
Britain (Coppock, 1968; Roper, 2003), Egypt (Stanley and Warne, 1993) and Israel (Schick,
1955; Kark, 1997a; Zvieli et al., 2003). Although historical maps are accessible to students,
researchers and the general public in specialized libraries, their transformation into a digital
format has been shown to increase their use dramatically (compare Hunt and Smith, 1985, with:
Pearson et al., 1994; Rumsey and Williams, 2002; Roper, 2003).

As noted by Karmon (1960), the value of a map as a historical source obviously depends on the
reliability and correctness of the measurements and notes on which it is based. However, as
written by Coppock (1968, p. 41): "It is a truism to say that before a map or map series is used
as a source of data on land use, it must be properly evaluated, but this has not always been
done" (my emphasis). As for the reconstruction of past land uses, one should bare in mind that
differences in interpretation or in the accuracy with which the location and type of land uses are
recorded on historical maps, may lead to the identification of changes which are only apparent

on the maps, but have no base in reality.

1.2 Historic maps registration methodology

The majority of registration methods consist of the following four steps (Zitova and Flusser,
2003): feature detection, feature matching, transform model estimation and image resampling
and transformation. If possible, prior to registration maps should be evaluated for systematic
errors (e.g. incorrectly placed geographic reference system). Ideally, to analyze the accuracy of a
historical map (as is done for example when analyzing the classification results of satellite
images), one would like to have a “ground-truth” base-map describing the land-cover as it was.
As this is usually not the case, analyzing the accuracy of a historic map is commonly based on
comparing it to a later map that was surveyed and drawn using more accurate methods. This can
be done in two ways: (1) by comparing the distances between selected points on the maps
analyzed (as in Bonisch, 1967), or (2) by identifying the location (in X,y coordinates) of the
same place in the two maps — i.e. by compiling a table and a map showing the name and
coordinates of a place in both maps (for examples see Warren, 1880; Karmon, 1960; Margary,
1977; Vuorela et al., 2002; Hall et al., 2003). To this end, point features (termed Control Points

(CPs); e.g. river meetings, crossroads, settlements, buildings, mountain tops, etc., according to
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the scale of the map) are preferred over line or polygon features, as the former can be pinpointed
more accurately than the latter.

Whether this comparison is done using the raw data of longitudes and latitudes, from the visual
or photographical overlay of maps (e.g. using the photographic method suggested by Margary,
1977) or by scanning them and rectifying them using Geographic Information Systems (GIS),
three points should be kept in mind: (1) the points should be well defined; (2) the control points
on which the comparison is based should be chosen from entities that did not change their
location over the time period separating the two maps, with respect to the scale of the maps (e.g.
triangulation stations and mountain tops are preferable over sand dunes); (3) errors in
identifying places might result from misidentification of place names in of the maps. In addition,
one may also analyze the features that were omitted from the map under consideration (that is,

to analyze the completeness of the map).

1.3 Transformation model estimation

Once the control points are detected and matched for both maps/images, the parameters for a
mathematical transformation are derived. This may be done using a global model that uses a set
of well defined CPs for estimating one set of mapping function parameters valid for the entire
image. Alternatively, local mapping functions treat the image as a set of patches and the
function parameters depend on the location of their support in the image; this leads to the
tessellation of the image, usually a triangulation, and to the defining of parameters of the
mapping function for each patch separately (Zitova and Flusser, 2003).

One of the most frequently used global models uses bivariate polynomials of low degrees fitted
using a least-squares trend model. A trend model, derived from » control points expressed as

follows (Buiten and Putten, 1997, p. 59):

(1) x=f(X,Y)+u
(2) y=f(X,Y)+v

may consist of a lower-order polynomial, e.g. of the 1* order:

3) x=a+taX+tayY tu

(4) y:b1+b2X+b3Y+V
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where: (X, Y) = master coordinate system with points (Xj, Yi); 1= 1,2,...,n; (x, y) = slave
coordinate system with points (xi, yi); 1= 1,2,...,n; and (u;, v;) being the residual pair
corresponding to the i-th control point after the least square adjustment, assuming a redundant
number of control points available for the transformation model. Such mapping functions do not
map the CPs onto their counterparts exactly, as the least square technique averages out the local
geometric distortion equally over the entire image.

If a map or an image are distorted locally then local methods such as piecewise linear mapping,
piecewise cubic mapping together with Akima’s quintic approach apply the combination of the
CP-based image triangulation and of the collection of local mapping functions each valid within
one triangle (Zitova and Flusser, 2003). As reported by Doytsher (2000) this method is
considered today a popular approach. Local models were as well recommended in several
studies that dealt with historical maps where geometric irregularities are not evenly distributed
(Shimizu and Fuse, 2004; Vuorela et al., 2002; Cousins, 2001; Weir, 1997). However,
triangulation is very sensitive to the number and quality (coverage, spatial accuracy) of CPs
(Vuorela et al., 2002).

Other methods include radial basis functions and elastic registration however these are not
commonly available in commercial image processing packages and were therefore not applied

here (Zitova and Flusser, 2003; Fogel and Tinney, 1996).

1.4 Evaluation of the map registration accuracy
The residuals (u4, vi) give an estimate of the error of each control point in the x and y axes,

whereas the total error for each point is given by:
®)) Total error = SQRT (i +17)

and the overall model error, called the Root Mean Squared Error is computed as (Verbyla,

2002, p. 155):

(6) RMS error = Square Root [ (sum of total errors squared) / n ]
Ideally, the residual vectors (u, v) should be independent of their 'place’ or the type of the
control point (e.g. building or rivers confluence) and isotropic. In addition to the RMS error,

when dealing with satellite images an uncertainty term the size of diagonal (V2) of the spatial

resolution of the images should be included to derive the accuracy (Hall et al., 2003).
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Errors in data collection may be classified into gross errors (due to carelessness of the observer),

systematic errors (that introduce a bias into the observations) and random errors (Thapa and

Bossler, 1992). Historical maps belong to secondary methods of data collection, whereas

primary methods of data collection include ground surveying, aerial and terrestrial photographs

and remote sensing (Thapa and Bossler, 1992). As such, secondary methods of data collection

are prone to all the errors contained in the primary methods (personal, instrumental and

environmental), as well as errors related to dealing with paper maps. These include the

following errors, listed in Table 1.

Error Error type Error size:
number best and worst case estimates
(mm)
1 Error in plotting control points 0.17-0.32
2 Compilation error 0.3-0.32
3 Error introduced in drawing 0.06-0.18
4 Error due to map generalization Depending on map scale
5 Error in map reproduction 0.1-0.2
6 Error in colour registration 0.17-0.3
7 Deformation of the material 0.25-0.48
8 Error introduced due to the use of the wrong scale
9 Uncertainty in the definition of a feature Depending on type of feature
10 Error due to feature exaggeration Depending on map scale and type of
feature

11 Error in digitization or scanning 0.25

Table 1: Errors in secondary methods of data collection (after Thapa and Bossler, 1992)
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Assuming that a linear relationship exists between the total error and the individual errors, the

total error may be computed using the law of propagation of errors:

Total error = (312 teteyd+tessteg tel + 6112)0'5 (7)

Where e, refers to the errors listed in Table 1. In the worst case scenario, the total RMS error
will be equivalent to 0.81 mm at map scale (plus additional errors related to the type of feature
and the map scale, as described in Table 1).

In addition to RMSE, two other methods for estimating the alignment error of the map
registration are recommended (Zitova and Flusser, 2003; Vuorela et al., 2002): (1) Test Point
Error (TPE): Test points (also termed as check points) are CPs that were deliberately excluded
from the calculation of the mapping parameters; (2) Consistency check using multiple cues:
here, the image registered by the method under investigation is compared with the same image

registered by another comparative method.

2. Research goals
The Survey of Western Palestine was conducted by the British society of the Palestine
Exploration Fund (PEF) during the years 1871-1877 (described in detail below). This survey is
to this day highly praised for its accuracy and completeness, however, no systematic analysis of
the accuracy of the PEF maps has yet been done. To demonstrate the potential of historical maps
to analyze geomorphologic processes, and to assess the value of the PEF maps for the
reconstruction of past land-cover, the following goals were set:
e C(Create a digital version of the PEF maps;
e Assess the horizontal and vertical accuracy of the PEF maps and their adequacy for
evaluating changes in the coastal dunes of Israel;
e Evaluate whether different features (e.g. springs, mosques, etc.) may have been mapped
at different accuracies;
e Assess spatial variations in the accuracy of the map;
e Evaluate changes in the area covered by the coastal dunes between the 1870s (as
depicted on the 1:63,360 PEF maps) to ca. 1930 (based on British Mandate 1:20,000

topo-cadastral maps).
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3. The accuracy of the PEF maps

3.1 Background

3.1.1 Early mapping of Palestine during the 19" century

The area known as Palestine was under Ottoman control from 1517 until World War 1. During
that period several land registration surveys were conducted, in which the size, type and
ownership status was registered. Modern land registration was first introduced in 1865
following the Ottoman Land Code of 1858 and replaced a situation of complete anarchy (Kark
and Gerber, 1984; Kark, 1997b). However, a basic component of land registry was still missing
— the compulsory measuring and mapping of the land. Nonetheless, a detailed literal definition
of the geographical boundaries of each parcel appeared in many of these surveys, and is some
cases large scale maps of villages and their lands were also drawn (at the scale of 1:10,000),
although very few of the maps survived (Kark and Gerber, 1984).

Systematic surveys of Palestine were performed in the 19" century almost only by European
organizations and individuals, mainly the French and the British, but also the German, Russians,
Dutch, Americans and other nationalities (Ben-Arieh, 1972; Gavish, 1991; Rosen, 1992; Goren,
2001; Goren, 2002; Frumin, 2005; Gavish, 2005). The first trigonometrically based topographic
map of Palestine was the 1:100,000 map surveyed by Pierre Jacotin during the military
campaign of Napoleon from Egypt to Acre in 1799. These measurements were conducted only
along the coast and in the lower Galilee, and completed however, in a very short time — two
months. Six sheets of the Carte topographique de I’Egypte were dedicated for Palestine, but
they were heavily criticized, because of the haste with which the survey was performed and the
addition of imaginary information (Gavish, 1991, 2005). A detailed analysis of the geometric,
thematic and toponymic errors in Jacotin’s map is given by Karmon (1960).

Goren (2002, p. 92) reports on the many calls for an organized survey of Palestine that were
made during the 19" century, "recognizing the ineffectiveness of the haphazard collection of
data by a lone traveller working for a short time wherever he happened to be". Interest in the
mapping of Palestine increased due to its biblical significance, and for scientific reasons (e.g. the
determination of the altitudes along the Jordan valley). However, the mapping of the country
was delayed because it was not especially important, either strategically or geo-politically, for
the European nations until the last quarter of the 19" century (Moscrop, 2000; Moscrop, 2002;
Goren, 2002). Interest in the region grew at that time following the Crimean War (that ended in
1856), and especially with the building of the Suez Canal by France, and its opening in 1869.
The British and the French were then colonial rivals, and as the French began mapping the

Galilee in 1870, and with a pending war between Russia and the Ottoman Empire (which indeed
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erupted in 1876), the British came to understand that it is in their interest to have good maps of

Palestine (Goren, 2002).

3.1.2 The Palestine Exploration Fund (PEF) mapping

The establishment of the British Research Society of the Palestine Exploration Fund (PEF) in
1865 and its success later on have been attributed to a combination of factors (Goren, 2001): the
renewal of Britain's strategic interest in Palestine and the intensification of English religious,
missionary and scientific interest in the Holy Land/Palestine. The study objectives of the PEF
focused on the archaeology, topography, geology and natural sciences of the Holy
Land/Palestine, as well as the manners and costumes of the inhabitants of the land. These were
accompanied by a renewed British national military interest (as was the case between the years
1865-1885 and 1909-1917) in Palestine. This interest triggered the involvement of the Royal
Engineers Corps in the work of the PEF, both in funding its work and supplying the professional
surveyors, with the aims of mapping the Holy Land/Palestine and gathering information
(Moscrop, 2002). The highlight of the PEF's work in Palestine (which included archaeological
work and the publication of a scientific journal: the Palestine Exploration Quarterly) is with no
doubt the Survey of Western Palestine. The survey was conducted by a small group of
professional surveyors from the Royal Engineering Corps, and was first led by captain R.W.
Stewart and Mr. Charles F. Tyrwhitt Drake (1871-1872), then by lieutenant Claude Reignier
Conder (1872-1875) and finally by lieutenant Horatio Herbert Kitchener (1877).

A detailed description of the surveying process is given in various sources (Conder and
Kitchener, 1881-1883; Shatner, 1951; Elster, 1956; Gavish, 1991; Hodson, 1999; Gavish, 2005)
and provides the following information regarding the maps:

e The scale of the final maps was an inch to the mile (1:63,360), and they included 26
sheets (Conder and Kitchener, 1880). The size of the sheets is 55x44 cm., covering 15'
from north to south and 22' from east to west, with each sheet covering an area of ~970
sq.km.

e All the maps were based on a projection devised by Sir Henry James (Director General
of the Ordnance Survey, from 1854 to 1875; the exact type of this projection is not
known, see Hodson, 1999) using a central meridian of 35°15' east of Greenwich, a
perpendicular of 32°N, and the Clarke 1866 reference ellipsoid (Hodson, 1999; Mugnier,
2000).

e Although based on triangulation, the detail had been surveyed using compass and

cavalry sketching board (Close 1932, as cited by Colleir, 2002).
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The features depicted on the maps reflect their dual purpose, describing both the contemporary
topography as well as the conditions in the Biblical and Classical eras (Hopkins, 1968).
Topography was depicted using light-brown shading (replaced by an unattractive light-black
shading in a later edition), based on the principle of "the steeper the darker", a method common
to the so called "British National Style" of the first half of the 19" century (Jones, 1974;
Hodson, 1999; Collier et al., 2003). Built-up areas were depicted in red with little detail.
Hydrographic elements were shown in cyan, and vegetation types and geographic names in
black (see Figure 1 — for extracts from the PEF maps and symbology used on the map). Special
emphasis was given to local geographic names and these were placed on the maps and listed
alphabetically in a special index (with a total number of about 9,000 names).

Forty years later, a new era in the mapping of Palestine began during World War I with the
extensive use (by both the German and the Australian and British forces) of aerial photographs
for producing town maps and updating the PEF maps (Amiran, 1953; Gavish and Biger, 1985;
Collier, 1994; Kedar, 1999; Mugnier, 2000). The establishment of the Department of Surveys in
Tel-Aviv under the British Mandate in 1920, where the main offices of the Survey of Israel are
located to the present day, led to a new triangulation and survey of Palestine, which replaced the
PEF map. A detailed history of the development of the British mapping during the Mandate is
given by Gavish (1991, 2005).

3.1.3 Previous Accuracy assessments of the PEF maps
Today the PEF maps are highly regarded for their accuracy of measurements, their completeness
in describing the hydrographic and archaeological landscape, and for their construction of local
toponymies. These maps were considered the best maps of the Holy Land/ Palestine for at least
50 years, serving as a basis for updated and new maps, e.g. in the time of World War I and for
archaeological surveys (Elster, 1956; Hopkins, 1968; Gavish, 1991; Frankel, 1998; Hodson,
1999; Gavish, 2005). The difference in the calculated and measured lengths of the check base of
the triangulation on the Plain of Esdraelon was a mere 0.03%, and this was regarded at the time
as a proof for the accuracy of the survey (Hodson, 1999).

There appears to be little work to date however, that has attempted to determine the horizontal
and vertical accuracy of the PEF maps as a whole, with the exception of several localized
studies (e.g. Frankel, 1998; Ben-Porat, 2003). The PEF maps were used by Warren (1880) as
base maps to check the errors in latitudes and longitudes of places taken during his 1867
reconnaissance. Based on this work Warren estimated that 60 out of 134 stations and other well-

defined points of his survey were within an expected error limit of 20 seconds latitude and
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longitude (equivalent to ca. 26m).

0 500 10001500 Meters A : i - 0 500 10001500 Meters
™

4 Adtizsr et Brirmig
| «

Gt el Missdiriyen

SIGNS USED ON THE MAP. Bridge e
Tomb ... i
Vineyard Sarcophagus ... Sar.
Orchard Cave ... i
Garden Mosque &
Wood ... Church &
Serub ... Survey Camp ®
Palms Ruin
TFir Trees Wine Press ... WP
Marsh ‘Wateh Tower o WT
Sand Roman Mile-stone ... o e o RM.S.
Perennial Stream ... v e Hectrio Telegeaphy i
Road
Dry Water Course ... SOl
Track ...
Well ... B.
) Trigonometrical Station ... a
Pool ... Bkt
Bench Mark ... ABM
Agqueduct e e oo = s . Aquedact.
Altitudes, in feet above sea level ... 2362
Spring A
Depressions, ,, below o -241
Cistern lis.

Figure 1: Examples of the symbology used on the PEF map: extracts of the
map from the areas of Jerusalem and Jaffa, and the table of signs used on
the map.
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Errors were attributed largely to those places which could not be observed directly from the
surrounding hills, and therefore could only be fixed by a series of compass observations.
Hopkins (1968, p. 33) contains a brief quantitative evaluation of PEF map horizontal accuracy
stating: "A cartotest on the PEF map revealed a block shift of 19 seconds to the west and an
average discrepancy of 1.1 seconds to the north in latitude, when compared with the 1:100,000
maps of the Survey of Palestine". Relating to vertical accuracy he reported that: "A check on the
heights shown on the Samaria sheet revealed an average difference of 35 feet compared with the
corresponding Survey of Palestine map". No further details are given by Hopkins (1968)

regarding the methods used to calculate these figures.

3.2 Materials and methods

3.2.1 Scanning the maps

The 26 sheets of the PEF maps were obtained digitally as JPG files at a resolution of 300 dpi
from the Jewish and National University Library at Jerusalem. The coastal sheets of the British
1:20,000 mandate topo-cadastral maps were obtained by Frumkin-Ahiron et al. (2003) from the
library of maps at the Department of Geography and Human Environment, at Tel-Aviv
University, and scanned at a resolution of 150 dpi creating JPG files. These maps were then
rectified to Israel's new grid (Israel Transverse Mercator; see Mugnier, 2000), and digitized to
create a GIS layer of the coastal land cover ca. 1930 by the GIS unit of the Society for the
Protection of Nature in Israel, as part of a report describing the changes taking place over
Israel's coastal dunes in the past 60 years (Frumkin-Ahiron et al., 2003). The survey of these
maps began in 1928 using plane tables and their publication followed the surveys immediately.
Thus, most of the 1:20,000 mandate topo-cadastral coastal sheets used were published between
1928-1932. As the year of survey is not always mentioned on them, it was assumed that their
land cover relates to the year 1930 (2 years).

Finally, for the collection of control points (CPs) from modern maps, I have used a digital
version of the 1:50,000 topographic maps of the Survey of Israel from the 1990s, scanned at a
resolution of 150 dpi and registered to Israel's new grid, distributed within Turbo CD 4.0

software (2002; accessed: http://www.pazlogistics.com).

3.2.2 Piecing together the 26 sheets
Prior to the collection of CPs from the PEF maps, all were put into one file. As the exact type of
the projection used is not known (Hodson, 1999), I have rectified each one of the 26 sheets to

geographic (longitude/latitude) coordinates, as these are given along the edges of the maps, at
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intervals of 10 seconds. To that end, in most cases 24 CPs were collected from each sheet, ~16
of them along the edges and from the corners of the sheet, and ~8 from the sheet's interior, at the
crossings of longitudes and latitudes (according to the tics of longitude and latitude drawn along

the maps edges). Figure 2 identifies the distribution of the CPs over sheet number six.
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Figure 2: The distribution of CPs over PEF map sheet number six, as an example for the CPs
used for the rectification of the scanned sheets to the geographic grid (longitude and latitude

coordinates).

To account for non-systematic bending, stretching, shrinking or local deformations that might
have occurred to the paper on which the PEF maps were printed, I applied a local affine
transformation (a facet model), using the triangulation method (which is actually a piecewise 1%
degree transformation) available in ENVI 3.4 remote sensing software package (Research
Systems, Inc., 2001), as recommended also by Shimizu and Fuse (2004).

To preserve the original resolution of the scanned maps, the spatial resolution of the individual
sheets following the rectification was set to 0.00004 decimal degrees (~ 4 metres). All the

rectified sheets were then pieced together to form one file, its dimensions being 38,334 columns
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over 56,250 rows, weighing 6.3 GB before compressions, and 240 MB after being compressed

to the ECW (ERMapper Compress Wavelets technology; accessed: http://www.ermapper.com)

format.

3.2.3 Collection of Control Points

Control Points (CPs) were collected from the PEF maps in comparison to 1:50,000 topographic
maps of the Survey of Israel, while along the coast 1:20,000 topographic British Mandate maps
were also used. Altogether 1,150 CPs were collected, 1,093 CPs from the 1:50,000 maps, 57
CPs from the 1:20,000 maps. The CPs collected included all 166 triangulation stations (and
some bench marks) depicted on the PEF maps (even if they were not identified in contemporary
maps), and other features (e.g. mosques, buildings, springs, etc.). The rectification of the maps
was done once with all matched CPs (n = 1,104 after the omission of CPs whose identification
was either vague or lacking). Following Crowell et al. (1991) the maps were also rectified using
only the well defined set of the triangulation stations CPs (n = 123 after the omission of CPs
whose identification was either vague or lacking, or that their error was greater than 200m). In
Table 2 a summary description is given for all those 1,104 CPs that were used for rectifying the

maps and for analyzing their accuracy. The distribution of these CPs is given in Figure 3.

3.2.4 Rectification of the PEF maps in three ways

The pieced together PEF maps (and the GIS layers digitized from them), were rectified from
geographic coordinates (latitude and longitude) into Israel's new grid (Israel Transverse
Mercator, or ITM, projection) using ENVI 3.4 (Reseacrh Systems, 2001) for the scanned maps,
and Idrisi 32.2 (Clark Labs, 2002) for the digitized vector layers, in three ways:

e Standard map projection tools (using a bilinear interpolation) from geographic
coordinates to Israel New Grid coordinate system (Israel Transverse Mercator, [ITM
projection; Mugnier, 2000). This method was used to assess the amount of a systematic
shift existing in the PEF maps.

e Polynomial transformation of the 1%, 2" and 3" orders (using a bilinear interpolation).
This method was used both to analyze the accuracy of the PEF maps (using equations 1-
6). However, as in this method a global transformation is applied to all the CPs, they do
not coincide with their appropriate positions.

e A local affine transformation, as applied in the triangulation (with bilinear interpolation)
method, in ENVI 3.4. This method ensures that each one of the CPs used is located

exactly in its appropriate position, and has the advantage of giving a much better fit
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between, for example, between the coastline on the PEF maps and the modern coastline.
However, in this method rubber sheeting might change local orientations of features (see
Figure 4 for an example). This transformation was applied twice, once using all 1,104
CPs and then when using only the well defined set of 123 triangulation stations. In both
cases, 162 CPs were added at regular intervals of 1km (taking into consideration the
block shift of the maps, as described below) along sandy and straight parts of the
coastline assuming no changes in the orientation and location of the coastline since the

PEF map, in order to force the coastlines to fit well.
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Figure 3: Distribution of the CPs used for the accuracy analyses. In the background are shown the
extent of the PEF map and the layout of the 26 sheets. The CPs are shown separately for each type
of feature, as follows: (a) Buildings; (b) Coastal features (the grey dots along the coast were only
used for the local affine transformation, as explained in the text); (c) Hydrographic point features;
(d) Mosques; (e) Hydrographic features along rivers; (f) Center points of polygonal features of ruins
or settlements; (g) Topographic point features; (h) Trigonometric stations.
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Figure 4: Warping of the PEF map using the local affine transformation, as applied in the
triangulation method in Envi 3.4 software: (a) The mosaicked PEF map in geographic
coordinates, overlaid by the modern coastline. Notice the inconsistent discrepancies between the
modern and the PEF coastlines, in this part of the map (North west of the village of Yebnah); (b)
The local affine warped version of the PEF map. Notice the perfect fit achieved between the two
coastlines.

3.2.5 Accuracy Assessments

I have performed three types of accuracy assessments, as recommended by Zitova and
Flusser (2003): (1) Calculation of RMSE for each of the types of CPs collected; (2)
When only a subset of the 123 triangulation points were used as CPs, and the remaining
subset of triangulation points as well as other groups of CPs serving as test points (TPs)

and their RMSE was assessed; (3) In addition, different transformations were compared
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with respect to their RMSE and land cover changes: 1%, 2" and 3" order polynomials, as

well as a piecewise linear transformation (triangulation).

Sheet no. | Number of CPs | 1% degree RMSE (metres) | 1* degree RMSE (mm)
1 24 24.5 0.39
2 24 22.0 0.35
3 37 22.9 0.36
4 22 26.8 0.42
5 24 26.8 0.42
6 28 36.5 0.58
7 24 13.6 0.21
8 28 31.7 0.50
9 24 20.1 0.32
10 24 20.9 0.33
11 28 19.7 0.31
12 24 18.8 0.30
13 24 13.4 0.21
14 24 30.5 0.48
15 24 17.2 0.27
16 32 294 0.46
17 24 19.9 0.31
18 24 27.9 0.44
19 21 19.2 0.30

20 28 35.8 0.57
21 24 18.8 0.30
22 21 30.5 0.48
23 22 19.6 0.31
24 28 18.3 0.29
25 24 21.5 0.34
26 21 34.6 0.55
Total 652 24.7 0.39

Table 3: RMSE of CPs collected for the rectification of the 26 sheets prior to their piecing
together in geographic coordinates.
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3.3 Results: the horizontal and the vertical accuracies of the PEF maps
Figure 5 presents the mosaicked map in geographic coordinates. Table 3 lists the RMS value of
the CPs collected for each one of the 26 sheets. The average potential error introduced therefore
is 24.7 metres; this error seemed reasonable, as this figure is equal to only 0.39 mm for a map
with a scale of one inch to the mile. As a piecewise linear transformation was used to warp each
on of the sheets into geographic coordinates, it had forced adjacent sheets to meet well as shown
in several examples in Figure 6 (showing selected meeting places of adjacent sheets). Notice
however the existence of discontinuities between some of the sheets, resulting from variation in
the symbology applied to the same features, or due to different interpretations of the landscape,
as is the case with the depiction of the oak forest between sheets 10 and 13, or with the depiction
of the coastal dunes and the open forest between sheets 7 and 10. However, between most of the
sheets and for most of the features, there is an excellent continuity between adjacent sheets.
Figure 7 presents a scatter plot showing the differences between the positions of the 123
triangulation stations CPs as depicted on the PEF maps (when projected from the
original geographic coordinates to Israel Transverse Mercator grid without using any
CPs), with respect to their true location on the ITM grid. From Figure 7 as well as from
Table 2 several patterns emerge:
a) A systematic shift does exist in the PEF maps, being on average 481 metres (18.3
seconds) to the west, and 85 metres (3.1 seconds) to the north (as calculated from the
123 triangulation stations using a conformal projection, assuming no rotation and no
scaling). These figures are similar to those reported by Hopkins (1968): a block shift of
19 seconds to the west and 1.1 seconds to the north.
b) The average registration error, based on the RMSE calculated from 123 CPs of
triangulation stations is 74.4 metres, when a 1 order polynomial is applied (for 2" and
3" order polynomials the registration error decreases to 70.4m and 67.0m, respectively).
These figure are reasonable, given:
(1) the error introduced during the registration stage of the individual sheets into
geographic coordinates (24.7m);
(2) the total error introduced in secondary methods of data collection, equal to 0.8 1mm
in the worst case scenario (Thapa and Bossler, 1992). For the 1:63,360 PEF map this
equals 51.3m, and for the current 1:50,000 topographic maps this equals 40.5m.
(3) altogether this error accumulates to: ( 24.7 2+513%+40.5%)% =69.9m.
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Figure 5: The full mosaic of all the 26 sheets of the PEF, in geographic
coordinates, overlaid by modern coastlines (notice the changes in the
coastline of the Dead Sea).
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0 500 1000 1500 Meters

Figure 6: Examples of places where adjacent sheets meet (a) Sheets 5, 6, 8
and 9. Notice the fine continuity of the linear features between the sheets; (b)
Sheets 1 and 2. Notice the change in the symbology of the perennial river.
While on sheet 1 the blue coloring is below the river, on the right sheet it is
above the river; (c) Sheets 7 and 10; Notice the change in the interpretation
of the landscape; on the southern sheet a symbol of sand dunes is used, while
on the northern sheet, an area of stabilized dunes with trees is drawn; (d)
Sheets 10 and 13. Notice that in the northern an open oak forest is depicted,
while on the southern sheet the trees are cut down, and only stumps are left.
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Figure 7: A scatter plot showing the differences between the positions of the 123
triangulation station CPs as depicted on the PEF maps, with respect to their true
location on the ITM grid. Notice the systematic shift in the positions of features in
the PEF map.

When the 123 triangulation stations were randomly partitioned into two subsets, one
serving for calculating a 1% order polynomial transformation (n = 63), and the other
serving as test points (n = 60), the average RMSE of the test points was 78.0m (standard
deviation of 5.1m, given 30 runs).

When all other collected CPs were used as test points, it can be seen that different
features were mapped with different accuracies, in the following decreasing order (of
median RMSE in location; see Table 2): (1) Trigonometric stations, buildings, mosques,
topographic point features, central points of ruins, hydrographic point features, coastal
features and hydrographic features along rivers. The RMSE of all test and control points
combined together was 272.6m (the median being 153.6m). The results of 2" and 3"
order polynomials were almost identical to those obtained with the 1% order polynomial,

and are therefore not shown.
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e) The coastal features that were used as test points exhibited a rather large horizontal error
(median RMSE of 219.7m). This may have an impact on estimates of dune movement
analysis. However, as will be seen below, the dunes have advanced across a longer
distance.

f) The errors in the positions of the CPs form a cloud of points, with no correlation
between the errors in the X and Y axes. From this it can be concluded that a first order
polynomial transformation is sufficient and there is no need to apply a higher order
polynomial to the PEF maps (see Buiten and Putten, 1997). The four CPs that are outside
the main cloud of points shown on Figure 7 were not excluded, as they are the only CPs
located in the area of Lebanon and Mt. Hermon, to the north of all other CPs.

As for the average vertical accuracy of the PEF maps, the median error in heights, based
on 187 CPs collected (for which the elevation was written on both the PEF maps and
modern topographic maps), was found to be 11.6 metres (RMSE of 31.3 metres). This
figure of vertical error closely resembles that mentioned by Hopkins (1968): 35 feet. The
vertical error of the triangulation stations was found to be the lowest: only 10.9 metres
(RMSE of 14.4 metres). Ben-Porat (2003) documents a vertical error of 68 m in the
determination of the height of the Hula Lake as measured by the PEF surveyors,
attributing it to an incident in which a barometer was broken and no calibration was
performed. As before, different features were mapped with different vertical accuracies
(see Table 2), in the following decreasing order (for median RMSE): Trigonometric
stations, mosques, central points of ruins, topographic point features, buildings and
central points of ruins.

As for spatial patterns, no correlation was found between either the horizontal or vertical
errors of the CPs, with the variables of longitude, latitude or distance from the nearest
trigonometric station.

The reasonable registration error of the map (RMSE=74.4m) with respect to the
theoretical expected error (69.9m) suggested that it is possible to use the PEF maps to
assess land cover changes. As historical maps have been widely used to study shoreline
changes (Crowell et al., 1991; Morton et al., 2004), in this study I attempted to assess
their potential use for studying dune dynamics. To this end, a detailed error (uncertainty)

budget analysis was conducted, as will be described in the following part of this paper.
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4. Analysis of landscape changes in Israel using the PEF maps: the coastal
dunes as a case study

4.1 Background

Since the time when the PEF maps were constructed Palestine/Israel has and still is undergoing
many changes in its land cover and land uses. One of the major changes results from the
increasing development of open landscape areas (which intensified after the establishment of the
state of Israel, in 1948): e.g., the extent of coastal dunes in Israel has diminished from 462 km?
(Tsoar, 1990), to only 185 km? at the end of the 1990s (Frumkin-Ahiron et al., 2003), due in part
to the quarrying of sand, and the construction of cities, military bases and water reservoirs. In
addition, the remaining dunes are undergoing processes of stabilization by vegetation, due to
changes in land use along the coast, mainly the ending of the practice of the "mawasi"
agricultural system (in which the high level of coastal underground water was used for growing
grapes, palm trees and other crops; see Tsoar and Zohar, 1985) and grazing by Arab and
Bedouin local populations since the establishment of the state of Israel (Tsoar and Blumberg,
2002; Chapter 4 of this thesis).

This state of affairs however, was not always so. Sand dunes areas are dynamic in nature,
changing in location, length, or height, depending on the dune type (Tsoar, 2001).
Archaeological remains covered by coastal dunes indicate that aeolian sand started to encroach
on the coastal plain of Palestine/Israel between the 7" and 9™ centuries A.D. (Tsoar, 1990). This
encroachment of sand is attributed by some to climatic changes (Issar, 1995; Issar and Yakir,
1997), or as claimed by Reifenberg (1947, 1950) and Rubin (1989), to soil erosion in Palestine,
caused by changes in human land use, following the occupation of the area by the Arabs from
the hands of the Byzantine Empire. The harbour of Caesarea, built by Herod 2,000 years ago, is
an example where restricting sand movement resulted in the formation of sand dunes in
Caesarea to the south and east (Reifenberg, 1951).

Shaped by the SW and W winter storm winds, the coastal dunes of Israel were formed as
transverse dunes, advancing towards the northeast. Coastal dunes developed where acolian sand
was able to penetrate such as these areas where coastal sea cliffs did not exist or where breached
by streams. Estimates of the rate of coastal dune movement in the 1940s and early 1950s range
between 2-6 m/year (Reifenberg, 1947; Reifenberg, 1951; Tsoar and Blumberg, 2002; Chapter 4
of this thesis). However, during the early 1950s the dunes began to stabilize, their movement
rate decelerating, and their shape changing from transverse to parabolic dunes (Tsoar and
Blumberg, 2002). Estimates of the rate of movement of coastal dunes over longer periods of

time, prior to their stabilization, may identify some of the factors that influenced their mobility
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for more than millennia. Historical maps, such as those of the PEF and British Mandate maps,

offer such a possibility.

4.2 Materials and Methods

4.2.1 Digitization of coastal land cover
Coastal land cover was digitized from both the PEF and the British Mandate maps, creating GIS

layers of historical land uses and land cover along the coast.

4.2.2 Analysis of the average movement rate of the coastal dunes of Israel

Once all the maps were rectified into ITM projection and digitized, an analysis of the average
movement rate of the dunes was performed, along six areas of coastal dunes in Israel (listed in
Table 4). The areas were selected based on the criteria of an unambiguous depiction of coastal
dune areas on both PEF and British Mandate maps. Two types of sand dune areas were therefore
excluded from the analysis: (1) dune areas where various stages of vegetation succession exist,
and therefore exhibited both areas of active dunes and stabilized ones (e.g. east and south-east of
Caesarea), (2) dune areas where extensive areas of "mawasi" agriculture are depicted on the
maps (PEF or British Mandate maps) — most of the southern coastal dunes of Israel).

The analysis of dune movement was done in the method developed in Chapter 4 of this thesis,
summarized briefly below. For each dune area, the area of the dunes is calculated for both the
PEF maps and the British Mandate maps. As the dunes in Israel advance towards the north-east
(Tsoar, 1990), a polyline depicting the average dune front was interpolated. Across this line, the
dunes were expected to advance. This line was automatically extracted as the skeleton line,
using a vectorizing technique (Peuquet, 1981). This was applied to all polygons to the north and
to the east (the direction in which the dunes are moving) of the area depicted in the PEF map as
dunes, that resulted from a union operation performed between the dune areas digitized from
both maps. Vectorizing was done using the Linevec command in Idrisi 32.2 (Clark Labs, 2002),
and the resulting polylines were then generalized using the Linegen command (tolerance 25m)
in Idrisi 32.2 (Clark Labs, 2002), following Douglas and Peucker (1973).

The yearly average movement rate of the dunes was calculated as follows (see Table 4):

(8) Average yearly movement rate =
(Area of dunes on British Mandate maps - Area of dunes on PEF maps)
/ Length of the dunes front
/ Number of years between the maps, 1874 (£3 years) to 1930 (£2 years) = 56 years
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Chapter 3 Coastal dune changes based on the PEF map

This analysis was performed for each of the transformations used, so that a comparison between
the 1%, 2" and 3" order polynomial transformations as well as the local affine transformation

can be done.

4.2.3 Uncertainty budget assessment for analyzing dune movement

Any accuracy (or more appropriately uncertainty) assessment of historic maps must consider the
full range of uncertainty budget associated with the map. This includes not only the registration
RMS, but also that associated with digitizing, surveying, interpolation, etc. Following similar
studies that have estimated the error budget when mapping shoreline changes and cliff retreat
rates based on historical maps and aerial photographs (Morton et al., 2004; Zviely and Klein,
2004; Shoshany et al., 1996; Crowell et al., 1991), or when estimating the accuracy of spatial
data used in GIS (Thapa and Bossler, 1992) the following approach was adapted, such that the

total error in feature position on any map is derived from:
Fp = sqrt (R*+ S* + D* + FB?) 9)

Where R = registration error (RMSE).
S = survey error (errors in mapping the dunes’ boundary)
D = digitization error (errors in digitizing the dunes in GIS)

FB = feature boundary error (errors related to uncertainty in the dunes boundary)

The possible resolution of identifying annual changes in dune movement can then be derived

using the following equation:
Resolution = sqrt ( Fpmap S Fpmap yz )/n (10)

Where Fp = Feature position error, defined above.

n = number of years between surveys/maps.

4.3 Results

4.3.1 Calculation of the possible resolution for dune movement analysis
Before reporting the results of dune movement rates, I first considered the possible

resolution based on the maps used (i.e., the annual error in dune movement rate) as
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estimated using equations 9 and 10 above). The assumptions for the worst case were the

following (see Table 5):

99

1.

For the PEF map, the registration error was 74.4m, which is equal to 1.17mm
on the map. As the 1:20,000 British Mandate maps were rectified by Frumkin-
Ahiron et al. (2003), it was assumed that they possess a similar registration error,
equal to 23.5m in that scale.

Crowell et al. (1991) present an estimation of the survey error in shoreline
mapping when this was done using plane tables prior to the use of aerial
photography. This equals to 0.65mm on the map. When analyzing dune
movement, survey errors may occur both at the shoreline and at the dunes edge.
Summing these two possible error sources, arriving at 0.92mm on the map (0.92
= (0.65% + 0.65%) *?). For the British Mandate maps this equals 18.4m. As the
PEF surveyors did not use plane tables but cavalry boards, that are considered
less accurate, the possible error was further doubled to 1.84mm on the map, that

is equal to 116.5m.

. The digitization error as estimated by Crowell et al. (1991) is equal to 0.5mm

on the map. Summing this value for each of the three possible errors in the
digitization of both the shoreline, the dunes’ edge and the average dunes front, an
estimated digitizing error of 0.87mm was reached (0.87 = (0.5 + 0.5+ 0.5%) ),
equivalent to 54.9m for the PEF map, and 17.3m for the British Mandate maps.
Finally, the error in the boundary of the dunes, is related to two types of
errors:

(a) Uncertainty regarding the time of the survey. The PEF survey began in 1871
and ended in 1877, whereas the topo-cadastral 1:20,000 maps along the coast
were surveyed and published between the years 1928-1932. Taking the mid-year
of each survey (1874 and 1930, respectively) there is an uncertainty of +3 years
for the PEF map and of +2 years for the topo-cadastral maps. As dunes move, the
location of the boundary may change depending on the year in which it was
surveyed. Assuming that the dunes movement rate was then 4 m/year (based on
estimates for ca. 1950, before the stabilization process of the Israeli coastal dunes
began; Tsoar and Blumberg, 2002, and Chapter 4 of this thesis), the estimated
error for the PEF map was 12m (0.19mm), and 8m (0.4mm)for the topo-cadastral

maps.
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Coastal dune changes based on the PEF map

Table 5: Maximum worst-case estimated measurement errors for coastal dune movement. Error
values are given in metres, as well as in millimetres relating to the original maps used. See the
text for detailed explanations.

Time period

British Mandate topo-cadastral
maps (1:20,000)

PEF map (1:63,360)

Measurement errors| m. | mm remarks m. | mm remarks
1* order polynomial based Assuming same error in
Registration error | 74.4 | 1.17 on 123 CPs of 23.5|1.17 | registration as with the
triangulation stations PEF maps
Based on estimated of
Crowell et al. (1991)
Assuming twice the error related to the original
of British Mandate maps, raw data error
Survey error 116.5] 1.84 18.410.92 ) )
due to the use of cavalry associated with
board and not plane tables shoreline mapping
using plane tables
(1880-1930)
Digitization error | 54.9 | 0.87 Crowell et al. (1991) 17.310.87| Crowell et al. (1991)
+3 years, assuming
Dune boundary
movement rate of 4 '
error due to . +2 years, assuming
o m/year, and an additional
uncertainty in the | 64.5 | 1.02 ‘ 8 | 0.4 | movement rate of 4
) average error of | mm in
time of the survey _ m/year
defining the dunes
and the symbology
landward edge
Total dune position
162.1] 2.6 354 1.8

€rror

Combined dune

position error (m)

165.9 =(162.1%+35.42)°3

Resolution

(annualized error),

m/year

2.96=1659/56
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Chapter 3 Coastal dune changes based on the PEF map

(b) The symbols used to delineate dune areas. The coastline on both maps is

marked in unmistakable way. So is also the dunes edge on the topo-cadastral

maps. On the PEF map however, although the dunes are clearly shown using a

dotted area, their landward edge is sometimes clearly depicted using a dotted line

(see Figures 1 and 4), but in some cases their exact landward boundary is not

given. Out of all the length of landward dunes’ edge analyzed from the PEF

maps, 50% was well defined. In the other 50%, determination of the landward

edge of the dunes was based on visual interpolation, connecting the landward

points marking the dunes’ area. Assuming an error of 2 mm in determining the

landward extension of the dunes in such cases, and multiplying this by 50%, an

additional error of Imm is added to the PEF maps, reaching 1.02mm (1.02 =

(0.19% + 1.0%) *), equivalent to 64.5m.
The root of the sum of the squares of these errors adds to 162.1m for the PEF map, and 35.4m
for the topo-cadastral maps. The root of the sum of the squares of these errors is 165.9m.
Dividing this figure by the number of years between the two surveys, 56 years, results with a

possible detecting resolution (annual error) of 2.96m/year.

4.3.2 Coastal dune movement analysis

All of the six areas of coastal dunes analyzed, exhibited a net increase in the size of the
coastal dune area, regardless of the method used for registering the maps, thus indicating
dune movement. This can be clearly seen both in the maps of each of these regions,
given in Figure 8, and in the numeric figures given in Table 4. However, this should be
checked with respect to data resolution, as calculated above. Indeed, the movement rate
of the Akhziv dunes (2.19-2.35 m/year) is much lower than the worst case estimate of
the annual error (2.96 m/year). These dunes are outside the area of the Nile littoral cell
(Almagor et al., 2000), and are mainly composed of calcium and not of quartz (Emery
and Neev, 1960), in contrast with all the other coastal dunes areas included in this study.
The Akhziv dunes have not been studied much (however, see Bowman, 1972). These
dunes may be less mobile than the other dunes due to (1) their higher content of
carbonates (90%) leading to a coarser grain size both on the beach and on the dunes
themselves with respect to those south of Acre (Nir, 1989; Emery and Neev, 1960); (2)
The supply of sand along the coast of Israel diminishes with distance from the Delta of

the Nile, and sand supply north of Acre is even lower than that reaching the bay of Haifa,
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as it is mostly based on local sources of sand (Nir, 1989). As the sand supply is small,

the dunes themselves and their thickness will be lesser (Bowman, 1972).

204 206

/\/ Dunes' front

776

[ 1 Dune area shown on PEF map
and not on Mandate maps

[ ] Dune area shown on both PEF and
Mandate maps

[ 1 Dune area shown on Mandate maps
and not on PEF map

[ Transformed (built over dune area)

756

774

127

772

473

770

052

8.

0 1 2 3 4 5 Kilometers

Figure 8: Analysis of dune movement between the 1870's to the 1930's, based
on the PEF map (here shown is the digitized layer after a local affine
triangulation based on all available CPs) and the British Mandate maps.
Overlaying the 1:20,000 British Mandate maps, are GIS layers digitized from
both maps, expressing the differences in dune areas shown on the maps, as
listed in Table 2. (a) Dunes of Akhziv; (b) Dunes of the Bay of Haifa; (c)
Dunes of Poleg; (d) Dunes of Rishon le Zion; (e¢) Dunes of Yavne; (f) Dunes
of Ashdod. The line of the dunes’ front refers to the interpolated average
location of the dunes’ landward edge, based on both maps (see text for
details).
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Figure 8 c,d
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[ Transformed (built over dune area)

Figure 8 e,f

This, combined with their coarser grain size, may lead a lower drift potential and higher
stabilization rates. The Akhziv dunes will be therefore excluded from the following
analysis.

Overall, the average distance over which the dunes belonging to the Nile littoral cell
advanced between 1874-1930 was found to be between 223-354 metres (depending on
the registration method used).The corresponding yearly rate of advance of 3.98-6.32
m/year (depending on the registration method used) is thus well above the worst case
estimate of annual data resolution error (2.96 m/year).resulting from the different map

registration methods are given in Table 5, as are the accuracies of the CPs corresponding
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to the areas of the dunes analyzed (the points that formed the local affine triangulation
transformation around each of the dune areas). Notice that when using polynomial
transformations, the dune movement rate figures were quite stable regardless of the
polynomial order used, and regardless of the number of the CPs. However, when a local
piecewise affine (triangulation) method was used, with additional CPs placed along
sandy stretches of the coastline (forcing it to fit to the present date coastline), estimates
of dune movement rates changed. In fact, the two areas that exhibited largest differences
in dune movement rates (Rishon le Zion and Yavne) were also the two areas in which
largest errors in CPs were found (median RMSE of 231.1m and 403.2m, respectively).
The overall movement rate obtained (3.98-6.32 m/year) are close to estimates of dune
movement reported in the literature (see Chapter 4 of this thesis; Tsoar and Blumberg,
2002; Reifenberg, 1951; Reifenberg, 1947) for the 1940s and 1950s, that were up to 6
m/year.

5. Discussion

Any accuracy (or more appropriately uncertainty) assessment of historic maps must consider the
full range of uncertainty associated with the map. This includes not only the registration RMS,
but also that associated with digitizing, surveying, interpolation, etc. Estimates of map
uncertainty can then be calculated and reported in accordance with the principles of error
propagation.

When comparing the positional accuracy of the PEF map (or any other historical map) with a
modern map, and when analyzing land cover changes between the two maps, errors may result
for various reasons:

1). The source accuracy of the historical maps which is comprised of the following:

e Distortions of the material (paper) from which they are made that occurred due to the
printing process as well as with the passage of time. Deformation of the paper due to the
printing process may amount to up to 1.25% in length and 2.5% in width (Thapa and
Bossler, 1992).

e Survey control (rectification error of the map) — as in the case presented here, this is
comprised of two stages: first rectifying each of the individual map sheets, and then of
rectifying the mosaicked map.

e Cartographic — the scale of the map, the degree of generalization of features, the quality

of the plotting/drawing process, and the type and size of the symbols used. The smaller
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is the scale and the larger and less defined will be the symbols used on it, the greater will

be the errors introduced.
Altogether the source accuracy of the PEF maps was found to be 74.4m (equivalent to 1.17mm),
using a 1* order polynomial based on 123 triangulation stations CPs. Using 2™ and 3™ order
polynomials further decreased the error to 70.4m and 67.0m (respectively), however it was
preferred to use a 1* order polynomial, as no correlation was found between the x- and y-
residuals (Buiten and Putten, 1997). This amount of error seemed reasonable, given the expected
error of 69.9m when combining the registration RMSE of the individual sheets (24.7m), and the
worst case scenario of errors in secondary methods of data collection (i.e. the maps from which
the triangulation stations were collected and identified): 0.8 Imm (51.3m for the PEF map, and

40.5m for the topographic maps from the 1990s; see Thapa and Bossler, 1992).

2). Interpretation uncertainty that is comprised of the following:

¢ Field survey — the accuracy of the field survey, both with respect to the scale and details
included in it, the time devoted to complete the survey, the surveying equipment, and the
surveyors skills. Here we estimated for exaggeration that the PEF survey contains double
the errors than with the topo-cadastral survey, as in the former cavalry boards and
compasses were used, whereas in the latter plane tables were used for the field mapping.
Following the estimation of Crowell et al. (1991) with respect to mapping the shoreline
and with respect to the scale of the maps used in this study, the error in dune location on
the British topo-cadastral maps was estimated as 18.4m (equivalent to 0.92mm), and
116.5m on the PEF map (equivalent to 1.84mm).

e Digitizing — this relates to both the resolution in which the map was scanned, and to the
care and methods used to digitize the features of interest. In this study it relates to the
digitization of the coastline, of the dunes landward boundary, and the interpolation of the
average dunes’ front in between the two. Following the estimation of Crowell et al.
(1991) of a digitizing error of 0.5mm, and summing it three times (according to the law
of propagation of errors) to account for digitizing errors of each of the above mentioned
features, amounted to an error of 54.9m for the PEF map, and 17.3m for the British

Mandate maps.
3). Feature boundary visibility — this relates to how well defined are the features both in the

field, and then on the map. In this respect it may be stated that the line of advance of active

dunes over non-dune areas is quite sharp, and is less ambiguous and less time-variant than the
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location of the shoreline at a given moment in time. Nonetheless, to be on the safe side it was
assumed here that the uncertainty in the position of both features is the same. As for the features
visibility on the maps themselves, the coastline is a well defined feature, and so is also the dunes
landward boundary in 50% of the cases, where it is lined by a dotted line (see Figures 1 and 4).
Where this line was not so well defined on the PEF map, we estimated an additional error of
2mm (or 63.36m, after multiplying it by the maps’ scale and by the percentage of the uncertain
length). In addition, the feature boundary as seen by the surveyors depends on the time in which
the survey, sue to the dynamics of shifting dunes. Assuming an uncertainty of three years for the
PEF maps (1871-1877) and of two years for the topo-cadastral maps (1928-1932), and a
movement rate of 4 m/year at that time, there was an additional error of 12m and 8m

(respectively) for these maps.

Summing all these errors together led to an estimated error of 165.9m. This value was higher
than the median RMSE of some of the features (trigonometric stations, buildings, mosques),
similar to that of topographic point features, and lower than median RMSE found for springs,
rivers and coastal features. When dividing the total estimated by the time period between the
two surveys (1874-1930, 56 years), the resulting estimated annual resolution was 2.96 m/year.
Thus, this is the minimum movement rate that can be reliably detected using this set of historical
maps. Calculated movement rates for all but one of the dune areas analyzed were higher than
this value (3.9-6.3 m/year, depending on the registration method used), thus indicating that the
dunes were indeed active then. The only area whose estimated movement rate was within data
noise was that of Akhziv — an area with different characteristics, as the source for its sand is not

from the Nile river, rather local (Almagor et al., 2000).

Not only did the areas of coastal dunes analyzed present a net increase in their area, therefore
indicating the expected inland penetration of the dunes towards the north-east, the overall value
of dune movement rate calculated (3.9-6.3 m/year, depending on the registration method used)
matched well with those reported in the literature for the British Mandate period and the years
between 1944-1956: 2-6 m/year (Reifenberg, 1947; Reifenberg, 1951; Tsoar and Blumberg,
2002; Chapter 4 of this thesis). Nevertheless, over- and under-estimations of the dunes’
movement rate values were found for two of the southern dune areas analyzed (Rishon le Zion
and Yavne). It was only in these two areas that the median RMSE of the CPs in the dunes area
was greater than 200 metres (due to inaccuracies in the measurement of the coastline there,

when compared to the orientation of the modern coastline, assuming no changes between the
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two). Thus, in areas where the local accuracy is lower, quantitative estimates of dune mobility

(or of other spatial patterns in landscape changes) are less reliable. This may be estimated when

comparing the results of different registration methods, as done in Table 5.

6. Conclusions

The following conclusions may therefore be drawn:

108

When conducting a least-squares coordinate transformation, it is recommended that the
number of control points to be four times the number of coefficients in the least-squares
polynomial function (Mather, 1995). However, since the error distribution associated
with well-defined points differs from that associated with non-descript points — more
CPs are not necessarily better. As can be seen in Table 2, the RMSE of the different
features remained the same, when using the well defined set of 123 triangulation stations
as CPs, and when using all available 1,104 CPs.

The average accuracy of a historical map may conceal local areas in which the accuracy
is lower, resulting for example from problems encountered during field mapping. Local
assessments of accuracies should be performed when only a part of the map is analyzed,
in order to know how reliable that part of the map is with respect to the whole map.
Local warping or rubber sheeting may insert large errors into the transformed map, when
forcing it to fit points that were either misidentified by the user, or that were poorly
mapped originally. Local warping may be therefore recommended in the following
cases: (1) When rectifying a scanned map on which a coordinate grid is plotted, so that
all intersections as well as the map border will be forced to their respective locations, in
order to assure that adjoining sheets will meet well. (2) When rectifying an image that
has local distortions, that are independent on the type of feature shown, as in images
acquired by airborne platforms, due to its tilt as well as topography. (3) When wishing to
allow a visual comparison of selected features between different maps (e.g. the coastline
in this study), disregarding local distortions that may affect areas in between the features
used for the transformation.

The coastal dunes of Israel were indeed active during the 19" and early 20" century,
experiencing a similar wind regime to that of the mid 20" century.

Using an average figure of 5.1 m/year (between 3.9-6.3 m/year estimates of dune
movement of the dunes belonging to the Nile littoral cell) and extrapolating backwards,
presuming no major change in the climatic conditions, the current stage of coastal dunes

in Israel has begun encroaching about 1,200 years ago, based on the maximum extent of
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the coastal dunes, reaching about six kilometres south of Jaffa. This geomorphologic
evidence resulting from an analysis of historical maps, confirms published estimations of
the age of the coastal dunes of Israel (Tsoar, 1990), that are based on archaeological
findings.

e The high level of mapping achieved by the Royal Engineering Corps surveyors, allows a
reconstruction of the Holy Land/Palestine/Israel's geography as it was in the 1870s, just a
few years before the great transformations it underwent, from a forgotten and neglected
corner of the Ottoman Empire, into a modern country. However, it should be borne in
mind that the accuracy of the map varies spatially, and for the different features depicted

on it.
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In the fourth article a new GIS method is presented for calculating the movement rate
of dunes, that is adapted for the case of dunes are stabilizing. In such cases, it is
shown that the traditional method for estimating the dunes' movement rate results with
overestimates, due to the fact that not all the parts of a dune are advancing at all, or at
the same rate. The method proposed is based on integrating the whole area over which
the dune advanced for the calculation, instead of using only a few selected lines to
measure the advance rate. This method is then applied for an analysis of the temporal
changes in the stabilization process of the Israeli coastal dunes in the past 60 years is
presented, focusing on the case study of the Ashdod and Nizzanim dunes. In this part
of the research the trends of dune stabilization and re-activation were studied using
historical aerial photographs since 1944/5. To explain the trends that were discovered
an extensive array of both physical and human factors are discussed, to reveal the

causes of dune stabilization in the study area.
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Abstract

Temporal changes in the stabilization process along the coastal dunes of Israel were assessed
using a series of 23 aerial photographs taken over the period 1944-1999. The stabilization rate
was then quantified using a specially developed method for the calculation of sand dune
movement and by the calibration of the gray-scale images into vegetation cover maps. An
episodic reactivation of the dunes during the 1970s was identified and examined with respect to
various physical and human factors. The Mediterranean climate along the coast of Israel and
the low wind energy are favorable for the stabilization of sand dunes in the absence of human
activity. It was shown that military maneuvers and recreational traffic (pedestrians and oft-
road vehicles) increased fragmentation but did not lead to the reactivation of the dunes. Based
on archival records and interviews with officials who have worked in the area over the past 25
years, it was concluded that the apparent changes in the stabilization process should be
attributed to changes in the grazing and vegetation cutting practices of Bedouin farmers along
the coast of Israel between the late 1960s and the late 1970s, concomitant with the changing
policies of successive Israeli governments.
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1. Introduction

Among the important phenomena in sand dune areas are the process and degree
of stabilization, which are controlled and governed by diverse environmental factors.
The dune stabilization process is a positive feedback mechanism (Tsoar and Moller,
1986) in which the following sequence can be found: where the accumulation of sand
is low (as in the dunes’ crest), increase in soil moisture content allows an increase of
vegetation density; as a result, there is a decrease in the area of exposed sand, an
increase in the accumulation of eolian fine particles, and the formation of a biogenic
crust that, in turn, leads to a decrease in the sand saltation.

This process endangers endemic species of flora and fauna that specifically
adapted to the habitat of shifting sands, and in the long run may lead to the loss of
one of the most unique landscapes in Israecl—the coastal sand dunes along the
Mediterranean Sea (Kutiel, 2000). As a consequence of land use changes, these
coastal dunes are undergoing a process of stabilization since the late 1940s (Tsoar
and Blumberg, 2002). Prior to 1948, the dunes were utilized by man in two ways: (1)
the vegetation was used by the local Arab and Bedouin inhabitants for firewood and
building materials, and by their livestock for grazing, and (2) employment of the
traditional “mawasi” system of agriculture (mawasi in Arabic means ‘‘suction”,
referring to water that has been sucked out to the surface). In the “mawasi’’ system,
plots in the inter-dune area were cultivated, and the sand was cleared out down to
the water table, in order to make water more available for plants (Tsoar and Zohar,
1985). Following the establishment of the state of Israel in 1948, vegetation on the
sand dunes was no longer disturbed by man and was therefore able to spread more
efficiently on the dunes, thus stabilizing them as the zootic climax was replaced by a
climatic climax.

Using aerial photographs of the Ashdod region between 1944 and 1995, Tsoar and
Blumberg (2002) monitored changes in the dunes’ movement rate, while Kutiel et al.
(2003) monitored changes in the vegetation cover between 1965 and 1999. In another
study, Danin and Nukrian (1991) used aerial photographs taken between 1945 and
1986 to examine changes in the area covered by vegetation units along the coastal
dunes south of Ashkelon (see Fig. 1 for the exact location). In general, all the
researchers noted that an overall trend of stabilization has occurred between the
1940s and the present. However, closer examination of their data reveals a period of
time when the dunes were reactivated (apparently not considered by them): between
1965 and 1980 the stabilization process (expressed in a decrease of the dunes’
movement rate and an increase in the vegetation coverage) came to a temporary halt
and even reversed. To explore the possible reason for this shift, and to determine the
factors predominantly responsible for it, the data on movement of dunes were
extracted using a precise analytical method and a wider area of dunes was studied in
this paper. Another parameter that was particularly important for the above
exploration was to increase the temporal resolution over the time period in question.

The purpose of this study was, thus, to suggest an environmental mechanism and
factor to explain the temporal changes in the dunes’ stabilization process along the
southern coastal dunes of Israel over the past 50 years. This goal was achieved by,
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Fig. 1. Research area location in Israel, and the land use map of the research area (the map is partially
based on GIS layers created by the GIS unit of the Society for the Protection of Nature in Israel).

first, precisely locating the phenomena in question both in time and space and, then,
exploring all relevant and possible physical and human factors documented in this
area. To that end, a new methodology and approach were developed and applied to
a series of aerial photographs taken over the elapsed time.

2. Methodology
2.1. Research area

The area selected for this study consists of coastal sand dunes 40 km south of Tel-
Aviv, Israel, between the cities of Ashdod and Ashkelon (Fig. 1). The climate is
Mediterranean, with an annual average rainfall of 450-500 mm, all in wintertime,
with maximum rainfall in December (Bitan and Rubin, 1991). The average daily
maximum and minimum temperatures in summer are 29°C and 21°C, respectively.
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Proximity to the sea boosts the average relative humidity year round and may reach
70% and higher during the summer.

The origin of the sand along the Israeli coast is mainly from the Nile delta via the
longshore currents near the coast and the anti-clockwise Mediterranean current in
the deep water (Emery and Neev, 1960). Eolian sand transport from the beach inland
occurs under the influence of high winds from the south-west to the north-ecast,
mainly in wintertime (Goldsmith et al., 1990). The southern-half of the study area is
part of Nizanim Nature Reserve, while the northern section is protected under
Israel’s National Master Plan No. 22 for forestry. The vegetation associations typical
of the southern coastal dunes of Israel that match our study area were defined by
Danin and Nukrian (1991) near Netiv HaAsara, 10km south of Ashkelon (see
Table 1). They note that with increasing sand stability, the germination and
establishment of more species is enabled and the monospecific community of
Ammophilia arenaria thickens and changes into associations where Artemisia
monosperma is the dominant plant.

2.2. Data base and digital processing

To monitor the stabilization process of the sand dunes, a temporal sequence of
gray-scale aerial photographs was obtained from the Survey of Israel, mostly for
summer and autumn months, when vegetation cover by annuals is minimal. Aerial
photographs for 12 years (1944, 1956, 1963, 1965, 1968, 1974, 1977, 1982, 1987,
1990, 1995, 1999) were acquired for the northern dunes of Ashdod, and for 11 years

Table 1
Vegetation associations of the southern coastal dunes of Israel, as defined by Danin and Nukrian (1991),
Nukrian (1988)

Absolute cover
of perennial
species (%)

Association Habitat Silt + clay
content at soil

surface (%)

Asthenatherum Windward slope of the 0-3 3.8
forsskalii—Polycarpon dune
succulentum

Ammophilia arenaria— Summit of dunes, top of 0.54 443
Senecio joppensis leeward slopes and

blowouts

Ononis natrix—Artemisia Stable and small sand 2-5 51.9
monosperma dunes

Artemisia monosperma— Fossil soils in interdune 6-15 130.5
Retama raetam valleys

Artemisia monosperma— Fossil soil covered with 1.5-5 110.0
Launaea tenuiloba 50-100 cm sand

Asthenatherum Slightly mobile sand, up 34 55.7

Sforsskalii-—Lotus
halophilus

to 100cm deep, in the
interdune valleys
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(1945, 1949, 1956, 1963, 1968, 1972, 1974, 1977, 1982, 1988, 1997) for the southern
dunes of Nizanim. All the photographs were scanned at a resolution of 400 dpi, and
then georectified using a digital orthophoto as the basis image from which ground
control points (GCPs) were collected. For each photograph, more than 100 GCPs
(the average was 235; mostly bushes and trees) were identified. A local affine
transformation (a linear combination of translation, rotation and scaling adapted
locally using the triangulation technique available in ENVI 3.5 package 2001;
Research Systems, Inc., 2001) was applied to account for the non-systematic
geometric effects caused by the dunes’ topography (5-20 m high) and the low flight
altitude (about 2300 m above surface) from which the aerial photos were taken
(Buiten and Putten, 1997).

2.3. Calculation of the dunes’ movement

The advance rate of sand dunes (barchan, transverse, or parabolic) can be
measured by locating the front of the dune (slip face) at successive times. The slip
face can be manually identified either by the shaded areas or by the area at the foot
of the dune where vegetation begins. The method (Gay, 1999) traditionally employed
to then determine the advance rate (and used by Tsoar and Blumberg (2002) for the
Ashdod srea) is based on measuring the distance between two successive lines, each
representing a different year. Several arrows/lines are then drawn between those
successive lines, their average length representing the average distance moved by the
dune between those years (see the arrows in Fig. 2). The main problems of the
method are, therefore, related to the way those arrows are drawn (Goudie, 1994, pp.
347-348): how densely should the arrows be drawn? In what direction do they point,
and how can the starting and end points of each arrow be objectively determined? In
addition, as the method does not take into account those parts of dunes that did not
advance, an overestimation of the calculated advance rate is expected.

Alternatively, we suggest the following technique and steps for determining dune
movement rate (Fig. 2): (a) the lines representing the dune’s front in successive years
are joined, forming a polygon, which represents the area covered by sand during
those years; (b) for each polygon, the length of the dune’s moving front is
automatically extracted as the skeleton line, using a vectorizing technique (Peuquet,
1981); (c) the advance rate of a dune is then calculated as follows:

v=2S/t/L, (M

where v is the movement rate, S the area covered by sand between successive years, ¢
the time between successive aerial photographs and L the dunes’ front length.

The “modified method” represents the dune’s movement rate more accurately
than its traditional counterpart, for the following theoretical reasons (a comparison
of the two methods is presented in the results below): (1) completeness: as the
calculation is based on a skeleton line integrating the movement all along the dune’s
front, and not on a limited number of points; (2) objectivity: as the skeleton lines are
created by established vectorizing techniques; (3) compatibility with the geomor-
phological process: In order to insure that the calculations include not only the area
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Fig. 2. Schematic chart presenting methods for measuring dunes’ movement advance from aerial
photographs, and the mathematical relationships between the traditional and the proposed methods for
the measurement of dunes’ movement. The lettering in the figure is the following: L= dunes’ front length;
x; =distance between arrows along the dune’s front; d; =distance moved by the dune along a selected
arrow/line 7; n=number of arrows used by the traditional method to measure the average distance moved
by the dune.

where the sand was moved over but also that part of the dune’s front that did not
move (for example, in the case of vegetation establishment or morphological changes
of a dune; e.g. dune A in Fig. 3, where the flanks have stabilized in the mid-1980s
while the center of the dune was still advancing), we suggest that for each dune, a
constant front length should be defined. This front length will be the longest skeleton
line extracted for each of the dunes (from the time when they were fully mobile) and
will enable calculation of the exact rate of movement, thus considering also the areas
where no movement occurred.

Based on this technique, the dune’s movement rate was calculated separately for
each area (27 dunes in the northern part, 28 dunes in the southern part, shown in
Fig. 3). The dune’s movement rate was first calculated using the front dune’s length
found for each of the respective years (the ‘“‘traditional method’’) and then applying
the fixed front length (our “modified method”) for each of the dunes separately
(total of 55 dunes as compared to 15 measured by Tsoar and Blumberg, 2002).

The new method can be extended to calculate the volume (or weight) of sand
moved across a width of 1 m, by multiplying the yearly movement rate of a dune by
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Fig. 3. Areas covered by sand as a consequence of dunes’ movement in the Nizanim dunes and Ashdod
dunes, as extracted from a temporal series of aerial photographs.

its height. This is based on the assumption that the dune maintained a constant
height for the calculation period.

In addition to the new technique to monitor the dune’s movement, we have
calculated the temporal changes in the vegetation coverage using the gray-scale aerial
photographs (similar to the method described by Kadmon and Harari-Kremer,
1999), after applying radiometric corrections, in the following way: (1) in each image,
several regions of interest (ROIs) representing bare sand (0%) and dense vegetation
(100% cover) in the interdune areas were identified; (2) the average gray-scale value
of these ROIs was calculated; (3) the gray-scale values were then calibrated
according to the percentage of vegetation cover. Validation of vegetation cover
accuracies was preformed against vegetation cover as measured in the field in 16
quadrants of 100 m? by Ron M. (these measurements were preformed in the months
of August and October 2000 for Israel’s Nature and Parks Authority), obtaining R?
values of 60%, significant at more than 99%.

2.4. Physical factors time-series analysis
The following physical factors of dune mobility were examined for the study area:

annual average rainfall as measured in Nizanim, average ground-water level along
the dunes of Ashdod (data received from Melloul A., Israeli Water Commission),
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frequency of Saharan dust storms (Ganor, 1994) as an indicator for the amount of
dust deposited, DP and RDP/DP values (indices developed by Fryberger, 1979; see
below) in Gaza and Tel-Aviv (data obtained from the Isracl Meteorological Service).

2.5. Documentation of human activities in the study area

Human activities in the study area relevant to dune mobility include military
training, recreational activities, fixation of dunes by plants, and nomadic population
pressure of grazing, trampling and cutting. These were reconstructed using archival
records (of the Israel Nature and Parks Authority (INPA), Kibbutz Nizanim and the
Society for the Protection of Nature in Israel), personal interviews with locals and
officials who know the area, and a visual analysis and interpretation of historical
aerial photographs.

3. Results and discussion
3.1. Temporal changes in the stabilization process

Figs. 3 and 4 indicate that the dunes’ movement rate is not constant neither in
space nor in time. The results of the dune’s movement rate, along with those of the
vegetation cover, are given in Fig. 4. Several points should be made here: First, the
traditional method (variable front length) to estimate the dunes’ movement rates
results in higher rate values than the modified method. This overestimation might
hinder some of the temporal trends within the dune dynamics. The effect explains the
higher rates of movement found by Tsoar and Blumberg (2002) who used the
traditional method (1.9 m/year between 1980 and 1990) whereas for the same area
the modified method depicted values of <1 m/year.

Second, the range of the modified method’s movement rates of the southern
coastal dunes reached values of >4 m/year for selected dunes in the late 1940s, while
in the late 1990s this value decreased significantly to <1 m/year. These values are
quite low compared to other dune fields in the world (e.g. the coastal barchan dunes
of Peru) that move at rates of up to 80 m/year; Gay, 1999) and are explained by the
low wind magnitude in Israel (Tsoar and Blumberg, 2002). Third, a general trend of
dune stabilization is clearly seen: in the late 1940s the dunes’ movement rate was
about 3m/year, while 50 years later it stood at 0.5m/year or less. With increased
vegetation cover, the effective wind decreases, slowing down the entire dunes’
movement accordingly. However, Fig. 4 indicates that in both areas the dunes were
reactivated in the late 1960s, with the lowest vegetation cover values and movement
rates 50% higher (than in the mid-1960s) achieved in the mid-1970s. From the late
1970s onwards the stabilization process resumed.

Fourth, the southern dunes (Nizanim) became stabilized much faster than the
northern dunes (Ashdod). Several human and environmental factors may explain
this difference: (1) the coastal cliffs along the southern dunes reach heights of more
than 15m along 2500 m, while along the northern dunes cliffs higher than 15m
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Fig. 4. Temporal changes in the stabilization process of Ashdod—Nizanim dunes, as monitored by dunes’
movement rate and vegetation cover.

stretch along less than half that distance (1000 m; see Fig. 1), therefore diverting the
wind and narrowing the areas where sand encroaches inland (Tsoar, 1990); (2) the
Evtah stream that crosses the southern dunes forms an obstacle for the movement of
sand to its northeastern side; (3) the proportion of the area used for agriculture until
1948 (as analysed from historical 1:20,000 British maps) was much larger in the
southern dunes, and thus was more suitable for stabilization by vegetation.

For the northern dunes of Ashdod the late 1940s average annual amount of sand
that moved across 1 m of a dune was about 26 ton. This figure gradually decreased,
reaching a minimum of 11 ton/year in 1965. Reactivation of the dunes since the late
1960s resulted in an increase in sand movement to a peak of about 17ton/year
around 1975. From the late 1970s, the dunes stabilized again with values of about
2 ton/year in the late 1990s.

The direction in which the dunes advance, which is perpendicular to the
orientation of the dunes’ fronts, can be calculated based on the orientation of the
extracted skeleton lines. It was thus found that the dunes’ orientation, 130-140°, did
not change in the past 50 years, indicating a consistency in the wind regime’s
direction and that the dunes move from the south-west to the north-east.
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3.2. Physical factors influencing dune stabilization

Amongst the various physical factors that influence dunes some may encourage
stabilization, while others may encourage mobility. Indices of sand mobility are
traditionally based on precipitation, evaporation and wind magnitude (Lancaster,
1997). Among the above, wind regime was found to be the most important physical
factor in determining the mobility of dunes (Tsoar and Werner, 1998; Tsoar, 2002).
The wind parameters to be considered are both wind velocity (above the threshold
wind velocity required to keep sand in saltation) and wind directionality. The drift
potential (DP) of the sand by the wind can be calculated by applying the method
developed by Fryberger (1979), deriving the following indices:

(1) DP, a measure of the wind’s energy and potential sand drift, and

(2) RDP/DP, a measure of the wind’s directionality, where unidirectional winds
result in RDP/DP close to unity, while multi-directional equally spread winds
result in RDP/DP values close to zero.

Based on Tsoar and Werner (1998), in areas with an annual average of rainfall
>90 mm and no human influences, the wind magnitude DP and wind directionality
factor RDP/DP can determine the dunes’ mobility potential very accurately. Two
other factors that may be considered in this respect are ground-water level (Carter,
1991) and eolian dust deposition rate (Tsoar and Moller, 1986; Zaady et al., 2001).

The temporal sequence of the various physical factors analysed is given in Fig. 5,
and the correlation coefficients between them and the dunes’ movement rate is given
in Table 2. It can be seen from the above figure and table that no significant
correlation exists between the physical factors’ annual values and the dunes’
movement rate. However, after the application of a consecutive 5-year running
average on the physical factors’ values, some relationships emerge: slower movement
rates are weakly correlated with higher amounts of rainfall and increased frequency
of dust storms. However, a careful examination of the temporal changes given in
Fig. 5 reveals that the correlation found with rainfall data is an outcome of the rainy
year of 1991/1992 that came when the dunes were already quite inert, while during
the 1960-1970s no correlation between these factors exists. As for dust storm
frequency, the correlation found is merely an expression of a long-term agreement
between an increase in dust episodes and dune stabilization; however, no correlation
exists between the two during the 1970s (when the dunes were reactivated).

Ranwell (1972) notes that plant growth on sand dunes may be related to the water
table only in those places where the water table is less than 2 m below the surface. In
our area, the average dune height (relative to their surroundings) is 10 m, and the
ground-water level has dropped by more than 10 m since the 1950s due to intensive
pumping (Yair Farjun, pers. comm.), and is now only a few meters above sea level
(see Fig. 5). It is hence understood why ground-water level had no effect on dune
mobility in the study area.

We therefore conclude that the determining factor is most favorably related to
human influence, which can change and impact coastal systems faster than physical
disturbances (Gabriel and Kreutzwiser, 2000).
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Fig. 5. Temporal series of dunes’ movement rate and physical factors examined. Raw data of the physical
factors are presented by the thin gray lines, while the running averages are shown by thick black lines. The
values given to the right relate to the raw data values’ range during the period shown in the chart.

Table 2

Correlation coefficients between selected environmental factors and the dunes’ movement rate

Factor examined Period of Linear correlation coefficient (R) with dunes’
measurement average movement rate in both areas
Raw data S years running average

Annual average 1960-1996 —0.36 —0.68

rainfall,* Nizanim
Rainy days,” 1960-1996 —0.11 —0.01

Nizanim
Groundwater level,” 1960-1998 0.21 0.17

Ashdod dunes
Frequency of 1956-1990 —0.36 —0.63

Saharan dust

storms,® Tel Aviv
DP,* Gaza 1970-1998 0.01 —0.02
DP,* Tel Aviv 1971-1998 —0.01 —0.18
RDP/DP,* Gaza 1970-1998 0.01 0.04
RDP/DP.* Tel Aviv 1971-1998 0.29 0.63

#Calculated from Israel Meteorological Service data.

b Calculated from Isracl Water Commission data, received from Melloul A.

°Ganor (1994).
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3.3. Human factors and dune stabilization

Among the human impacts affecting sand dunes activity are livestock grazing and
cutting of vegetation by nomadic populations (Meir and Tsoar, 1996; Barth, 1998),
planting of vegetation to stabilize dunes (Liphschitz and Biger, 1997), and disruption
caused by military maneuvers (Al-Dabi et al., 1997) and recreational activities, such
as off-road vehicles (ORVs) and hikers (Curr et al., 2000).

Fig. 6 presents maps of the tracks identified from aerial photographs over an area
of 166 ha located in the Ashdod dunes. From these maps (a similar analysis applied
to an area of military training in Nizanim dunes gave similar results, and is therefore
not shown) it is clear that there is an increase in the density of tracks since the 1960s,
a process that still continues, and known from Mediterranean dunes outside Israel
too (Curr et al., 2000). The higher density of tracks, whether a result of recreational
or military activities, removes vegetation from the track. Itself, but did not lead to
the reactivation of the dunes, for several reasons: (1) vehicle traffic is mostly confined
to linear routes; (2) invasive species (e.g. Acacia saligna) were found to spread faster
in disturbed areas and a linear pattern was found in their advance along tracks
(Cohen et al., 2001); (3) soil compaction along tracks was found to be beneficial for
vegetation in the sand dune habitat (Liddle and Greig-Smith, 1975a, b); (4) stabilized
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Fig. 6. Changes in the tracks’ network as identified from aerial photographs over an area of 166 ha,
Ashdod dunes.
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Mediterranean coastal dunes are highly resistant and recover quickly from the effects
of pedestrian and even vehicle traffic (Kutiel et al., 2001).

Actions taken to stabilize the Ashdod dunes during the British mandate (1920-
1940s) and later by the Jewish National Fund (JNF; during the early 1960s), were
mostly targeted to the eastern part of the dunes, and to the creation of a foredune.
However, it was found that Acacia saligna (planted during the 1960s by the JNF)
does not spread spontancously to bare sand dunes (Cohen et al., 2001).
Furthermore, stabilization actions cannot explain the reactivation of the dunes,
that took place during the late 1960-late 1970s.

Prior to 1948, there was no control on grazing or the cutting of vegetation by the
local population, and as almost every plant is useful for the Bedouins and Arabs that
lived in the area (either as livestock pasture, or as medicine, building material,
firewood, etc. See Table 3 and Bailey and Danin, 1981), the pressure exerted did not
allow vegetation establishment on the dunes. Israel’s establishment in 1948 brought
with it a drastic decrease in the Bedouin population along the coastal dunes and in
the Negev, from about 70,000 to 11,000 (Abu-Rabia, 1994), and those left were
concentrated under military rule in the northern Negev, in the surroundings of Beer
Sheva (see Fig. 1). Due to the poor state of the natural forests and maquis in Israel
after decades of uncontrolled cutting, fire and grazing, a special law for the
protection of vegetation (goat damages) was passed in 1950 that determined the
allowed density of grazing by goats and forbade it in forest areas and all other places
to be declared by the Ministry of Agriculture. As a result, vegetation cover was able
to recover along the coastal dunes.

The nullification of military rule in 1966 and Israel’s occupation of Sinai and the
West Bank areas in 1967 opened the doors for the Bedouin to pasture their flocks all
over the Negev and the central area of Israel. Formally, free grazing was not
allowed; however, no government ministry was put in charge to replace the military
rule and supervise grazing (State of Israel, 1979). In the mid-1970s a severe drought
in the northern Negev encouraged many of the Bedouin to move northwards. Fig. 7
demonstrates the temporal correspondence between the Bedouin’s livestock size, the
years of drought in the Negev desert and the maximum reactivation of the coastal
dunes.

The damage to vegetation along the coastal dunes (and elsewhere) caused by the
cutting and grazing practices was noted by several of Israel’s Nature and Parks
Authority rangers:

® “Nizanim dune area is one of the only places along the coasts of Israel, where
sand dunes, kurkar hills and hidden swamps that comprise the unique ecosystems
of the coast have survived, without being disturbed heavily by man for many
years. Now, grazing has returned and in some areas even overgrazing, because of
the invasion of livestock herds from the south that endanger the dunes’ vegetation
and their stabilization” (Rabinovitch, 1975).

® “Nizanim dunes reserve—area of 700 ha ... uncontrolled grazing by Bedouin’s
cattle and flock, along with their illegal settlement damages the reserve” (Ortal,
1975).



Table 3
Sand dunes’ vegetation

uses by Bedouin and their livestock

Plant species

Uses

Grazing by livestock

Medicine

Veterinary medicine

Plants as food

Other uses

Polygonum

Tamarix aphylla

Teucrium capitatum

Artemisia monosperma

Capparis spinosa

Populus euphratica

Phragmites australis

During the months of

a

May-July

The leaves for head
colds, purulent sores
and digestive
problems®

The leaves for head
colds, aches in joints,
limbs and back,
women’s disorders®

Condiment for tea®

Windbreak of shrubs
around the tent®

Tent poles,® bowl for
milking camels,” camel
saddle®

Huts from the
branches,” Windbreak
of shrubs around the
tent,* Insulation for
handle of coffee pot®

Poles supporting the
center of the tent®
Flute,* Mats®
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Retama raetam

Ziziphus spina-christi
Acacia albida

Ficus sycomorus
Phoenix dactylifera

Grazing of young
branches that renew
after being cut down?

In autumn—the
camels graze the tree
tops, while the goats
graze the lower
branches and
offsprings®

Branches and green
leaves for aches in
joints, limbs and back®

Branches and green
leaves for swelling in
camel’s leg

Fruit of the Ziziphus®

Fruit of the Ficus®
Dates®

a,e
1,

Charcoa pins that
fasten the roof to the
outer curtain,”
partridge traps,” tent
poles,b insulation for
hand of coffee pot*
Boat’s skeleton’
Charcoal®

Construction of booth
dwelling in summer,*
baskets, tent poles,®
tent ropes®

#Bailey and Danin (1981).

®Khwaldi (1992).
“Danin (1983).
4Berliner (1979).
“Levi (1983).
"Dar (1973).
£Q0rtal (1976).
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Fig. 7. Livestock and goat herds sizes of the Bedouin (based on Abu-Rabia, 1994, and other sources),
reports regarding the presence of Bedouins and their herds in the coastal dunes, and annual rainfall in the
northern Negev (Beer Sheva), between the years 1966 and 1980.

® “But in the last year spring 1976... along the dunes of Ashdod, Nizanim and
Shikma river, considerable grazing by Bedouin’s livestock of goats, sheep and
camels was observed in autumn time, when migrating from the south to the north.
In this season pasture is scarce and the flocks prefer the Acacia trees that carry
abundant leaves. The camels graze the treetops while the goats graze the lower
branches...” (Ortal, 1976).

In response, a new agency was established under Israel’s Nature Reserves
Authority in 1976 to protect state lands: the “Green Patrol”, formally named as the
“Unit for Overseeing Open Spaces™. Yoel Dov (2001, pers. comm.) who worked in
the Green Patrol estimates that during the 1970s there were about 30 Bedouin
families in the area of Ashdod—Ashkelon. Alon Galili (2001, pers. comm.), the Green
Patrol’s first manager, estimates that the coastal dunes between Tel-Aviv and Gaza
were under grazing pressures from about 10,000 goats, 5000 sheep and 200 camels.

Amendments made in 1977 to the 1950 law determined that grazing in nature
reserves and national parks is forbidden and that rangers who catch illegally grazing
goats will have the power to confiscate and sell them. The Green Patrol has taken
various actions aimed at returning the Bedouin’s flocks to the Negev. For example,
between 1978 and 1992 about 104 operations of goat confiscation were conducted by
the Green Patrol, with more than 10,100 goats captured and sold, most of them
concentrated in the center of Israel during the first year of goat operations—1978
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(Galili, 1978). Between 1977 and 1984, some 544,000 sheep, goats and cows were
temporarily caught by the Green Patrol and removed from the areas they invaded
(State of Israel, 1985). The reported operations against illegal grazing in the dunes,
and the following reduction in the Bedouin’s livestock size and in the dunes’ mobility
are clearly evident in Fig. 7.

These and other actions led to a dramatic decrease in the number of flocks held by
the Bedouin (shown in Fig. 7), a drop in the goats population numbers (from 40% to
10% of the total livestock), and to the exit of the Bedouin from the central area of
Israel. Vegetation recovery along the coastal dunes north of Shikma river (south of
Ashkelon) was noted by Nature Reserves Authority ranger Berliner (1979) already in
summer 1979:

® “ .. while the tall Retama reatam bushes were cut down until a year ago by
invading Bedouin and their herds, and only now they start to recover after the
pressures of cutting and grazing have been removed” (there, p. 6).

® “Cutting and grazing have stopped during the last year, after the invading herds
were expelled, and already now the local vegetation can be seen to recover.
Retama reatama bushes, that were in the past sought after as firewood and
charcoal while the flocks were grazing the soft offshoots from their bases, have
renewed their growth, although their relative cover in the area is still quite sparse.
Artemisia bushes are also increasing all the time from seeds and covering the front
of the moving sand. These contribute a lot to the dunes’ stabilization and to soils’
enrichment with organic matter, therefore facilitating the establishment of other
species. It’s possible that in a short while it will be possible to observe here a rise in
the relative cover by more developed and species’ rich vegetation associations, as
the Retama—Helianthemum association, and the stabilization of sand in many
places from which vegetation cover was previously removed” (there, p. 8).

Indeed, the observed peak in the dunes’ movement between 1974 and 1977
corresponds to the time when the size of the Bedouin’s livestock was at its peak and
to the time of the drought in the Negev (see Figs. 4 and 7), just before the operations
of the Green Patrol began, in 1978.

This historical exploration together with temporal aerial photographs observa-
tions suggests a human reason for the anomaly found in the sand dune movement
and demonstrates that man’s impact on the dune ecosystem is both rapid and
obvious.

4. Summary and conclusions

The use of more accurate methods for georectification of gray-scale aerial
photographs and for measuring dunes’ movement rates allowed us to record subtle
changes in the dunes’ stabilization process. Increasing the spatial and temporal
resolutions enabled for the first time the identification of when and where these
changes occurred. In general, it was found that dune movement decreased over the
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years with an anomaly observed around the late 1960s—late 1970s. None of the
meteorological and environmental factors examined was able to explain this
anomaly or the other declining sand movement trend. Rather, human activities have
a more dramatic and immediate effect on natural ecosystems and provide a more
convincing explanation for the observations made. Among these activities,
recreational pedestrian and ORV traffic seems to cause fragmentation but not to
destabilize the dunes, as they tend to follow fixed lines, and even encourage the
establishment of invading species along them. Based on historical evidences, we
conclude that the combined cutting and grazing practices of the Bedouin led to the
reactivation of Israel’s southern coastal dunes during the 1970s, once military rule
over their area ended and borders between Israel, Sinai, the Gaza Strip and the West
Bank were removed. The establishment of the Green Patrol in 1976 and the changing
grazing laws resulted in a decrease in the size of livestock populations and moved the
Bedouin back from central Israel to the Negev, thereby allowing the vegetation to
recover.

While livestock grazing was perceived in the past as harmful to nature
conservation (the common property problem; see Livingstone, 1977, 1986),
Perevolotsky (1999) claims that the long history of grazing in the Negev (and in
other areas of Israel) converted it into a ““grazing-incorporated system’’, and that the
grazed state is, in fact, the most ‘“natural” state. It may be stated that the
preservation of sand-living flora and fauna and a landscape of mobile sand dunes,
will be greatly facilitated if grazing by Bedouin herds (or other equivalent ecological
processes) will be reintroduced to that area. For certain purposes, such as infiltration
of rain into aquifers underlying the dunes, the dunes’ vegetation cover and state of
mobility are not important, while for other issues (e.g. species richness) stabilization
of the dunes is favorable (as mobile dunes present a habitat poor in nutrients,
supporting fewer species than adjacent habitats receiving the same amount of
rainfall). However, the desired landscape of Israel in general and of the Israeli
coastal dunes in particular (“‘grazed and mobile” or ““‘ungrazed, vegetated and more
stable”) is out of the scope of this article (for further discussion, see Kutiel, 2000;
Schorsch, 2002; Kutiel et al., 2003).

In conclusion, it is has been found that historical exploration aided by a series of
aerial photographs may shed light on dune activity, and it was demonstrated that
human impact on the dune ecosystem is remarkably rapid and much more significant
than short-term natural environmental factors.
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In the fifth article the aim was to quantify the spatial variability in the wind speed, or
to be more specific, in the aerodynamic surface roughness (Zy) across a coastal dune
field, focusing on two areas: the Ashdod dunes and those of Bet Yanay.
Understanding the spatial variability of the wind field and how it is influenced by
vegetation and topography are a key for better models of dune stabilization. In this
chapter the importance of analyzing the influence of the area upwind of a selected
location to understand its wind speed characteristics was demonstrated. The same

principle was expected to be true also for the movement of sand, as measured in the
field.
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Prediction of surface roughness (Z,) over a stabilizing coastal

dune field based on vegetation and topography

Levin Noam, Eyal Ben-Dor, Giora J. Kidron and Yaron Yaakov

The Department of Geography and Human Environment, Tel-Aviv University, Israel

Abstract

The aerodynamic surface roughness (Zy) is related to the density, height and shape of the
surface and of the various land-cover types and obstacles covering the surface and
creating the friction. Surface roughness has a direct influence over the winds' speed and
therefore also on the potential sand drift, and is thus an important factor in understanding
the stabilization process of sand dunes. In this study we have aimed at quantifying the
influence of vegetation cover and topography on Z, values over a stabilizing coastal dune
field. We have performed 39 wind measurements (at a height of 2.5m) at two coastal
dunes fields in Israel (Ashdod and Bet Yanay) at various distances from the coastline,
ranging from 10m to 2,800m, including the beach, the fore dune and the inland dune
areas. We have then applied the method suggested by Wieringa (1973, 1986) to calculate
Z, values from wind measurements that were done on a single height, based on the ratio
between the wind gust and the average wind speed. These ranged from 0.00005m at the
coastline to 0.36m inland. We estimated vegetation cover from aerial photographs and
using the Normalized Difference Vegetation Index (NDVI) and Soil Adjusted Vegetation
Index (SAVI) from Landsat satellite images taken in winter, spring and summer. This
was done for each location where the wind was measured as well as for the upwind sector
at various lengths, ranging from 15m to 400m. We calculated the topographic variables
of the relative heights of the stations in a similar way, based on digital elevation models
and differential GPS field measurements. It was found that the Z, values are positively
correlated with SAVI values (R=0.86 for the winter SAVTI at an upwind length of 200m,
when all stations are included) and negatively correlated with the relative height (R=-0.68
for the relative height at an upwind length of 200m-400m, for the inland dune stations).

Using these variables we were then able to model and create a map of predicted Z, values
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with accuracy higher than 64%. Such maps enable us to have a better understanding of
the spatial variability in both the wind speed and the sand movement over coastal dune

areas, and to predict future changes in vegetation cover and dune movement.

Keywords

Sand dunes, roughness, wind, vegetation, topography, digital elevation models, Landsat,

NDVI, SAVI

1. Introduction

1.1 Wind profiles and estimations of Z,

The wind field in the atmospheric boundary layer is largely controlled by the frictional
drag imposed on the flow by the underlying surface (Oke, 1987). As a result of the drag,
the horizontal wind speed decreases towards the ground. Accurate knowledge of the
surface roughness and the resultant wind speed are important for many applications, such
as climatic models, wind power meteorology, agriculture and erosion hazards, especially
in arid and semi-arid environments, where vegetation cover is scarce (Peterson et al.,
1997; Pike, 2000).

The actual form of the wind variation with height under neutral stability has been found

to be accurately described by a logarithmic decay curve, as follows:

U, = (U+/k ) In([z-d] / Zo) (1)

Where U, — mean wind speed (m s) at the height z, Us - frictional velocity (m s™), k —
von Karman’s constant (=0.40), Z, — roughness length (m), and d - the zero plane
displacement height that represents the apparent level of the bulk drag exerted by the
vegetation (or any other roughness elements) on the air (depending on the surface
characteristics, the displacement height may be negligible, as in Lancaster and Baas,
1998, and see in Wieringa, 1993) . The length Z, is a measure of the aerodynamic

roughness of the surface, and is related to the height of the roughness elements, their
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shape and distribution. Common values of Z, range from 0.1¥10” to 10¥10 m for water,
0.0003 m for sand, 0.01-6 m for vegetation (Oke, 1987).

The various methods existing for the estimation of Z, values may be divided among field
methods and remote sensing methods, as well as between direct methods (that measure
the roughness elements themselves) and indirect methods (that infer Z, values from other
variables, e.g. wind). The traditional wind profile approach for estimating Z, values is
based on measuring the wind speed simultaneously at several heights vertically above the
ground, while applying a stability function that accounts for buoyancy effects on the wind
profile (for a review, see Hogstrom, 1988, 1996, and Bauer et al., 1992). However the
assumption of log-linearity of wind velocity with height (below 1.5 m in height) over
sand dunes is inappropriate, due to the changes in both topography and vegetation cover
(Jackson and Hunt, 1975; Wiggs, 2001).

As vegetation cover increases, soil erosion decreases, partly because of the reduction in
the force of the wind near the ground (Wolfe and Nickling, 1993; Wiggs et al., 1995).
Consequently, various field methods were devised for estimating Z, values based on
parameters of the vegetation (e.g. Dong et al., 2001). A classic relation was given by

Lettau (1969):

Zo=0.5h(A*/ A )

Where h is the canopy height, A* - the silhouette area (the upwind face of the average
roughness element), and A' — the per unit ground area occupied by each element. Further
adjustments of Lettau’s equation are given by De Vries et al. (2004).

An alternative method for deriving Z, values from wind data, measured at a single height
that we used in this study was suggested by Wieringa (1973, 1986). This non-spectral
model suggested by Wieringa is based on the assumption of a normal wind fluctuation
distribution and on the fact that the turbulence level 6,/U increases with increasing
roughness. Therefore, Z, can be derived from single-level stations wind measurements
by way of a gustiness analysis. If at a station anemometer height Z;, for some upwind

azimuth sector the median value of the observed gust factor G = U, /U is known (where
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U is the average wind speed, and Uy, is the maximum wind gust speed), then a

gustiness-derived sector roughness length Zyg can be estimated from:

Zog(sector) = Ls €xp (- [A fr {1.42+0.3013 In (-4 + 990/ Uy) }]1/ [Gector — 1 + A—fr A])

3)

Where A (= 0.9) is the attenuation of Uyax by the anemometry, and fr is a factor which is
unity for 10-minute averaging periods and increases to 1.1 for hourly averages. Uy is the
average wavelength (wind run) of maximum gusts observed by the given station
combination of anemometer and recorder, and varies usually between 50 and 100 m. The
roughness value obtained by a gustiness analysis is an area-integrated parameter, taking
into account both nearby and far-off obstacles, vegetation etc. in the upwind direction
within a distance of ~3 km (for wind measurements at 10 m) over a sector of 20° to 30°
width. The gustiness method for deriving Z, values has been evaluated by Barthelmie et
al. (1993) in comparison with the profile, terrain and standard deviation methods and was
found to be acceptable (see discussion in Wieringa, 1996). In the case of turbulent
observations such as these, the measurement does not furnish a value for d (vegetation
displacement) at all, however for modeling of wind-flow at meso- or macro-scale it is of
little importance (Wieringa, 1993).

As it is impossible to conduct field measurements of either wind or vegetation parameters
in many places over large areas, approximations of Z, values are often used for different
land-use categories to derive numerical weather prediction models (Petersen et al., 1997),
wind damage maps (Blennow and Sallnés, 2004), etc. Representative roughness
parameters for homogeneous and heterogeneous terrains are given by Wieringa (1992,
1993).

Active remote sensing methods provide an alternative method for mapping Z, values over
large areas. Blumberg and Greeley (1993) demonstrated for various geological terrains
(Sand-mantled pahoehoe, Pahoehoe, Alluvium, Playa and Playa/gravel) in the south-
western deserts of the United States (Death Valley, Central Nevada and the Mojave
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Desert) that airborne radar backscatter can be used as an indication of variations in Zy on
a regional scale. In addition, laser altimeters, whether airborne or space-borne are used to
derive roughness estimations (See Garvin et al., 1998). In this regard, a new method to
derive effective aerodynamic roughness of a complex dune area using high resolution
laser altimeter measurements of land surface roughness was recently presented by de
Vries et al. (2003). However, the technology of laser altimeters is very expensive and out
of reach for most of the scientific community.

Passive remote sensing tools may also serve for the estimation of vegetation of
aerodynamic roughness as offered by Jasinski and Crago (1999). They have used Landsat
TM images over a coniferous forest in France, based on a characterization of the bulk

canopy geometry.

1.2 Wind flow over coastal dunes

Sand dunes present an aeolian landscape, a landscape shaped by wind, that in itself
transforms the wind field. Desert and coastal dunes cover about 10% of the land area
between latitudes 30°N and 30°S (Sarnthein, 1978). Sand dune areas are dynamic in
nature, with the dunes changing their location, length, or height, depending on the dune
type (Tsoar, 2001; Andrews et al., 2002). An understanding of the aerodynamic
roughness of dune areas is therefore highly important for understanding the spatial
variability in dune movement and in dune stabilization processes.

Coastal dune areas are commonly characterized by wind flowing in from the sea inland,
passing from the smooth surface of the water, to a rougher surface at the beach, and then
passing over the dune field itself, where vegetation may or may not exist.

As the wind passes from one surface-type to another one, it must adjust to a new set of
boundary conditions. The adjustment is not immediate throughout the depth of the air
layer, rather it is generated at the surface and diffuses upward (Oke, 1987). As the wind
passes from a smooth to a rough surface the wind speed will decrease and its direction
will deflect towards the lower pressure, that is to the left in the northern hemisphere
(Plate, 1982; Warren, 1976).

When considering the wind flow over topographic features, they are commonly classified

according to whether or not flow separation occurs (Jackson and Hunt, 1975; Oke, 1987):
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e Slopes up to about 30% (17°) are considered as moderate topography,

allowing the boundary layer flow to adjust without separation. In such

cases a hill will cause the wind to speed-up over its vicinity with a

maximum near summit. This behavior corresponds to the wind flow in the

upwind part of most dunes. In such cases a maximum amplification factor

can be estimated using simple mathematical formulas that incorporate the

height H of the topographic feature and the distance X from the crest of

the hill to the upstream point where the height equals H/2.

e If the upwind or downwind slope of the ground exceeds about 17°, flow

separation occurs. In sand dunes this happens in the dunes’ slip face,

where the slope reaches an angle of 33°. In such complex systems where

secondary flows occur, a simple mathematical analysis is not possible.
Many studies that deal with the effects of topography on wind flow have considered only
isolated hills (e.g. Ishihara et al., 1999), or have used wind tunnels and simulations (e.g.
Kim et al., 1997; Neff and Meroney, 1998), and only few of them have conducted field
measurements of actual wind flow (e.g. Kim et al., 2000).
The same is true also for sand dunes, where many studies have been restricted to
computer simulations and wind tunnel measurements of the wind flow (e.g. Walker and
Nickling, 2003, and Parsons et al., 2004), or to the measurements and modeling of wind
flow over a single dune (e.g. Sauermann et al., 2003; McKenna Neuman et al., 2000;
Sweet and Kocurek, 1990) or to field measurements only between the beach and the fore
dune (e.g. Arens, 1996; Hesp et al., 2004).
Studies of wind flow over sand dunes apply many principles that were studied over hills.
In this regard, the following points may be highlighted: (1) Wind speed is generally
expected to gradually decrease with the distance from the coastline (modified locally by
topography and vegetation), and along with the wind so is the sand transport rate
decreasing (Troen and Peterson, 1989; Illenberger and Rust, 1988; Ranwell, 1958); (2)
However, analyzing a succession of symmetrical sinusoidal ridges, maximum speed-up
of the wind was found in the first hill crest, whereas in the second and third hills the
speed-up is much reduced relative to the first one, remaining unchanged downstream of

the third hill (Miller and Davenport, 1998; Carpenter and Locke, 1999). Thus, the most
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significant decrease in wind speed is expected to be at the interaction between the beach
and the fore dune area; (3) As reviewed by Wiggs (2001), shear velocity (U«) cannot be
successfully measured for windflow over dunes or related to sand flux on dune surfaces.
Wiggs therefore recommends to concentrate on wind velocity in field studies and not on
shear velocity; (4) the wind flow characteristics over dunes include flow compression
over their stoss slope (Frank and Kocurek, 1996a), and flow separation on their lee slope

(Frank and Kocurek, 1996b),

1.3 Objectives

Not only that there are few studies that have estimated Z, values for landscapes
comprised of sparse vegetation typical of arid and semi-arid regions, there are also
logistical and theoretical limitations inherent to wind profile techniques in such areas
(Sherman, 1995; Wiggs, 2001; Prueger et al., 2004). The objectives of our study were
therefore two fold:

e To study the combined influence of vegetation cover and topographic
variables on the aerodynamic roughness length (Zy) across a coastal dune
field.

e To evaluate the feasibility of creating a map of Z, values using simple

field measurements and using GIS and remote sensing techniques.

2. Methods
2.1 Study area

The Israeli coastline is characterized by an alternating mosaic of coastal dunes and
coastal cliffs of aeolianites up to 50m high (Tsoar, 1990). These coastal dunes are about
1,000-1,500 years old and have the Nile River as their main source of sand.

The area covered by coastal dunes in Israel has diminished from 462 km? (Tsoar, 1990),
to only 185 km? at the end of the 1990’s (Frumkin-Ahiron et al., 2003), due to the
quarrying of sand, and the construction of cities, military bases and water reservoirs over
dune areas. In addition, the remaining dunes are undergoing processes of stabilization by

vegetation, due to changes in human land uses along the coast, mainly the ending of the
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practice of the "mawasi" agricultural system (in which the high level of coastal
underground water was used for growing grapes, palm trees and other crops; see Tsoar
and Zohar, 1985) and grazing by Arab and Bedouin local populations since the
establishment of the state of Israel (Tsoar and Blumberg, 2002; Levin and Ben-Dor,
2004).

Two sites were chosen for the wind measurements: the dunes of Ashdod/Nizzanim in the
south, and the dunes of Bet-Yanay in the north (see Figure 1). We chose to work on two
dune areas so that in our analysis each one in its turn will be used for the calibration of
the model and the other for its validation. The average movement rate of the
Ashdod/Nizzanim dunes is now estimated to be less than one meter/year (Levin and Ben-
Dor, 2004), their average vegetation cover being about 31% (based on Frumkin-Ahiron et
al., 2003; Kutiel et al., 2004, estimated it at 29%), and the average yearly rainfall about
485mm.The dunes of Ashdod/Nizzanim represent the largest remaining tract of relatively
undisturbed coastal dunes in Israel, covering 31 km? (out of 49 km? originally) between
the cities of Ashdod and Ashkelon (Frumkin-Ahiron et al., 2003).

The dunes of Bet-Yanay were formed at the mouth of the Alexander stream and cover a
much smaller area (with only 0.36 km? of active dunes remaining out of 1.82 km?” 60
years ago), intersected in the middle by the Tel-Aviv Haifa highway. Their average
vegetation cover is about 22% (based on Frumkin-Ahiron et al., 2003), the average yearly
rainfall there being about 550mm.

The average height of Israel’s coastal dunes is about 10m (Levin et al., 2004). The
vegetation associations common to Israel’s southern coastal dunes are described by
Danin and Nukrian (1991); They note that with increasing sand stability the germination
and establishment of more species is enabled and the monospecific community of
Ammophilia arenaria thickens and changes into associations where Artemisia
monosperma is the dominant plant (see also Levin et al., in preparation). The vegetation
associations common to Israel’s northern coastal dunes are described by Kutiel et al.

(1979/80).
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Figure 1: Map of study area, wind stations sites and measured values of Z; (a. location
map; b. Bet Yanay; c. Ashdod)
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Chapter 5 Z, prediction

2.2 Wind measurements

A total of 5 days of measurements were conducted, four at Ashdod/Nizzanim (February
18™, 2003, May 25", 2003, August 11", 2004 and October 26™, 2004) and one at Bet-
Yanay (April 1%, 2004), at 34 different points spread from the coastline up to 2,800m
inland (see Table 1 and Figure 1 for the date, time and exact location of the stations). The
position of all the wind stations was measured using a differential GPS (= Im). Out of the
34 points, 9 were located between the coastline to the fore dune, and the remaining 25
points further inland behind the fore dune. Most of the stations were located at dune tops,
or at the windward side of dunes as well as on the beach. Few stations were located at
inter-dune areas, and no stations were located in the lee-slope of dunes (see Table 1 for
details). This setting was aimed to avoid further complexity in the analysis of the data
that might have been encountered due to the separation of the winds’ flow lines and the
creation of a separation cell in the lee side of a dune (Parsons et al., 2004).

The wind measurements were performed at a height of 2.5m. According to the guide lines
given by Wieringa (1993, p. 333) we performed such measurements only in areas where
the canopy height was less than 1 m. We used a RM Young 05103 Wind Monitor cabled
to a Campbell Scientific 21X data logger. The 05103 Wind Monitor can measure wind
speed at the range of 0-60 m s™', with an accuracy of 0.3 m s™. Wind Data were sampled
every second and recorded in the data logger for intervals of five minutes. The recorded
variables included for each interval the average wind speed, the maximum wind gust

speed, and the most common wind direction.

2.3 Calculation of Z, from the wind data

Estimation of Zyg was carried out based on Equation 3, for 10 minutes averaging periods.
As we recorded the data every five minutes, and considering that the average wavelength
(wind run) of maximum gusts (Uy) lasts less than half a minute, we were not to calculate
it from our data and assumed it to be 75 m (as this was the average of the values
suggested by Wieringa, 1986). As the variable of Zg is a sector derived variable
depending on the upwind surface characteristics, we defined for each station the direction
from which the wind blew, as either coming from the south-west, from the west or from

the north-west. In the measurements conducted at the dunes of Ashdod/Nizzanim on
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February 18™ 2003, and on October 26th, 2004, the wind changed its direction from
south-westerly in the morning to westerly in the afternoon. We have therefore separated
these two time periods, and calculated Zog values for each of them. Thus we arrived at a
total of 39 measurements of Zy, 10 of them related to locations between the coastline and
the fore dune, and the remaining 29 further inland behind the fore dune (11 in the dunes
of Bet Yanay, and 28 in the dunes of Ashdod). We have concentrated this study on the
estimation of Z, values and not on evaluating the speed-up of the wind, so as to be able to
compare between measurements performed on different days and places, with different

wind velocities and directions.

2.4 Remote sensing of vegetation

Remote sensing analyses of vegetation included the calculation of vegetation cover from
grey-scale aerial photographs taken by the Survey of Israel (as in Levin and Ben-Dor,
2004), and the calculation of the Normalized Difference Vegetation Index (NDVI) from
Landsat 7 ETM+ satellite images. NDVI was calculated as follows (Clark Labs, 2002):

NDVI = (NIR ~ R) / (NIR +R) (4)

where NIR = Value in the Near Infra Red band of an image pixel
R = Value in the Red band of an image pixel

As the values of NDVI are affected by the background soil, especially in arid and semi-
arid areas where vegetation cover is low, we have also applied the Soil Adjusted

Vegetation Index (SAVI), following Huete (1988):
SAVI=(NIR-R)/(NIR+R+L)*(1+L) (5)
Where L = A constant soil adjustment factor ranging between 0-100. We have tried
several values and found in a preliminary study that L=0.25 gave the best

results in our area for estimating vegetation cover (see also Levin and

Ben-Dor, in review).
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For the dunes of Bet-Yanay we used an aerial photograph taken by the Survey of Israel at
11:42 on May 3™ 2003 (strip AR/2, photograph 712). For the dunes of Ashdod/Nizzanim
we used two aerial photographs, one taken at 13:36 on February 11™, 2000 (photograph
7092), the other taken at 17:11 on June 8", 2002 (strip BA-163, photograph B135). All
the aerial photographs were rectified to the Israel New Grid (Israel Transverse Mercator;
Mugnier, 2000), using Ground Control Points (GCPs) identified on a color orthophoto
(1m. resolution).

We have calculated NDVI and SAVI values for both study areas based on Landsat 7
ETM-+ satellite images (path 174 row 38) from August 7, 1999, January 14", 2000 and
May 21%, 2000. This was done after performing atmospheric corrections using the
MODTRAN (Berk et al., 1999) and ACORN (AIG, 2001) atmospheric models and fusing
the spectral bands with high resolution (15m) pan chromatic band 8 of the Landsat, using
Envi 3.4 (RSI, 2001).

We have calculated the vegetation cover and the NDVI and SAVI values for the locations
of the wind stations, as well as for the upwind sectors of these stations at the following
distances, using directional filters at a width of about 60°: 15 m, 25 m, 50 m, 100 m, 200
m and 400 m. Directional filters (see Lillesand and Kiefer, 1994) are a tool that enables
the detection of directional objects in images, or in our case, to analyze the values of a
certain variable for a certain sector, whose width and length are defined by the filter, with
respect to the wind direction.

Since vegetation cover in the dunes area increases at an annual rate of about 1% between
1990-1999 (Levin and Ben-Dor, 2004, and Kutiel et al., 2004), we assume ed that our
estimations regarding the effects of vegetation cover on the aerodynamic roughness, will
not be hampered by using satellite images and aerial photographs that were acquired up
to four years prior to the field measurements.

Although biological soil crusts have considerable influence on surface roughness and
wind erosion (see Belnap and Gillette, 1998), their presence over the coastal dunes of
Ashdod and Bet-Yanay is quite low, and was therefore not included in our analysis. In
addition we did not include in our analysis possible effects due to soil moisture. All wind

measurements that we conducted and the images that we used were on dry surface after at
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least four days with no rainfall, so we estimated that except at the beach itself, our results

will not be influenced by soil moisture.

2.5 Topographic analyses

Topographic data for our analyses was based on several sources that included digital
contours files, orienteering maps and field measurements using differential GPS.

For the northern part of the Ashdod Dunes, detailed contours (at a vertical spacing of 0.5
meter) were obtained from a photogrammetric survey by Fishman (1994). For the
southern part of the Ashdod Dunes, contour lines (at a vertical spacing of 2.5 meters)
were digitized from the Nizzanim orienteering map (published in 1995 by the Israel Sport
Orienteering Association, at a scale of 1:10,000), The data from the contours were
converted into a digital elevation model (DEM) using the triangulation method described
by Zhu et al. (2001), and implemented in the Idrisi software (Eastman, 2001).

For the dunes of Bet-Yanay no digital elevation data or detailed topographic maps were
found, and we have therefore measured the topographic profile between the stations
along the direction from which the wind blew using the differential GPS elevation
information (with an estimated vertical accuracy of 1-2 m).

We have then used the following parameters to estimate the influence of topography on
the measured surface roughness: (1) the distance of the station from the nearest dune
upwind; (2) the height difference between the place where the station was located and
crest of the nearest dune upwind; (3) the slope angle between the place where the station
was located and the crest of the nearest dune upwind; (4) difference between the height of
place where the station was located and the average height of the upwind sectors of the
station at the following distances, using directional filters at a width of about 60°: 15 m,

25 m, 50 m, 100 m, 200 m and 400 m.
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3. Results

3.1 Wind measurements and calculation of Z,

The average and standard deviation of the wind speed, wind gust and wind direction are
given in Table 1, as well as the calculated values of the surface roughness Z, and its
coefficient of variation (CV; the values of the Z, standard deviation divided by its
average). The calculated values of Z, range from a minimum of 0.00005 m (at station 1,
located at the coastline itself; this value corresponds to those given by Oke, 1987, p. 57,
for water) to a maximum of 0.36 m (at station 8 located at an inter-dune area behind a
large nebka dune; this value corresponds to rough terrains, as described by Wieringa,
1992, p. 363). The CV of the Z, ranged between 0.36 and 2.87, and was found to be
negatively correlated with Z, on a log-log plot (R* = 76%, p < 0.01) This might mean that
this method is more stable for estimating Z, over rougher areas, as in smooth areas there
is much less difference between average wind speed and wind gusts. In Figure 2 it can be
seen that there is a gradual increase in the values of Z, with the distance from the
coastline, especially in the first 300 m. The variance explained in the values of Z, by the
distance from the coastline is 50% and significant (p < 0.01), when all the stations are
pooled together. When considering only the inland dune stations (those beyond a distance
of about 300m from the coastline) a more or less random fluctuation in the values of Z,

can be seen.

3.2 Correlation between vegetation and topography to Z,

The correlation values between Z, and the various vegetation and topographic variables
we have examined are given in Table 2, for the inland dunes. The table focuses on the
area beyond the fore dune because some of the topographic variables relating to the
distance to the first dune upwind, could not be calculated for the coastal stations (as for
them, there is no dune upwind, only the beach and the sea).

As for the topographic variables, the following relationship emerges, in which the higher
and farther is the wind station located with respect to the crest of the nearest dune
upwind, the lower will the value of Z, found there. The variable that gave the highest
correlation was that of the slope angle upwind (R = -0.76; see Table 2).
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The topographic variables relating to the distance upwind from the nearest dune were not

examined any further due to the following reasons: (1) they cannot be calculated for the

coastal stations; (2) in a stabilizing coastal dune system, where the shape of the dune is

under transformation, many nebkha dunes are forming and the clear discrimination of

dune ridges disappears, it is not straight forward to determine where the nearest dune

upwind is located, and some subjective decisions are needed. We have therefore chosen

to focus on the topographic variable of relative height that can be easily calculated

automatically using a digital elevation model as follows: the difference in the height of

the station from the average height of area upwind of the station (examining variable

length sizes, from 15 m to 400 m).

1.00000
. All stations
0.10000 - o T . » 25-5-2003 NW
R’ = 50% s o 18-2-2003 SW
(all stations)
. 0.01000 - S . 18-2-2003 W
E A
= o 1-4-2004 NW
N
2001901 . 11-8-2004 W
. 26-10-2004 W

0.00001 . .

26-10-2004 SW

10 100 1000
Distance from the coastline (m)

10000

Figure 2: The variability in Z, values as a function of the distance from the coastline
(n =39). The stations are symbolized according to the date of measurement and the
dominant wind direction at the time of the measurement. Notice that both axes are

plotted on a logarithmic scale.
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Figure 3: The variability in the variables of (a) SAVI (as of January 2000 for an
upwind section of 200 m) and (b) topography (the difference between the height of
the station and the average height at an upwind section of 400 m) as a function of the
distance from the coastline, as measured in the locations of the wind stations. Notice
that the x-axis is plotted on a logarithmic scale.
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As for the vegetation variables, the highest correlation values were found at the same
upwind length for all four variables: at 50 m (when only the inland dune stations were
considered). In addition, it was found that Landsat images (whether they are of the
winter, spring or summer seasons) give higher correlation values then black and white
aerial photographs that have a higher resolution (see Table 2). In the results presented in
Table 2 (for the inland dune stations), the variability explained by SAVI and by NDVI is
equal. However, when considering all the stations, SAVI performs a little better than
NDVI, and we will therefore focus most of our discussion on it below.

To examine the variability of the topography and the vegetation in the locations where
wind was measured, and to understand the correlation found between the distance from
the coastline and Z,, we have selected two variables (one for each group) and drawn them
with respect to the distance from the coastline (see Figure 3). The two variables are (1)
SAVI as of January 2000 for an upwind section of 200 m, and (2) the difference between
the height of the station and the average height at an upwind section of 400 m. As can be
seen in Figure 3, these two variables behave differently for the coastal stations (0-300 m
from the coastline) and for the inland dune stations (>300 m from the coastline), similar
to the values of Z, shown in Figure 2. When all stations are pooled together, 67% (p <
0.001) of the variability in the values of the vegetation can be explained by the distance
from the coastline (no such correlation was found for the relative height variable). In the
coastal stations (defined as those stations located between the coastline and the crest of
the fore dune), both the vegetation cover (as estimated by NDVI or SAVI) and to a lesser
degree also the height difference increase gradually with the distance from the coastline.
As for the inland dune stations, no clear pattern could be observed with respect to the
distance from the coastline.

When comparing the correlograms (charts presenting the correlation between two
variables as a function of another variable; in our case as a function of the length of the
upwind sector) of the vegetation and the topographic variables (Figure 4), it can be seen
that the highest correlations are reached at an upwind sector 100-200 m long (depending
on the variable), and that vegetation as a whole explains more of the variability in the

values of Z, than topography.
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80% -=— Average SAVI (L=0.25)
upwind, Landsat May 2000
70% - vs. log (20)
—+— Average NDVI upwind,
60% - Landsat Aug 1999 vs. log
(Z0)
50% 1 -+ Average NDVI upwind,
o Landsat Jan 2000 vs. log (Z0)
o 40% -
30% - — Average NDVI upwind,
Landsat May 2000 vs. log
(Z0)
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—-— Average % Vegetation cover
10% - upwind from aerial
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Figure 4: A correlogram presenting the correlation values between Z, and various
vegetation and topographic variables as a function of the length of the upwind sector
(all stations included). The leftmost point of each of the lines represents the correlation
found between Z, and the analyzed variable at the position of the station. Notice that
the x-axis is plotted on a logarithmic scale.

However, in Figure 4 all the stations were included — the coastal stations and the inland
dune stations. When only vegetation is considered, mixing together the two areas 1s
reasonable, as can be seen in Figure 5 — both for the coastal stations and for the inland
dune stations, the higher is the vegetation cover, the roughness increases and the higher
will be the values of Zy. The higher correlation values obtained when combining all
stations then for each of the areas separately may be explained that ranging from the
coastline to the inland dunes, the values of Z, change on a scale of five orders, whereas in
each area separately they change on a scale of only three orders. This is clarified in
Figure 6, presenting scatter plots between the SAVI values of January 2000 (at upwind
lengths of 50, 100 and 200 m, respectively).
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Figure 5: A correlogram presenting the correlation values between log (Zy) and the
SAVI (L=0.25) values as of January 2000, as a function of the length of the upwind
section. The leftmost point of each of the lines represents the correlation found
between log (Z) and the analyzed variable at the position of the station. Notice that
the x-axis is plotted on a logarithmic scale.

The topographic variable of the difference in the height of the station from the average
height of area upwind of the station behaves differently among the two areas however. In
Figure 7 we present the correlation values between Z and the topographic variable of the
difference between the height of the station and the average height upwind, as a function
of the length of the upwind sector, whereas Figure 8 presents the variability in Z, values
as a function of the difference between the height of the station and the average height
400 meters upwind of the station, for the coastal and inland stations separately.
Examining Figure 7 and Figure 8 we can see that whereas for the inland dune stations the
values of Z decrease with the relative height of the station (as expected), for the coastal
stations a positive relationship exists, with higher Z, values the higher is the station

located.
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Figure 7: A correlogram presenting the correlation values between Z and the
topographic variable of the difference between the height of the station and the
average height upwind, as a function of the length of the upwind sector. Notice that
the x-axis is plotted on a logarithmic scale.
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Figure 8: The variability in Z, values as a function of the difference between the
height of the station and the average height 400 meters upwind of the station. The
stations are symbolized according to their location, either as coastal stations (n =10; on
the beach or on the fore dune) or inland dune stations (n = 29). Notice that the y-axis
is plotted on a logarithmic scale, and that vegetation cover (not shown here) is not the
same for all stations.

3.3 Validation of the predicted Z, values

To validate the accuracy of predicted Z, values based on the upwind variables of relative
height and vegetation (either NDVI or SAVI, both of January 2000) we separated the
stations according to their area, Bet Yanay (n = 11) and Ashdod (n = 28).

In tables 3 and 4 we present the variability in the values of log Z, in one dune area,
explained by a regression model based on the other dune area, using two variables: the
relative height 400m upwind and SAVI (or NDVI) values at 50, 100 and 200m upwind.
From these tables it can be seen that the predictions done based on SAVI are better than
those done based on NDVI. However the differences between the two are not large, and

in almost all the combinations examined the R? value are higher than 64%.
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Chapter 5 Z, prediction

The best results were obtained at upwind distances of 100m or 200m for the Landsat
derived vegetation indices. Figure 9 presents in the form of a scatter plot the predicted Z,
values of each dune area as derived from a regression model that was based on the other
dune area. Notice that the predicted values are closer to the 1:1 line of perfect fit when
the Z, values are higher. This may be due to the higher coefficient of variation (CV) of Z,

data when Z values are low.
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Figure 9: The predicted Z, values of each dune area derived from a regression model
based on the other dune area, using the variables of relative height at an upwind
distance of 400m and SAVI at an upwind distance of 200m. Notice that both axes are
plotted on a logarithmic scale.

3.4 Mapping the predicted values of Z,

To create a map of predicted Z, values, we have used a multiple regression model, using
two variables, that served as topography and vegetation derived indices: the height
difference at an upwind length of 400 m, and the SAVI values as of January 2000 at an

upwind distance of 200 m. We chose these two variables as we found that these gave the
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best results after examining various possible combinations of the SAVI and the relative
height variables at various upwind distances. In addition, only when we used an upwind
distance of 200m for SAVI we obtained a negative coefficient in the regression model
for the relative height variable (see Equations 6 and 8 below). We chose to use the winter
SAVI values as the sand moving winds in Israel blow in this time of the year (Goldsmith
et al., 1990). We calculated the Zy model for winds blowing from the SW, as this
corresponds to sand movement along the coast of Israel as well as to the dunes
orientation (Tsoar, 1990).

The topographic variable was found to be positively correlated with the surface
roughness for the coastal stations because there the wind is moving from the relatively
smooth surface of the water to the rougher land surface, which is also gradually rising
towards the foredune over a short distance of 50-300 m. For the inland dune stations
however, the topographic variable was found to be negatively correlated with the surface
roughness, as over land surfaces at higher locations, the wind flow is compressed, and
wind speed increases, thus meaning lower Z, values. We therefore decided to compare
two predictive models. In the so called “unified model” all stations are included. In the so
called “separated model”, we build a multiple regression separately for the coastal
stations and for the inland dune stations. In order to avoid the possibility of obtaining
negative values of Zy, we have used a log-normal model, in which the topographic and
vegetation variables are used to model the predicted values of log (Zy).

Thus we received the following three regression models:

For the unified regression model, including both the coastal and the inland dune stations:
Log (Zy) =-3.744 -0.0373 * AH +19.514 * SAVI (6)
(n=39, p<0.001, adjusted R* = 74%)

For the separated model, for the coastal stations:
Log (Zo)=  -4.170+0.292 * AH + 4.87 * SAVI (7)

(n= 10, p < 0.005, adjusted R? = 75%)

For the separated model, for the inland dune stations:
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Log (Zo)=  -2.405 - 0.0606 * AH + 10.290 * SAVI (8)
(n=29,p<0.001 ,adjusted R*=38%)

where AH = Height difference 400m upwind
SAVI = SAVI values as of January 2000, 200m upwind

Figure 10 presents a scatter plot in which the predicted values of the unified model and of
the separated model (combining the coastal and the inland stations) are plotted against the
measured values of Zy. The separated model presents a higher correlation than the unified

model (R = 87.6%, R* = 75.8%, respectively).
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Figure 10: A scatter plot comparing the predicted values of Z, vs. the measured values
of Zy, between the two regression models: the unified and the separated (in which the
coastal stations and the inland dune stations are not modeled together). Both models
used two independent variables: the height difference at an upwind distance of 400 m,
and the SAVI values as of January 2000 at an upwind distance of 200 m. Notice that
both axes are plotted on a logarithmic scale.
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To map Z, values according to the separated model one needs to first identify the
foredune so as to be able to apply different equations for the coastal and inland areas. We
therefore chose to use the unified model for the final map of the predicted Z, values (for
winds coming from the south-west, the dominant winds carrying sand along the Israeli

coastal dunes), as presented in Figure 11.

532000 j;
Grid @North ‘ Zy
i |

631000 3 " 0.1
r
'1
r
‘f d W f »
530000 | | B‘ A » 0.01
4 ' lnr/
‘ o . 2 .h al
P

0.001

Fa ""'/
(R
| e
' 0.0001

29000

G28000

3
g
&

Meters
™ ™ s ™ ™ ™
2000.00
E27000
o o o o 5 o 0.00001
= = =] = = =]
o ] ) o b ]

Figure 11: Map of the predicted values of Zy (m) over the coastal dunes of Ashdod
according to the unified model, for south-westerly winds. Locations A, B and C are
described in the text. Notice that the map legend is given in a logarithmic scale.

This map is based on two layers: (1) A digital elevation model from which we calculated
the relative height of each pixel with respect to those upwind of it at a distance of 400m

to the south west; (2) A Landsat derived winter (January 2000) SAVI image, from which

166 In review in Geomorphology




Chapter 5 Z, prediction

we calculated for each pixel the average value of SAVI at a distance of 200m to the south
west. As our measured values of Z, range between 0.00005 m and 0.36 m, those areas in
the map presented in Figure 11 in which the predicted values exceeded 1 m are shown in
black, as they are extrapolations of our set of data. This map seems to present correctly
several places were the expected Z values are either very high or very low. For example:
(1) in location A (shown on the map in Figure 11) the predicted Z, value is high due to a
large concentration of the invasive tree species Acacia Saligna (see also Kutiel et al.,
2004); (2) in location B the predicted Z, value is high as in this inter dune slack there are
many palm trees and two tall eucalyptus trees; (3) in location C the predicted Z, value is
low is it an area of bare soil on top of a cliff that was created by a quarry of sand and
aeolionites.

The sensitivity of the predicted values of Z to the variables of SAVI and relative height
in each of the three regression models is presented in Figure 12. In all three models the Z,
values are positively correlated with those of the SAVI values. As for the topography
(relative height), in the unified as well as in the inland dunes model it is negatively
correlated with the Z, values, and only in the coastal model is it positively correlated with
the Z values. From these figures it can also be seen that in both the unified model and
the inland separated model, the Z, values are mostly influenced by the vegetation cover
(using SAVI as a surrogate variable), whereas in the coastal separated model the

topographic variable has more influence on the Z, values.
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4. Discussion

4.1 Influence of vegetation vs. topography on the predicted values of Z,

Overall our results have shown that to model Z, values at a certain place located in a
stabilizing coastal dune field, two major factors should be considered: the relative height
of that place and the vegetation cover. As the surface roughness of a certain location is
influenced not only by the local surface characteristics but also by the area upwind of that
place, spatially designed directional filters should be applied to calculate the relative
height and vegetation cover upwind of a location. These filters should be constructed
with respect to the direction from which the sand bearing wind is coming (as for the
width of the directional sector), and with respect to the height of measurement that is
modeled (as for the length of the directional filter).

The factor of vegetation cover is relatively straight forward in its influence over the
surface roughness: the higher is the vegetation cover, the higher will be the surface
roughness. However different plants may have different structures, and therefore even
with the same vegetation cover, the wind flow characteristics may be different when the
plant composition is different. As for the influence of topography, we have received
different results for the coastal stations and for the inland dune stations (see Figure 12).
For the inland dunes as well for the unified model, the higher is a certain location with
respect to the upwind area, the lower will be its surface roughness, and thus a higher wind
speed is expected there. Our explanation for the opposite phenomena in the coastal model
in which the higher is a certain location, the higher will be its surface roughness, is
related to the special interaction between the sea, the beach and the vegetation that is
forming the fore dune. At the coastline, the wind is moving from a relatively smooth
surface to a rougher surface — that of the sand. In addition to the sand, on the beach one
may find various types of litter brought on the shore by the waves as well as pioneer
plants, further increasing the surface roughness with the distance from the sea. The fore
dune itself is a topographic obstacle that is formed by the accumulation of sand due to
vegetation (Arens, 1996). Thus in beaches there is a steady increase in both vegetation
cover and height away from the coastline, increasing the surface roughness all the way

from the smooth sea surface to the fore dune.
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Dune systems are highly dynamic both in space and in time, and modeling of these
dynamics, even without including vegetation is a complex task. One of the main variables
that need to be modeled in order to improve our predictions of sand movement in coastal
system is that of the surface roughness. We have shown here that it can be indeed
predicted (with R* values of 75% and higher) using geographic information systems (see
Andrews et al., 2002) and two simple databases: a topographic layer and a satellite
derived vegetation index. Both layers can be created using remote sensing techniques,
and thus maps of surface roughness can be constructed for large coastal areas, improving

our understanding of both dune dynamics and wind flow.

4.2 Regarding the combination of data sets from different spatial scales

In his manuscripts presenting his method for estimating Z, values from wind
measurements taken at a single height, Wieringa (1973, 1986) was referring to wind
measurements taken at a standard height of 10 m. He therefore expected that the surface
roughness values will take into account both nearby and far-off obstacles, vegetation etc.
in the upwind direction within a distance of ~3 km over a sector of 20° to 30° width. Our
measurements were performed at a height of 2.5 m, and are indeed influenced by
obstacles (whether related to topography or vegetation) that lie within a shorter distance
upwind (up to 400 m). As our roughness measurements are influenced by a relatively
large area upwind, it can be understood why we have succeeded in explaining the
variability in the Z, values, using GIS and remote sensing layers of a coarse nature —
Landsat images at a resolution of 15-30 m and digital elevation models that were ten
years old.

Satellite images are superior over aerial photographs for monitoring vegetation also due
to other reasons: (1) Their measurements of radiance values can be easily transformed
into quantitative values of reflectance and other bio- and geo-physical variables, whereas
the grey values of aerial photographs are relative to that specific setting of camera, time
and day and atmospheric conditions, and their transformation into reflectance values is
more difficult; (2) On black and white aerial photographs taken over sand dunes, darker
areas may represent vegetation but may also be the result of shading effects, either due to

vegetation or to the topographic shape of the dunes. Vegetation indices that are based on
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a ratio between an infra-red band and a red band (such as the NDVI and SAVI) are less
prone to errors due to shading effects (Lillesand and Kiefer, 1994).

Wieringa (1973, 1986) also cautions that the assumptions behind his method for
calculating Z, based on the gust speed become doubtful when the heights at which the
measurements are being done become too close to the actual surface elements (Z/Zy <
25). As our wind measurements were conducted at a height of 2.5 m, they are supposed to

be reliable only up to Z, values of 0.1 m.

4.3 Sources of errors

We believe that our results of estimating Z, values for a coastal dune area based on
satellite images and digital elevation models are quite promising. However, the following
factors might have contributed errors into our final model and results:

e That areas with a very low vegetation cover may not be adequately
monitored using satellite images in arid and semi-arid areas (Tueller,
1987). More specifically, using a Landsat satellite image (its highest
resolution being 15 m) isolated bushes cannot be detected.

e That data regarding the vegetation height, from which the zero plane
displacement height was not incorporated in our model, although it is
considered important for estimating surface roughness (and see Jasinski
and Crago, 1999, in this regard).

e Vegetation indices are known to be influenced by variability in the soil
background properties (mineralogy, moisture content and particle size
[roughness]) even when no vegetation cover is present (Huete, 1988;
Rondeaux et al., 1996; Schmidt and Karnieli, 2000). This might have even
created some artifacts that improved our results; thus, the NDVI (and to a
certain degree also the SAVI) values at the interaction between the sea and
the beach decrease from the fore dune towards the coastline and on to the
sea, due to the increased moisture of the sand near the water line, when the
vegetation cover is zero. The values of NDVI and SAVI may have also
been influenced by the changing content of free iron oxides, affecting the

color of the sand to change from almost white on the beach to a darker and
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more yellow-brown hue inland. This change is especially strong in the first
500m from the beach (Ben-Dor et al., 2005). Using the same data set of 42
sand samples used by Levin et al. (2005), we have found a positive
correlation between the content of free iron oxides and NDVI (R = 0.61),
whereas a weaker correlation was found with SAVI (R = 0.49).

e That the digital elevation model we used, although being quite detailed for
a coastal dune area, was not detailed enough to show small nebkha dunes.
In addition, this DEM was measured in the mid 1990°s whereas our wind
measurements were done in 2003/4. Although the Ashdod dunes are now
stabilizing and their movement rate is lower than 1 m/year (Levin and
Ben-Dor, 2004), their topography is expected to change at the least due to
their transformation from transverse to parabolic (Tsoar and Blumberg,
2002).

e That the presence of biogenic soil crusts in the study area, although having
less effect on the wind flow when compared with higher vegetation, was

not incorporated.

5. Summary and Conclusions

In this paper we have shown that wind flow over sand dunes, as characterized by the
surface aerodynamic roughness can be predicted with accuracies higher than 64%. To this
end only two base layers are needed: a digital elevation model, and a satellite image from
which vegetation indices can be calculated. As we conducted our wind measurements at a
height of 2.5 m above the ground, they were influenced from a relatively large area
upwind of them, up to 400 m. This may explain why medium resolution data layers were
sufficient for our needs. To extend this study for prediction of sand movement rates it
may be beneficial to apply this method of estimating surface roughness using
anemometers that will be placed at a lower height. To explain wind flow at heights of
about 0.5 m above ground however, higher resolution data of topography and vegetation

cover, as obtained by airborne LIDAR sensors may be needed.
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In the sixth article the rates of erosion and deposition of sand that were measured

using erosion pins across the dunes of Ashdod and Nizzanim at 315 locations for 25
periods along two years (2002-2004) are presented. Using this dataset the effect of
wind and of rainfall on sand movement along Israel’s coastal dunes is explored. In
addition, the spatial variability in sand movement was quantified, as governed by

vegetation cover and topography upwind of the erosion pins.
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Abstract

This study aimed at quantifying the temporal and spatial variability in sand erosion and
deposition over a coastal dune field in Israel. These were measured monthly over two
years using 315 erosion pins over four transects that were placed perpendicular to the
coastline. Vegetation cover was estimated based on aerial photographs and Landsat
satellite images, whereas the relative height was based on a digital elevation model.
These variables were calculated for the area upwind (south west) of the erosion pins, at
various lengths, ranging from 15 to 400 m. Nine geomorphologic units found in coastal
dunes were defined, five related to active units, and four to stabilized units. In active units
at least 65% of the temporal variance in the annual absolute changes in sand level was
explained by the index of Resultant Drift Potential, with most of the sand movement
occurring during winter storms. Local rainfall had no apparent impact on sand mobility,
due to the low coincidence of sand moving winds and rainfall in Israel during the passage
of frontal cyclones. As for the spatial variables, only a weak correlation was found
between sand mobility with the distance from the coastline (R* = 18%). Rather, sand
erosion and deposition at the pins were influenced by vegetation cover and the relative
height of an area of 100-200 m upwind of them. The values of Soil Adjusted Vegetation
Index (SAVI) were significantly negatively correlated with annual absolute changes (R* =

40%), whereas the relative height was significantly positively correlated (R* = 36%).
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Applying a multiple regression model, 68% of the spatial variability in sand mobility was
explained. The resulting map of sand activity clearly shows that at this stage of the
stabilization process, most of the dunes are now disconnected, and movement of sand
grains to them from the beach or between them, is very limited. These methods can be
applied into spatial and temporal models of sand mobility, to assess the impact of

different management practices on coastal dunes.

Keywords

Coastal dunes, dune mobility, wind, rainfall, vegetation, topography, remote sensing.

1. Introduction

1.1 Stabilization of coastal dunes

The stabilization or re-activation of sand dunes may be a result of either climate changes
(e.g. Anthonsen et al., 1996; Lancaster, 1997; Hugenholtz and Wolfe, 2005) or of human
activities (e.g. Tsoar and Meller, 1986; Al-Dabi et al., 1997; Chapter 4 of this thesis).
Dune stabilization processes are commonly described by many works as a feedback
mecahnism (Danin and Yaalon, 1982; Tsoar and Meller, 1986; Danin et al., 1989; Danin,
1991; Hesp, 1991). In addition to the increase in vegetation cover, and the decrease in the
movement of sand grains, stabilizing dunes also experience morphological and
topographic changes (Anthonsen et al., 1996; Tsoar and Blumberg, 2002).

The coastal dunes of Israel are undergoing processes of stabilization by vegetation since
the establishment of the state of Israel, in 1948. This is attributed to a combination of the
low energy wind regime in the eastern Mediterranean climate and changes in human land
uses along the coast, mainly the ending of the practice of the "mawasi" agricultural
system (Tsoar and Zohar, 1985) and the use of dune vegetation by Arab and Bedouin
local populations and their stocks since the establishment of the state of Israel (Danin and
Nukrian, 1991; Tsoar and Blumberg, 2002; Chapter 4 of this thesis). Efforts for
reactivating dunes are done in recent years both in the Netherlands (Arens et al., 2004;
Turnhout et al., 2004) and in Israel. To assess the success of such efforts a quantitative
understanding of the spatial factors affecting sand mobility, as well as identification of

spatial indicators are needed.

182 Currently in review in Sedimentology



Chapter 6 Erosion pins: spatial and temporal variability

1.2 Spatial and temporal variability of sand erosion

Indices of sand mobility are traditionally related to precipitation, evaporation and wind
magnitude (Lancaster, 1997). In a study considering a remobilized parabolic dune in the
Netherlands, activity of the dune was strongly influenced by precipitation (Arens et al.,
2004); However, this may change between different climate regions. Indeed, other studies
identify wind regime as the most important physical factor in determining the mobility of
dunes (Fryberger, 1979; Tsoar and Werner, 1998; Tsoar, 2002). The wind parameters to
be considered are both wind velocity (above the threshold required to keep sand in
saltation) and directionality, both of which may be affected by: topography (e.g. the
relative height, the slope and aspect, wind fetch; see Yeaton, 1988; White and Tsoar,
1998; Iversen and Rasmussen, 1999; Wiggs, 2001; Bauer and Davidson-Arnott, 2002;
Sauermann et al., 2003; Hesp et al., 2005), vegetation (cover, height, arrangement; e.g.
Lettau, 1969; Wasson and Nanninga, 1986; Buckley, 1987; Yeaton, 1988; Raupach et al.,
1993; Musick et al., 1996; Lancaster and Baas, 1998; Dong et al., 2001), biogenic crust
(cover and type; see Belnap and Gillette, 1998; McKenna Neuman et al., 2005), surface
moisture content (Belly, 1964; Hotta et al., 1984; Sherman et al., 1998; Arens et al.,
2004; Cornelis et al., 2004; Wiggs et al., 2004), underground water table (Munoz-
Reinoso and de Castro, 2005), and the aeolian deposition of fine particles (Fearnehough
et al., 1998).

Although some studies used remote sensing techniques for assessing the effect of some of
these variables on dune mobility (Illenberger and Rust, 1986; Chapter 4 of this thesis), a
comprehensive study that aims to combine field measurement and remote sensing
techniques on a whole dune field was not yet, to our knowledge, performed. As stated by
Walsh et al. (1998, p. 201) the combination of remote sensing with geographic
information systems (GIS) allows "geomorphologists to examine spatial relationships at a
variety of scales that would not be feasible using only fieldwork or traditional aerial
photography". A multiple scale approach can be applied by using spatial filters at various
sizes. However, these were not utilized so far to examine quantitative relationships in
space between sand mobility, vegetation and topography. In the current study we
conducted a field research using erosion pins (as in Ranwell, 1958; Moreno-Casasola,
1986; Gertner, 1989; Harel, 1990; Kadmon and Leschner, 1995; Wiggs et al., 1995;
White and Tsoar, 1998; Arens et al., 2004) to assess the spatial and temporal variability
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in sand erosion and deposition. We then analyzed these data with respect to time series of
meteorological data, and using selected remote sensing and geographic information
system (GIS) layers to quantitatively study the effect of upwind topography and

vegetation on sand mobility.

1.3 Objectives
The objectives of this study are therefore the following:

e To study the relative importance of wind power and rainfall in influencing
sand movement across a stabilizing dune field in an eastern Mediterranean
climate.

e To study the combined influence of vegetation cover and topographic
variables on the erosion and deposition of sand through a multi-scale
analysis combining remote sensing and GIS.

e To identify which of the geomorphologic units of a sand dune is the best
indicator of aecolian processes.

e To derive a predictive spatial model of sand movement as a function of

topography and vegetation.

2. Methods
2.1 Study area

The area selected for this study consists of coastal sand dunes 40 km south of Tel-Aviv,
Israel, between the cities of Ashdod and Ashkelon (Fig. 1). This area represents the
largest remaining tract of coastal dunes that was spared from urban sprawl. The climate is
Mediterranean, with an annual average rainfall of 450-500mm, all in wintertime, with
maximum rainfall in December (Bitan and Rubin, 1991). The average daily maximum
and minimum temperatures in summer are 29°C and 21°C, and in winter are 18°C and
10°C, respectively. Proximity to the sea boosts the average relative humidity year round
and may reach 70% and higher during the summer.The wind regime in the study area is

uni-directional (Tsoar and Blumberg, 2002: RDP/DP = 0.71).
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Figure 1: A Landsat satellite image (January 2000) covering the study area of the
Ashdod and Nizzanim Dunes. The locations of the erosion pins as well as the yearly
sum of absolute changes are shown on the map for the four transects. Locations of the
photographs shown in Fig. X are given by bold letters a-f.
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The origin of the sand along the Israeli coast is mainly from the Nile delta via the
longshore current near the coast and the anti-clockwise Mediterranean current in the deep
water (Emery and Neev, 1960). Aeolian sand transport from the beach inland occurs
under the influence of high winds from the southwest towards the northeast, mainly in
wintertime (Goldsmith et al., 1990). The vegetation associations typical of the southern
coastal dunes of Israel that match the study area were defined by Danin and Nukrian
(1991) near Netiv HaAsara, 10 km south of Ashkelon. They note that with increasing
sand stability the germination and establishment of more species is enabled and the
monospecific community of Ammophila arenaria thickens and changes into associations

where Artemisia monosperma is the dominant plant.

2.2 Field measurements of sand erosion/deposition

To study the spatial and temporal variability in the current rates of erosion and deposition
of sand, four transects were chosen, lying perpendicularly to the coastline (see fig .1).
Erosion pins were inserted perpendicular to the shoreline (~ NW-SE) and not in the
direction of storm wind and dune advance (SW-NE) to avoid spatial autocorrelation
(Legendre, 1993). Three of the four transects begin at the foredune, and all the transects
end at the dunes' easternmost edge. Along these transects, 315 erosion pins were placed at
intervals of about 50 meters in December 2002. As maximum changes of sand deposition
were expected to occur in the dunes' slip faces, three erosion pins were placed across each
slip face to represent them more accurately. Most of the erosion pins were 50 cm long,
except those located at the dunes slip faces (where sand movement was expected to be
higher), that were 100 cm long. All pins were buried to a depth of 50% of their total
length (mentioned above), and reset once the level at the pin has either increased or
decreased by 66% of the full length of the erosion pin. On the average some 8.7% of the
erosion pins had to be reset every time as they were disturbed by human or faunal

activities (Table 1).
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% of erosion pins with no-data for that

period, attributed to

Length Number of faunal activities: human activities:

Nizzanim
ofthe  erosion e.g. footprints of e.g. off road
Serial  Start meteorological
End date measured  pins dears or an ant  vehicles, erosion
number date station data
period visited & nest changing the pins found outside
completeness
(days) measured micro topography of their location
1 5/12/2002 28/12/2002 23 308 0.3% 3.9% 99.8%
2 28/12/2002 11/1/2003 14 308 0.3% 3.2% 61.3%
3 11/1/2003  1/2/2003 21 308 0.3% 6.2% 14.5%
4 1/2/2003  23/2/2003 22 72 0.0% 1.4% 96.4%
5 23/2/2003  1/3/2003 6 314 0.0% 5.4% 34.7%
6 1/3/2003  16/3/2003 15 151 0.0% 7.3% 83.3%
7 16/3/2003 29/3/2003 13 315 0.0% 4.1% 99.7%
8 29/3/2003  1/5/2003 33 315 0.0% 7.9% 99.5%
9 1/5/2003  31/5/2003 30 315 0.3% 5.7% 99.9%
10 31/5/2003 28/6/2003 28 315 1.6% 7.0% 99.9%
11 28/6/2003 31/7/2003 33 315 1.6% 6.3% 99.9%
12 31/7/2003 30/8/2003 30 315 1.3% 7.3% 99.6%
13 30/8/2003 3/10/2003 34 315 2.5% 10.2% 99.9%
14 3/10/2003 31/10/2003 28 315 2.9% 6.7% 99.7%
15 31/10/2003 15/11/2003 15 315 1.0% 2.5% 99.7%
16 15/11/2003 11/12/2003 26 315 1.0% 6.0% 99.8%
17 11/12/2003 31/12/2003 20 315 0.3% 5.7% 99.6%
18 31/12/2003 17/1/2004 17 315 0.6% 7.6% 99.8%
19 17/1/2004 28/1/2004 11 315 0.0% 4.8% 99.6%
20 28/1/2004 17/2/2004 20 315 0.3% 6.7% 99.8%
21 17/2/2004 20/3/2004 32 315 1.6% 11.4% 99.9%
22 20/3/2004  1/5/2004 42 314 2.2% 12.1% 99.7%
23 1/5/2004  19/6/2004 49 315 5.7% 8.9% 99.5%
24 19/6/2004 11/8/2004 53 200 12.0% 11.5% 70.6%
25 11/8/2004 4/10/2004 54 307 8.8% 13.0% 87.4%

Table 1: All the sampling events — date, number of iron rods samples, number of missing

data, remarks

187 Currently in review in Sedimentology



Chapter 6 Erosion pins: spatial and temporal variability

Sand erosion and deposition were measured with an accuracy of about 1-2 mm every 2-6
weeks since December 2002 until October 2004, thus covering two winter seasons (Table
1). From these we calculated both the net and absolute values of sand erosion and
deposition. Assuming that surface changes of up to 2 mm may be due to measurement
errors and not due to real changes, and as the measurements were done on a monthly
basis, cumulative absolute yearly changes of up to 24 mm may be considered as
measurement noise. The exact location and height above sea level of the erosion pins
were determined using a differential GPS, whereas the surface slope and aspect angles
were determined in situ using a clinometer and a hand compass, as well as from a digital
elevation model (see below). The presence or absence of biogenic crust was estimated
visually for each erosion pin on January 31st-February 3rd 2003 (i.e. during winter time).
As part of the analysis the erosion pins were classified into nine geomorphologic units in
which they were located: foredune (FD), slip face (SF), dune top or on a nebka (DT), lee
facing slope of the dune, moderate slope (MF), wind facing slope of the dune (WS), urkar
(aeolionite) hill (K), inter dune area, usually lower than its surroundings and vegetated
(L), stabilized sand hill, located to the east of an existing or a past river (SH), alluvial
plain of the Evtah River crossing the Nizzanim Dunes (AL) (Table 2 and Fig. 2). The
topographic profiles of the four transects are presented in Fig 3. The overall statistics
regarding the completeness of the field data and of the meteorological data for the 25

measurement periods are presented in Table 1.
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Figure 2: Photographs representing some of the geomorphologic units and their vegetation. The
location of the photographs is shown in Fig. 1 by bold letters a-f. (a) A disturbed foredune (unit
FD) with a wind tunnel between the large nabkas. The dead branches on the right are of a
Tamarix tree. Image taken in March 29", 2003; (b) An area without vegetation on the wind
facing slope of a dune (unit WS). In the background: semi-stabilized dunes covered by Artmeisia
monosperma. Image taken in January 28", 2004; (c) Nebkas of Cyperus macrorrhizus on a wind
facing slope (unit WS); (d) Nebkas of Ammophila arenaria on the top a dune (unit DT). Image
taken in January 28", 2004; (e) An active slip face (unit SF). Image taken in March 30", 2003;
() In the lower-left part of the photo: a non-active moderate slip face (unit MF) mainly covered
by Artmeisia monosperma. In the center of the image: a fully vegetated interdune area (unit L)
covered by Artmeisia monosperma, Retama raetam and . Image taken in January 27™ 2001.
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Figure 3: The positions of the erosion pins laid upon the topographic profiles of the four transects, and
the sum of net changes in the sand level (mm/year) as measured in each of the erosion pins. The
following initials were used for the geomorphologic units: FD (foredune), WS (wind facing slope), DT
(dune top), MF (moderate lee facing slope), SF (slip face), K (‘kurkar’ aeolionite hill), SH (stabilized
sand hill), L (inter dune area), AL (alluvial plain).

2.3 Temporal analyses of meteorological data

Meteorological data of rainfall, wind speed and direction, temperature and relative
humidity were measured by the Nizzanim meteorological station located on the roof of
the building of the Shikmim Field School (see map in Fig. 1) and operated by the
Ashkelon Metropolitan Union for the Environment. This building is located on a hill and
surrounded by trees about 500m south-east of the Ashdod Dunes, and about 2.8km from
the coastline. The data are recorded in periods of every 5 minutes, and were here
analyzed at a temporal resolution of one hour. As the wind regime is one of the most
important physical factors in determining the mobility of dunes (Bagnold, 1941; Tsoar
and Werner, 1998; Tsoar, 2002), the drift potential of the sand by the wind was estimated

by applying the method developed by Fryberger (1979), using the indices of the Drift
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Potential (DP), the Resultant Drift Potential (RDP) index, and the Resultant Drift
Direction (RDD). These indices were calculated for each of the 25 time periods for which
the sand erosion/deposition was measured in the field (u = 26.8 days, o = 12.8 days;

Table 1). The variable of DP is calculated as follows (Fryberger, 1979):

DP=Yq, ,where gs= Y U (U—-U) * t (1)

Where gs = the rate of sand drift for a certain wind sector (vector units)
U = wind velocity (m/s)
Ui = the threshold wind velocity for sand movement (m/s)

t = percent of the time the wind blew above the threshold

We did not include the time factor (t) presented in equation 1 in our calculations because
the measurement periods of sand movement that we compared were not equal in their
length (see Table 1; a similar approach was adapted by Arens et al., 2004). We therefore
refer to these variables as DP-t, RDP-t and RDD-t as they are calculated without the time
factor. Determining a single threshold wind speed for the calculation of these indices is
somewhat arbitrary, as in reality it varies with the surface roughness from place to place
over the sand dunes, as a function of the vegetation cover and the relative height. The
wind speed of 4 m/s (as recorded in the Nizzanim meteorological station) was chosen as
the threshold wind speed for the calculation of those indices (compare with Arens, 2004,
equation 12); the corresponding wind speed as measured on the beach at a height of 2.5 m
was about 10 m/s, and in such events sand movement was observed. In addition, the
corresponding rainfall amounts were calculated, as well as the percent of the time in
which the wind speed was above the threshold and there was rainfall. For those periods in
which there was no data available from the Nizzanim station, the corresponding wind and
rainfall data from the Ashkelon station were used, located about 15 km to the south-west
near the coastline (The correlation coefficient between the hourly wind speed and daily

rainfall amounts of the two stations are 0.74 and 0.63, respectively).
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2.4 Remote sensing of vegetation

Remote sensing analyses of vegetation included the calculation of vegetation cover from
grey-scale aerial photographs taken by the Survey of Israel (as in Chapter 4 of this
thesis), and the calculation of the Normalized Difference Vegetation Index (NDVI;
Tucker, 1979) from Landsat 7 ETM+ satellite images. As the values of NDVI are
affected by the background soil, especially in arid and semi-arid areas where vegetation
cover is low, the Soil Adjusted Vegetation Index (SAVI) was also applied, following
Huete (1988):

SAVI=(NIR-R)/(NIR +R+L)* (1 +L) 2)

where NIR = Value in the Near Infra Red band of an image pixel
R = Value in the Red band of an image pixel
L = A constant soil adjustment factor ranging between 0-100. Several values were
tested in a preliminary study and it was found that L=0.25 gave the best

results in the study area for estimating vegetation cover.

The aerial photograph covering the Ashdod dunes was taken at 17:11 on June 8", 2002
(strip BA-163, photograph B135). The two aerial photographs covering the Nizzanim
Dunes were taken at 12:15 on June 27", 2003 (strip AR-7, photographs 2783 and 2792).
All the aerial photographs were rectified to the Israel New Grid (Israel Transverse
Mercator; Mugnier, 2000), using Ground Control Points (GCPs) identified on a color
orthophoto (1m. resolution).

NDVI and SAVI values were calculated for both study areas based on Landsat 7 ETM+
satellite images (path 174 row 38) from August 7, 1999, January 14™, 2000 and May
21%,2000. This was done after performing atmospheric corrections using the
MODTRAN (Berk et al., 1999) and ACORN (AIG, 2001) atmospheric models and
merging the spectral bands with high resolution pan chromatic band 8 of the Landsat,
thus obtaining a spatial resolution of 15 m. The NDVI and SAVI values served us as
surrogate variables for vegetation cover. These two are known to be correlated with the
aboveground net primary productivity and the absorbed photosynthetically active

radiation (Kerr and Ostrovsky, 2003). Such estimates (derived from a CASI airborne
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sensor; see Ben-Dor et al., 2006) were validated using field estimates done in the field by
Mimi Ron (personal communication; these measurements were preformed in the months
of August and October 2000 for Israel’s Nature and Parks Authority) in 16 quadrats of
100m” located on dunes whose location was measured by a highly accurate differential
global positioning system (GPS). As vegetation cover estimates often have a poisson
distribution, a square-root transformation (Sokal and Rohlf, 1995) was applied to them
prior to the correlation analyses. From this we found that NDVI and SAVI were able to
explain 78.6% and 83.5% (respectively) of vegetation cover as sampled in the field
(ranging between 0% to 45% in the sampled quadrats).

Vegetation cover, NDVI and SAVI values were calculated for the locations of the erosion
pins, as well as for the upwind (towards the SW) sectors of these stations at the following
distances, using directional filters at a width of about 60°: 15 m, 27.5 m, 50 m, 100 m,
200 m and 400 m. This was done to analyze the influence of upwind plant cover on the
sand erosion, a factor mentioned by Hupy (2004).

Although biological soil crusts have considerable effect on both surface roughness and
wind erosion (see Belnap and Gillette, 1998), their presence over the coastal dunes of
Ashdod and Nizzanim is quite low (see below) and patchy, and was therefore not

included in the analysis.

2.5 Topographic analyses

Topographic data for this study was based on several sources that included digital
contours files, orienteering maps and field measurements using differential GPS.

For the northern part of the Ashdod Dunes, detailed contours (at a vertical spacing of 0.5
meter) were obtained from a photogrammetric survey by Fishman (1994). For the
southern part of the Ashdod Dunes, contour lines (at a vertical spacing of 2.5 meters)
were digitized from the Nizzanim orienteering map (published in 1995 by the Israel Sport
Orienteering Association, at a scale of 1:10,000). The data from the contours were
converted into a digital elevation model (DEM) with a spatial resolution of 2.5 meters
using the triangulation method described by Zhu et al. (2001), and implemented in the
Idrisi software (Eastman, 2001). For the dunes of Nizzanim the most detailed topographic

data existing consists of contours with a vertical spacing of 5 m. As this is not enough for
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the dunes under study (whose average height is about 10 m), no topographic analyses
were conducted for the dunes of Nizzanim.

The following parameters were applied to estimate the influence of topography on the
measured sand erosion and deposition: (1) the elevation, slope and aspect at the location
of the erosion pin, as well as the first derivative of the slope; (2) the difference between
the height of a place where the station was located and the average height (i.e. 'the
relative height') of the upwind (towards the SW) sectors of the station at the following
distances, using directional filters at a width of about 60°: 15 m, 27.5 m, 50 m, 100 m,
200 m and 400 m.

We expected that the higher is an erosion pin located relatively to the area upwind of it,
the greater will be sand erosion or deposition there, as wind speed increases. Erosion pins
that are located beyond the dune crest (especially those at the slip face) were however
hypothesized to deserve a special treatment. Considering the case of a slip face for
example, when sand grains start sliding over it, they can slide the whole way down. Thus,
the exact position of an erosion pin on a slip face (whether it is 5 m higher or lower) will
not change the values of sand movement that were measured. In fact, when calculating
the relative height of an erosion pin located in either the slip face or another position
behind (and usually lower than) the dune top, a negative value may result. A negative
relative height is associated with weaker winds that are not able to carry sand (see Frank
and Kocurek, 1996). This happens on a slip face, where the wind speed decreases
suddenly: sand grains are deposited, and the winds’ flow lines form a separation bubble
(Parsons et al., 2004). The height difference variable was therefore calculated for those
erosion pins located in the lee slopes of the dunes (units MF and SF) both in their correct
location and also as if they were located on their respective dune top (that is, as if they are

moved by a few meters or dozens of meters upwind towards the coastline).

2.6 Aerodynamic surface roughness (Z)

In Chapter 5 of this thesis we have modeled the acrodynamic surface roughness (Zy) over
two coastal dune areas in Israel (Ashdod and Bet Yanay) based on wind measurements at
a single height of 2.5m (following Wieringa, 1973, 1986), and the same vegetation and
topographic variables presented above. Here we examined whether the observed patterns

of sand erosion and deposition can be explained by the modeled map of Z, values.
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3. Results

3.1 Temporal analysis of sand erosion and its influencing factors: wind and
rain

Measured figures of sand erosion/deposition are presented in Figures 3 and 4 and in
Table 2. Since some of the geomorphologic units (AL, K, L, SH) are relatively stable
(with a net absolute change of <2 mm/year), presentation of only the active units is given
here. The sand erosion/deposition changes are shown separately for five active
geomorphologic units (DT, MF, SF, WS and FD) as it varies greatly between them (see
also Table 2). Foredunes were included here in spite of their small samples size (n=13).
The greatest values of net or absolute sand deposition were found in the fore dunes as
these are expected to experience the strongest wind. However the fore dune experiences
periods in which it is being built and eroded, and therefore the highest levels of consistent
net accumulation of sand were found as expected on the lee slope of the dunes, as this
part of the dune occupies a small part of the dune yet is suspected to deposition of sand
grains from the stoss slope of the dune.

Most of sand erosion/deposition (both the absolute and the net values) over the dunes is
during the winter months (November to March; Figure 4). During this period, the coastal
areas of Israel experience both high wind speeds (as expressed by the RDP-t values) and
rainfall. While during the winter months, sand moving winds are moving the sand
towards the north-east (~ 45°, as estimated by RDD-t; fig 4d), during the summer months,
the sand moving winds are moving the sand towards the south-east (~ 135°, as estimated
by RDD-t; fig 4d). Although the strongest winds and almost all the rainfall are
experienced in the same months, no correlation was found between the sand
erosion/deposition to the rainfall. This lack of correlation is explained by the low
coincidence of strong winds and rainfall. Figure 5 presents a histogram showing the co-
occurrence of wind speed and rainfall events on an hourly basis, for the period between
January 2000 — October 2004, as measured in the Nizzanim meteorological station. Most
of the sand moving winds occur when there is no rain at all, and the rainy events usually

coincide with wind speed of below 8 m/s.
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Figure 4: Temporal
series of rainfall, wind,
and sand movement data:
(a) The average net
monthly change in the
sand level for four active
geomorphologic units,
(b) The average absolute
monthly change in the
sand level for four active
geomorphologic units,
(c) Resultant Drift
Potential (RDP-t) and
Drift Potential (DP-t),
(d) Resultant Drift
Direction (RDD-t): in the
grey bars,

(e) Rainfall. The
following initials were
used for the
geomorphologic units:
DT (dune top), MF
(moderate lee facing
slope), SF (slip face) WS
(wind facing slope), and
FD (fore dunes).
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Figure 5: A 3-d histogram presenting the co-occurrence of wind speed and rainfall
events on an hourly basis, for the period between January 2000 — October 2004, as
measured in the Nizzanim meteorological station. Note that the z-axis is drawn on a
logarithmic scale.

Rather, it is the variable of RDP-t (and to a lesser degree also DP-t) that is highly
correlated with the sand movement. High correlation was found between RDP-t (or DP-t)
and sand movement over the five active geomorphologic units (Table 3, Fig. 4). The
variance in the absolute values of sand erosion explained by RDP-t is higher than 65% for
all five units, and higher than 44% when net sand erosion is considered (except for the
fore dunes, were it was only 19%-25%). The geomorphologic unit that was the most
indicative of the wind power was the slip face (SF), with R* values of 81% and 85% for

the absolute and net values of sand erosion/deposition, respectively (Table 3).
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Absolute monthly changes in the Net monthly changes in the sand
sand level level
DT | MF | SF | WS | FD | DT | MF SF WS FD
Correlation | DP-t | 981 | 0.85 | 0.86 | 0.81 | 0.85 | 0.67 | 0.81 | 0.87 | -0.74 | 0.43
coefficient | RDP-t | 081 | 0.86 | 0.90 | 0.83 | 0.84 | 0.67 | 0.82 | 0.92 | -0.78 | 0.50
% of DP-t | 66% | 72% | 74% | 65% | 72% | 44% | 65% | 76% | 55% | 19%
variance | RDP-t | 66% | 75% | 81% | 68% | 70% | 46% | 68% | 85% | 61% | 25%

Table 3: The correlation between the Drift Potential (DP-t) and Resultant Drift Potential
(RDP-t) of sand by the wind as measured in the Nizzanim station, with respect to the
absolute and monthly changes in the sand level as measured in four active
geomorphologic units in the Ashdod and Nizzanim dunes, between December 2002 and
October 2004 (n = 25). The following initials were used for the geomorphologic units: SF
(slip face), MF (moderate lee facing slope), DT (dune top), WS (wind facing slope) and
FD (fore dunes).

3.2 Influence of spatial variables on sand erosion and deposition

Out of the 315 erosion pins, 190 experienced net deposition, 111 experienced net erosion
and only 14 of them resulted with a net balance between erosion and deposition. The
yearly absolute and net sand level changes were found to be highly correlated: R* =
82.9% for net increase (deposition) in the sand level, and R* = 68.2% for net decrease
(erosion) in the sand level (Fig 6). Thus, as the spatial analysis is focused on absolute
annual sand level changes, in places where high absolute changes in sand level occurred,
an apparent deposition or erosion, rather than a net balance, was taking place. All erosion
pins (but one) for which no change was documented in the sand level were located in
stabilized units.

The annual changes in sand erosion and deposition over stabilizing coastal dunes present
a highly variable spatial pattern. The spatial patterns of the annual absolute changes in
sand level are mapped in Fig. 1 (where the location of the erosion pins with respect to
varying vegetation cover can be appreciated) and in Fig. 3 (where annual net changes in

the sand level are presented over topographic profiles of the four transects).
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Figure 6: The correlation between the absolute and net yearly changes in the sand
level.

Not all geomorphologic units experience sand movement (Table 2). Results for the fore
dunes are not shown as none of the spatial variables we examined was able to explain
more than 15% of the differences between the erosion pins located on them. This may be
related to their disturbance by human presence, which causes local variability in
vegetation and topography, in addition to tunneling effects, that are beyond the resolution
of our digital elevation model and of the Landsat satellite images. A significant but weak
pattern of a general decrease in sand movement with distance from the coastline was
found when all erosion pins were included in the analysis (R* = 18%, p < 0.001, n = 315;
Table 4. Compare with Illenberger and Rust, 1988). Only when using a subset of the data,
this expected trend is indeed found, being especially evident in the lee slope units (MF,
R*=38%, p <0.001, n =44; SF, R* = 56%, p < 0.001, n = 33).

As expected sand movement was positively correlated with the relative height of the
erosion pins (with respect to the preceding upwind topography), and negatively correlated
with vegetation cover (Tables 4 and 5). The correlation values reached their peak at an

upwind distance of about 100 m (depending on the variable).
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The correlation values obtained from vegetation cover as calculated from aerial
photographs, were not superior to those obtained from NDVI or SAVI values of a much
lower resolution (Im and 15m, respectively).In contrast with the variable of distance
from the coastline (Table 4), vegetation (as estimated by the SAVI values of January
2000 at an upwind distance of 100m) directly affects sand movement and here the general
trend also for all the erosion pins pooled together is clearly evident (R* = 40%; p < 0.001,
n=315). A higher explanatory power was obtained for the slip face (SF; R* = 61%) and
for the moderate lee slope (MF; R* = 48%).

As for the relative height difference of an erosion pin with respect to the average
topographic height preceding it in the 400m upwind towards the SW, there is hardly any
positive trend with respect to the annual absolute changes (R2 = 16% for all erosion

pins for which DEM data was available; p < 0.001, n =230).

Correcting the positions of the erosion pins located behind the dunes’ crest lines (see
section 2.5) revealed the expected positive trend of greater sand movement for erosion
pins located higher with respect to the area upwind of them (R* = 36%, p < 0.001, n =
230; Table 4). As before, highest explanatory power was obtained for the slip face (SF;
R*=44%, p <0.001, n = 27) and the moderate lee slope (MF; R* = 46%, p < 0.001, n =
37).

One of the main factors affecting whether a certain place is undergoing erosion or
deposition, is the aspect of the surface with respect to the main direction of the sand
moving winds. Thus, a higher magnitude of net accumulation of sand was expected when
the surface aspect was closer to the NE, and a higher magnitude of net erosion of sand
when the surface aspect was closer to the SW. As in dunes that are undergoing
stabilization the development of nebkha dunes modifies the initial classic shape of the
dune, only the slip face (SF) and the wind facing slope (WS) units were included in the
analysis. Indeed, when all erosion pins are included, only 25% of the variance was
explained. However, when SF and WS were examined, surface aspect had a significant
effect on the yearly net changes in the sand level, with 53.2% of the variance explained
when both units were pooled together (Figure 7). Notice also that the overall net values
are higher for the slip face (even surpassing 1000 mm/year in two places; see also the
results in Table 2). In contrast to the winter months, during the summer months the slip

face unit was experiencing net erosion under the influence of sand moving winds blowing
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from the NW (Fig. 4a). This phenomena was marginal however, and the average annual
erosion from the slip face amounted to only 20.7 mm/year in contrast with an average

annual deposition of 448.7 mm/year on the slip face (Figure 4a).
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Figure 7: Sum of net yearly changes in the sand level as a function of the aspect
(relative to the SW) of the surface, as calculated from a digital elevation model. Only
the two opposing geomorphologic units are presented, WS (wind facing slope) and SF
(slip face), separately and combined.

3.3 Predictive models of sand erosion and deposition

The best vegetation variable was that of SAVI for an upwind distance of 100 m (Table 5).
The best topographic variable was that of the relative height for an upwind distance of
100 m (Table 5). However as the spacing between the dunes is about 200-300 m, we
preferred to use for the regression models the variable of the relative height for an upwind
distance of 200 m. These variables were inserted into a multiple regression analysis from

which we then derived various empirical models to estimate the yearly absolute changes
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in sand level. The first of these models included the following basic vegetation and

topographic variable to estimate the yearly absolute changes in sand level:

Log (year-abs) = 4.128 + 0.0415 * (AH200sw) — 17.96 * (SAVI100sw)

(R?=52%, n=230; p < 0.001 for all coefficients) 3)
Where:
year-abs: Annual absolute changes in the sand level (mm)
SAVI100sw: SAVI values as of January 2000, at an upwind distance of 100 m to
the SW
AH200sw: The difference between the height of the erosion pin and the

average height 200 meters upwind (SW) of the erosion pin.

The variable 'distance to sea' was not incorporated for two reasons: (1) As we have shown
above and claim here, the distance itself is not an explanatory variable, rather it is the
topography and vegetation cover which affect wind flow and therefore also sand
movement; (2) adding the 'distance' variable to the model presented in equation 3 did not
change the value of R” and the coefficient of the 'distance' variable within the regression
model was not significant. However, adding variables relating to the surface slope and
aspect into the regression model enabled us to increase the variability explained by the

model:

Log (year-abs) = 3.388 + 0.056 * (AH200sw) — 15.54 * (SAVI100sw) + 0.021 * (slope) +
0.305 * (aspect) + 0.0012 * (Aslope) 4)
(R?=62%, n =230; p <0.001 for all coefficients, except for last one where p = 0.03)

Where:
Slope The surface slope
Aspect Sqrt (sin (surface aspect relative to the dunes movement

direction)); maximum values obtained at surface aspect of 45°

(NE).
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Aslope The 1* derivative of the surface slope in the direction of the

dunes movement (45°, NE)

Correcting for the location of the erosion pins located on the lee slope of the dunes, as
explained in section 2.5, greatly improved the model presented in Equation 3, with the

same two variables:

Log (year-abs) = 3.842 + 0.0669 * (AH200sw-moved) — 16.46 * (SAVI100sw)
(R*=63%, n = 230; p < 0.001 for all coefficients) (5)

Where:

AH200sw-moved: The difference between the height of the erosion pin and
the average height 200 meters upwind (SW) of the erosion
pin. The positions of all the erosion pins located behind the
dunes’ crest lines (mainly the MF and SF units) were

moved as if they were on the dune tops.

Including the variable of upwind vegetation cover as estimated from aerial photographs

to the model improved it but not by much:

Log (year-abs) =3.336 + 0.0568 * (AH200sw-moved) — 10.48 * (SAVI100sw) — 0.0056
* (vegcover-50sw)

(R*=68%, n =230; p < 0.001 for all coefficients) (6)

Where:
vegcover-50sw: Vegetation cover at an upwind distance of 50 m to the SW,

based on aerial photographs.
The % of variability in the predicted values of sum of absolute yearly change in the sand

level explained by the measured values, based on the multiple regression model presented

in Equation 6, is given in Table 4.
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As Equations 5 and 6 were based on corrected positions of the erosion pins, they were not
used to create a map of estimated values of surface stability. Rather, Equation 4 of the

multiple regression model was applied (see fig 8) to derive this map.

3.4 Sand erosion and deposition as predicted by Z, map

The map of Zy (Chapter 5 in this thesis, Figure 11) was able to significantly explain 40%
(p <0.001, n = 230) of the variability in the absolute changes in sand movement when all
erosion pins for which DEM data was available were included, and 60% of the variability
for the erosion pins located on dunes slip faces (p < 0.001, n = 27; see fig 9).

When comparing the correlation between the Zy map (serving as the independent
variable: Zo MAP) and the map of absolute changes in sand level (serving as the

dependent variable: SAND MAP), a highly significant relationship emerges (fig 10):

SAND MAP =0.8437 —0.7315 * Z, MAP (7)
(R*=66%, p <0.001)
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Figure 9: The correlation between the predicted values of Z, (based on the map
presented in chapter 5) and the sum of absolute yearly changes in the sand level. The
red color highlights the erosion pins located on dune slip faces (SF).
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Figure 10: The correlation between the predictive map of Z0 values (Levin et al.,
submitted, fig. 11) and the predictive map of absolute yearly changes in sand level (fig.
16), on a log-log plot.

4. Discussion

4.1 Sources of errors and scaling issues

Measurements using erosion pins are commonly expected to be representative of only a
small area surrounding the pin (Arens et al., 2004). Therefore, when conducting a
research that uses erosion pins, care should be taken in choosing their exact locations as
well as in their interpretation. Nevertheless, 68% in the variability of the annual absolute
changes in the level of the sand was explained by three variables: the relative height,
SAVI (or NDVI) value and vegetation cover from aerial photographs (the latter added

only 5% to the variability explained). As the sand erosion/deposition at a certain place is
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influenced by the upwind surface roughness, these variables were best correlated with
sand movement when they were calculated for an upwind length of up to 100-200 m.
This distance may well vary between dune systems e.g. depending on the spacing of the
dunes. Thus, although erosion pins may seem meager and unrepresentative, when placed
carefully they offer an insight into aeolian processes.

A result that may seem at first surprising was the better performance of NDVI and SAVI
values derived from Landsat satellite images (with a spatial resolution of 30 m) in
explaining sand movement, when compared with grey scale aerial photographs with a
much higher spatial resolution (~1 m). This is due to: (1) As the sand movement across
an erosion pin is influenced by the wind speed and the upwind surface roughness (at
about 100 m), there is no need to use high resolution aerial photographs or topographic
GIS layers; (2) The measurements of radiance values recorded on satellite images can be
transformed into quantitative values of reflectance and other bio- and geo-physical
variables, whereas the grey values of aerial photographs are relative to that specific
setting of camera, time and day and atmospheric conditions, and cannot be transformed
into reflectances; (3) On black and white aerial photographs taken over sand dunes,
darker areas may represent vegetation but may also be the result of shading effects, either
due to vegetation or to the topographic shape of the dunes (Chapter 2 of this thesis).
Vegetation indices (calculated from satellite images) that are based on a ratio between an
infra-red band and a red band (such as the NDVI) are less prone to errors due to shading
effects (Lillesand and Kiefer, 1994).

Of the three seasons from which SAVI (or NDVI) values were calculated (January
representing winter, May representing spring and August representing the summer), the
best results in explaining sand movement were obtained by those of January, and the
worst for May. The differences in the vegetation indices values between the different
seasons are most probably related to the phenology of the plants (as in Schmidt and
Karnieli, 2000). During the summer season rainfall events are rare in Israel, and the dunes
are mainly influenced by sea breeze winds. The lowest values of vegetation indices were
obtained in August, when the biogenic crust is not active and no annual plants are
present. These appear and influence the values of vegetation indices following rainfall
(first the crust and then germinating annuals plants). As biogenic crust was found at only

31% of the erosion pins located in the five active geomorphologic units (compared with
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only 2% of the erosion pins where no perennial plants were found), and as it is usually
covered by a thin layer of sand grains in this area, we estimate that its effect on
vegetation indices is not very high. As most of the sand movement occurs during winter,
it is therefore probable that also the spatial patterns of winter vegetation are the most
effective in explaining the spatial variability in the movement of sand. The lowest
correlations were obtained at spring time, probably due to the presence of annual plants at
that time of the year, when almost no sand movement occurs.

Whereas Z values were best modeled when using upwind distances of up to 200-400m
for the variables of vegetation and topography (Chapter 5 in this thesis), shorter distances
of up to 100-200m were found to perform better to model erosion and deposition rates of
sand. Some of the difference between the Z, and the erosion pins is related to the scale of
the measurements. Erosion pins measuring actual sand erosion/deposition are affected by
the near surface wind flow, whereas our Z, values were based on wind measurements
conducted at a height of 2.5m above ground. Over homogeneous surface conditions,
estimations of Zy based on wind measurements will be unrelated to the heights at which
the wind was measured. However, on dune areas, due to changing topography as well as
variability in vegetation cover (on stabilizing dunes), the law of the wall does not operate
(Wiggs, 2001). Thus, in heterogeneous areas, the higher is the measurement of the wind,
the less it will reflect the local surface conditions and more will it be reflecting upwind
surface conditions. Wieringa (1973, 1986) applied the equation that we also used for
calculating Z, only he applied it to wind measurements taken at a standard height of 10
m. He therefore expected that the surface roughness values will take into account both
nearby and far-off obstacles, vegetation etc. in the upwind direction within a distance of
~3 km over a sector of 20° to 30° width. Our measurements were performed at a height of
2.5 m, and are indeed influenced by obstacles (whether related to topography or
vegetation) that lie within a shorter distance upwind (up to 400 m). In Chapter 5 of this
thesis the aim was to see if the factor of Z (that is related to the more researched variable
of shear stress, U*), that is supposed to be an indicator of the potential for wind erosion,
can be modeled by vegetation and topography, as was indeed demonstrated. In this
respect Wiggs (2001) states that "Empirical field approaches of the types described above
have now encountered a problem because it has become clear that shear velocity (U*)

cannot be successfully measured for wind flow over dunes and it is futile to attempt to
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relate sand flux on dune surfaces to meaningless values of U*. Future field research may
therefore be obliged to consider the redundancy of U* in favour of U, (wind velocity)...".
Seen under this light, our ability to explain 40% of the variability in all erosion pins
measurements by Z, are all the more promising — that although it is problematic to
measure U* (or Zo in our case) in the field, we were able to relate it to sand flux.
Other sources of errors that might have lowered the success in explaining sand movement
include the following:
e Areas with a very low vegetation cover may not be adequately monitored
using satellite images in arid and semi-arid areas (Tueller, 1987).
e The digital elevation model used, although being quite detailed for a
coastal dune area, was not detailed enough to show small nebkha dunes
These do not appear also on the satellite images. We expect that this fact
affected our ability to adequately estimate erosion and deposition of sand
in the fore dunes and on the dune top and to model net (instead of

absolute) changes in the sand surface for the whole dune.

4.2 The temporal influence of wind and rainfall on sand movement

It is well known that when sand dunes are wetted by rainfall, the high moisture content of
the sand inhibits sand movement to some degree ( Wiggs et al., 2004). It was therefore
expected that as sand movement in Israel occurs mainly during the winter months, the
amount and the regime of rainfall may have a secondary impact on the sand movement,
in addition to the wind (as found by Arens et al., 2004). However, no such effect of
rainfall was found regarding sand mobility in the examined dunes in Israel.

Along the Israeli coastline the strongest winds and most sand transport occur during the
winter months (as found by us and by Goldsmith et al., 1990). Although the strongest
winds and almost all the rainfall are experienced in the same months, strong winds and
rainfall do not coincide (see Fig 5) in the mid-latitude cyclones passing over Israel (see
also Alpert and Ziv, 1989; Lutgens and Tarbuck, 2001; Schultz and Trapp, 2003; Szeto
and Stewart, 1997; Yumao et al., 1997). It is explained by the fact that even when the
sand is wet, the wind is drying the upper layer of sand grains, enabling them to move, and

exposing the moist layer of sand underneath them (Jackson and Nordstrom, 1997, 1998;
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Cornelis et al., 2004), and thus sand erosion/deposition and rainfall were only poorly

correlated.

4.3 Vegetation and topography effect on sand dune movement

Distance from the coastline explained only 18% of the variability in sand
erosion/deposition — in contrast with the common concept that wind velocity decreases
gradually inland and therefore dune movement is lower (Illenberger and Rust, 1988). As
the dominant wind direction controlling sand and dune movement across the Israeli
coastline is from the south-west (Goldsmith et al., 1990), the effect of vegetation and
topography was calculated for each one of the erosion pins at various upwind distances
towards the south west. As expected, a negative relationship was found between either
NDVI or SAVI values (that are related to vegetation cover) and the yearly absolute sand
movement. In addition, a positive relationship was found between the relative height and
the absolute sand movement. Best correlation coefficients with sand movement were
obtained for the two units at the lee slope of the dunes (SF and MF), for almost all the
variables analyzed, temporal and spatial (RDP, distance from the coastline, vegetation
and topography; see Tables 3, 4 and 5). This is explained by the fact that in barchan,
transverse and parabolic dunes the area of the lee slope of a dune is much smaller than
that of the windward side; the sand eroded by the wind from the windward side is later
deposited in the lee side of the dune (this pattern is only partly applicable to parabolic
dunes, as over them nebkha dunes develop of the dune top, capturing sand; see Tsoar and
Blumberg, 2002). Thus, the overall net accumulation of sand per erosion pin (or per unit
area) is highest there (see Table 2).

The variables of both vegetation and topography were able to explain most of the
variability when the upwind length considered was up to 100-200 m. By using directional
filters we were thus able to incorporate the large scale effect of air flow over topography
and vegetation, and by comparing correlation values obtained from various upwind
distances, we accordingly identified the optimal predicting distance. The consideration of
the upwind characteristics of vegetation and topography on sand erosion and deposition
has therefore proven to be of value, as hypothesized by Hupy (2004). Combining three
variables in a multiple regression model (see Equation 6) resulted with a R? value of

68%, for the annual absolute changes of the sand level. From the map of predicted values
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of surface stability (Figure 8) it is clear that most of the active dune areas are
disconnected now from each other, being separated by areas with high vegetation cover,
which inhibit most of the transport of sand grains. There are also are very few places
where beach sand is still able to feed the dunes beyond the foredune. Such a map may be
useful in currently proposed efforts for reactivating this coastal dune field

Net annual changes, especially near the dune crest are very irregular and may mask the
actual fluctuation that occurs (Ranwell, 1958). This is because on dune tops, especially
those of stabilizing dunes (that are in the transformation from transverse to parabolic), but
also anywhere where nebkha dunes exist, there may be areas of both sand accumulation
and of sand erosion, depending on the exact location of the erosion pin with respect to the
nebkas and the wind direction. On the whole, the height of the dune tops over the
Ashdod-Nizzanim dunes is increasing, most probably due to sand capture by plants
(Table 2). For this reason the analysis was focused on absolute changes in the sand level

(as in other studies, e.g. Yeaton, 1988, and Arens, 2004).

5. Summary and conclusions

e Monthly changes in sand mobility along the coastal dunes of Israel were
shown to be mainly affected by winds during winter storms. As most of
the winds occur prior to the onset of rainfall and they hardly coincide,
rainfall (i.e. moisture content) was not found to significantly affect yearly
sand erosion and deposition in this Mediterranean setting. The results
indicate that in the active geomorphologic units at least 66% of the
temporal variance in the annual absolute changes in sand level can be
explained by the RDP-t (81% for the slip face unit).

e To understand the spatial variation in sand mobility over a dune field,
consideration of the distance from the coastline may give only a partial
understanding of the system. It is the upwind vegetation and topography
variables that directly affect surface roughness and wind speed that should
be treated rather than the mere distance from the coastline which is
commonly used.

e Vegetation and topographic variables enabled us to explain more than

65% of the variability found in the spatial and temporal patterns of sand
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mobility as measured by the erosion pins (p <0.001, n =230). This model
can be applied into spatial and temporal models (such as markov chains or
other spatial models and simulations) of sand mobility, or to direct
management practices on coastal dunes activity in Israel.

e Considering the question of field monitoring of sand dunes, it is suggested
that the sampling of dunes’ slip faces may represent sand mobility over the
whole dune. Such a sampling approach is economic as the slip face unit is
usually smaller, easier to define and more homogeneous than the other
units of a dune. In addition this unit is easily recognized on aerial
photographs.

e As a dune field stabilizes, the sand dunes become disconnected from each
other. Sand grains from the beach are not able to pass easily over the
foredune and feed the inner dune areas, while sand grains from one dune
are not able to easily cross areas with vegetation separating it from the
next dune. Thus when the current dunes transform from transverse to
parabolic, their interaction becomes very limited. Efforts to reactivate
stabilizing dunes should take this factor in consideration. Reconnection of
dunes by removing vegetation from corridors between dunes, along the
direction of the sand moving winds, may serve as a useful mean to

reactivate stabilized dunes.
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In the seventh article it was shown that even when no measurements of sand erosion

and deposition are conducted, the composition and cover of the perennial plants at a
certain location may indicate whether it is stable or active, and whether it is
undergoing erosion or deposition. To this end nine perennial plant species that are
abundant across these coastal dunes, were analyzed using a specially devised visual
exploratory data analysis method (the gradient visualization) in combination with

established statistical methods.
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A field quantification of coastal dune perennial plants as

indicators of surface stability, erosion or deposition

Levin Noam, Giora J. Kidron and Eyal Ben-Dor

The Department of Geography and Human Environment, Tel-Aviv University, Israel

Abstract

Dune plants both modify the wind field around them and are impacted by various
stress factors, among them sand erosion and sand deposition. As coastal dunes are
being either stabilized or remobilized, in addition to the changes in the rates of sand
and dune movement, the vegetation cover and composition are expected to differ,
reflecting the changes in the environmental conditions. In this field study we have
analyzed 315 quadrats of 10*10 m for which the perennial plant species were
sampled, with respect to annual rates of sand erosion and deposition that were
measured using erosion pins. We developed a visual exploratory data analysis which
we termed as gradient visualization, that combined with traditional statistical tools,
enabled us to uncover the inclination and indicative power of nine perennial dune
plants to either a stabilized or a mobile environment, and whether they are more
present in places undergoing sand erosion or sand burial. Two species were found to
be clear indicators of a stabilized environment, Stipagrostis lanata, and Retama
raetam. Of the species indicating a mobile environment, only one may be stated as a
clear indicator of sand erosion: Silene succulenta, with Cyperus macrorrhizus coming
close to indicate a less mobile erosive environment. The best indicator species for
sand burial was found to be as expected Ammophila arenaria, with Artemisia
monosperma also indicating high rates of sand mobility especially when its relative
cover is higher than 80%. The rest of the species analyzed (Polygonum palestinum,
Scrophularia hypericifolia, and Sporobolus pungens) may also serve as indicators of
lower rates of sand mobility and sand burial, as a function of their relative cover and
of the relative cover by Artemisia monosperma, but their indicative power is weaker,
as evident from their low significance values in a regression model. Such information
is necessary to monitor processes of dune stabilization or reactivation, whether
occurring naturally, or to assess the success of a management plan that aims at

stabilizing a dune, or remobilizing it by removing vegetation.
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1. Introduction

Coastal sand dunes are an unstable habitat in which plants suffer several stresses
imposing unique adaptations. Among the severe a-biotic stresses are the burial and
exposure by sand moved by the wind, salt spray, dryness and nutrient deficiency
(Danin, 1991; Hesp, 1991; Danin, 1996a;). Working on coastal foredunes Van der
Valk (1974) has found that sand erosion and deposition is the main factor controlling
the distribution of plant species, with salt spray playing only a secondary role,
whereas soil moisture, soil nutrients and soil temperatures appear to have little
influence. The level of these stresses is highest in the beach-fore dune environment
and generally decreases with distance from the coast in fully vegetated coastal dune
systems (Hesp, 1991). However, in a stabilizing dune field and even within a single
dune many microenvironments and local habitats may be found (e.g. active mobile
dunes, stabilized dune slacks, deflation basins, etc), according to the rate of
environmental stress there, and the stage of the plant succession.

One of the most used indicators for the stabilization rate of sand dunes is that of
vegetation cover (e.g. in Chapter 4 in this thesis). However, perennial plant cover,
easily quantified using remote sensing methods, does not inform us on the succession
stage of the vegetation, or on the species composition. In fact, vegetation cover may
be similar among different local habitats where different magnitudes of the same
stress are exerted on the vegetation (Jauffret and Visser, 2003). Identifying plant
species that may serve as indicators of geomorphologic processes may be a useful tool
for assessing current dune activity, or for evaluating the progress of any restoration
and rehabilitation project.

Much information has been gathered on stress factors and their corresponding plant
adaptations in desert and coastal dune plants. Adaptations to sand burial include the
development of adventitious roots and of new shoots from the plants rhizome system
(Danin, 1991). Yeaton (1988) noted that plants reproducing from seed in areas of

rapidly moving sand can only do so when rainfall events are frequent. Adaptation to
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sand exposure includes the enabling of transportation activity through the roots even
when they are exposed (Danin, 1991).

Dune grasses are the most studied dune plants with respect to sand burial (Kent et al.,
2001), and especially Ammophila arenaria, a pioneer plant adapted to sand burial,
common on fore dunes, dune tops that begin to stabilize, and a plant used to stabilize
dunes around the world, also outside its native range (Tsuriell, 1959; Wiedemann and
Pickart, 1996). Other plants common to coastal dunes that their adaptations and role
in stabilization were studied include Artemisia monosperma (Huang and Gutterman,
1998; Li et al., 2002), and the Stipagrostis species (Danin, 1996b).

Many studies concerning the adaptations of plants to dunes have focused on one or
more species using a certain experimental design altering the stress factor studied (e.g.
Sykes and Wilson, 1990). Few studies have quantitatively compared the influence of
stress factors comparing various dune plant species in their natural environment. Thus
the distribution and abundance of annual plants on linear desert dunes with respect to
surface stability was studied by Kadmon and Leschner (1995), whereas their
responses to the shrub-opening gradient were analyzed by Tielborger and Kadmon
(1997) as well as by El-Bana et al. (2002). Moreno-Casasola (1986) has studied the
presence of coastal dune plants with respect to sand movement, whereas Willis et al.
(1959) have created histograms presenting the distribution of the chief species in
relation to water level, and Ranwell (1958) has mentioned annual accretion limits for
Ammophila and Salix repens. Over the Namib dunes Yeaton (1988) concluded that
the amount of rainfall is the ultimate factor controlling their stabilization as well as
the dynamics of four species of perennial grasses. As for the major perennial plant
species common to the coastal dunes of Israel, most of the knowledge regarding their
adaptations to burial by sand or to the exposure of their roots is qualitative and
descriptive (Danin, 1996a; Waisel et al., 1975; Kutiel et al., 1979/80, Danin and
Nukrian, 1991), and a quantitative study was therefore called for.

Following the call of Kent et al. (2001) for further research into plant response to
burial in desert environments, and given the paucity of studies related to plant
adaptations to erosion, our objective were therefore: To quantitatively characterize
indicator coastal dune perennial plant species corresponding to stable environments or
to mobile environments of sand burial (deposition) or sand exposure (erosion), as

measured in the field.
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2. Methods
2.1 Study area

The area selected for this study consists of coastal sand dunes 40 km south of Tel-
Aviv, Israel, between the cities of Ashdod and Ashkelon (Figure 1). The climate is
Mediterranean, with an annual average rainfall of 450-500mm, all in wintertime, with
maximum rainfall in December (Bitan and Rubin, 1991). The average daily maximum
and minimum temperatures in summer are 29°C and 21°C, respectively. Proximity to
the sea boosts the average relative humidity year round and may reach 70% and
higher during the summer.

The origin of the sand along the Israeli coast is mainly from the Nile delta via the
longshore currents near the coast and the anti-clockwise Mediterranean current in the
deep water (Emery and Neev, 1960). Aeolian sand transport from the beach inland
occurs under the influence of high winds from the southwest to the northeast, mainly
in wintertime (Goldsmith et al., 1990). The southern half of the study area (here
referred to as the Nizzanim Dunes) is part of Nizzanim Nature Reserve, while the
northern section (here referred to as the Ashdod Dunes) is protected under Israel’s
National Master Plan No. 22 for forestry.

The vegetation associations typical of the southern coastal dunes of Israel that match
our study area were defined by Danin and Nukrian (1991) near Netiv HaAsara, 10 km
south of Ashkelon (see Table 1). They note that with increasing sand stability the
germination and establishment of more species is enabled and the monospecific
community of Ammophilia arenaria thickens and changes into associations where
Artemisia monosperma is the dominant plant. Photos of three of the perennial plants
that will be discussed below are given in Figure 2. Information about the content of
fine particles and regarding the presence of biogenic crust in these associations is

detailed in Danin and Nukrian (1991) and partly in Table 1 here.
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Scrophularia hypericifolia
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Sporobolus pungens
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Figure 1: Aerial
photographs (January
2000) covering the study
area of the Ashdod and
Nizzanim Dunes. The
locations of the erosion
pins as well as the relative
cover by perennial species
are shown on the map for
the four transects.

The transects are shown
from north to south:

(a) Ashdod North,

(b) Ashdod Center,

(c) Ashdod South, and,
(d) Nizzanim.
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Table 1: Vegetation associations of the southern coastal dunes of Israel, as defined by

Danin and Nukrian (1991), Nukrian (1988)

Association Habitat Silt + clay content | Absolute cover of
at soil surface perennial species
Asthenatherum Windward slope of 0-3% 3.8%
forsskalii — Polycarpon the dune
succulentum
Ammophilia arenaria — | Summit of dunes, 0.5-4% 44.3%
Senecio joppensis top of leeward
slopes and
blowouts
Ononis natrix — Stable and small 2-5% 51.9%
4 .. sand dunes
rtemisia monosperma
Artemisia monosperma Fossil soils in 6-15% 130.5%
— Retama raetam interdune valleys
Artemisia monosperma | Fossil soil covered 1.5-5% 110.0%
— Launaea tenuiloba with 50-100 cm
sand
Asthenatherum Slightly mobile 3-4% 55.7%

forsskalii — Lotus

halophilus

sand, up to 100 cm
deep, in the

interdune valleys
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Figure 2: Photographs of
selected plant species:

(a) Silene succulenta
exposed by erosion
(January 28", 2004);

(b) Cyperus macrorrhizus
nebkhas in an area
undergoing erosion
(January 12", 2003);

(c) Ammophila arenaria
being partly buried on a
dune top (January 27",
2001).
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2.2 Field measurements of sand erosion/deposition

To study the spatial and temporal variability in the current rates of erosion and
deposition of sand, we chose four transects, lying perpendicularly to the coastline (see
fig .1). Three of the four transects begin at the fore dune, and all the transects end at
the dunes' easternmost edge. Along these transects, we placed 315 erosion pins at
intervals of about 50 meters in December 2002 (further details given in Chapter 6 in
this thesis). As we expected maximum changes of sand deposition to occur in the
dunes' slip faces, we have placed three erosion pins at each slip face to represent them
more accurately. Most of the erosion pins were 50 cm long, except those located at
the dunes slip faces (where sand movement was expected to be higher), that were 100
cm long. They were buried to a depth of 50% of their length, and replaced when after
sand movement the level at the pin has changed to either 33% or 166% of their
original length. We measured the sand erosion and deposition at an accuracy of 1 mm
subsequently every 2-6 weeks since December 2002 until October 2004, thus
covering two winter seasons. We determined the exact location and height above sea
level of the erosion pins using a differential GPS. A detailed description and analysis
of the yearly rates of sand erosion and deposition with respect to climatic and spatial
variables, is given in Chapter 6 in this thesis. 225 of the 315 erosion pins were placed
in active geomorphologic units (see Chapter 6 in this thesis details): the fore dune, the
wind facing slope of the dunes, the dune tops, the slip face, and at some dunes a

moderate lee slope behind the dune top..

2.3 Vegetation cover measurements

Vegetation cover was estimated in the field for each one of the erosion pins. Total
perennial vegetation cover and the relative cover of each perennial species were
estimated visually for a quadrat area of 10*10 meters, on March 29-30"™ 2003 (spring
time). Annual vegetation cover over a radius of 13 centimeters around each erosion
pin was quantitatively estimated twice during spring time, on March 29-3 0" 2003 and
on March 20-21* 2004. In the analyses presented here we averaged these two

estimates. All data were expressed as a percent (p) of cover. We transformed the
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proportional data with arcsin(\/;) to stabilize variances (Sokal and Rohlf, 1981). The

botanic nomenclature follows Feinbrun-Dothan and Danin (1998) and Danin (2000).

2.4 Gradient visualization of indicator plants

In contrast with controlled experiments, that isolate each plant species and subject it
to different stresses (e.g. Sykes and Wilson, 1990), when working in the field, the
situation is more complicated (Kent et al., 2001): (1) multiple habitat factors are
influencing plants at the same time; (2) the magnitude of stress factors is not
controlled by us; (3) plants of different species are found together and have various
interactions, such as competition, facilitation, or other indirect relationships; and (4)
the presence of a species may also reflect past conditions that no longer exist.

In our case study over a stabilizing dune field, the stress factor we measured in the
field and analyzed was the erosion or deposition of sand.

To partly overcome the above mentioned problems and in an attempt to isolate plant
species to some extent, at least in the analysis, we suggest the following graphic
exploratory data analysis and visualization approach: for each plant species, we have
calculated the average annual absolute and net rates of erosion and deposition, on
several gradients, ranging from 0% to 100%, at intervals of 5%: (1) The minimum
relative % cover of each species in a vegetation sample; (2) The maximum relative %
cover by Artemisia monosperma in a vegetation sample; (3) The minimum %
vegetation cover in a vegetation sample.

We devised the first and the second gradients to identify indicator plant species based
on their relative cover with respect to measured value of sand erosion and deposition.
In the first gradient, we aimed to see the average net rates of erosion/deposition for
each species with respect to its relative cover in a vegetation sample, expecting to
identify indicator species as the relative cover of each species gets higher. In the
second gradient we aimed to reduce the influence of the most common plant species,
Artemisia monosperma, on our results, expecting to identify indicator species as the
relative cover of Artemisia monosperma gets lower. With the third gradient, we aimed
to study the influence of perennial vegetation cover (estimated in the field) on the

rates of sand movement for the plants species analyzed.
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2.5 Statistical analyses
To assess the reliability of the results from the gradient visualization we have applied
established statistical graphic tools (box plots) as well statistical analyses, such as
stepwise regression and cluster analysis, using the statistical software JMP IN 5.1
(SAS, 2003).
To quantitatively assess the indicative power of the nine perennial species analyzed
with respect to the annual absolute change in sand level, we have conducted a
multiple regression analysis, applying three models:

1. Linear model, using the nine species as the independent variables.

2. Log-normal model, using the nine species as the independent variables.

3. Log-normal model, using the nine species as well as the perennial vegetation

cover as the independent variables.

These models were applied twice: (1) Including all the independent variables, and (2)
Using a forward stepwise regression.
As for the cluster analysis, we applied a hierarchical cluster analysis using the Ward
method (Milligan, 1980) for standardized data, with the following variables: absolute
and net rates of sand erosion/deposition (after a log transformation), perennial and
annual cover, as well as the relative cover of all nine perennial species (all the

variables relating to % cover were included only after an arcsin\%p transformation).

3. Results
3.1 General

As demonstrated in Chapter 6 in this thesis and in Figure 3a vegetation cover
(perennial or annual) is negatively correlated with sand movement. However, at the
same vegetation cover, different acolian processes may occur: erosion, deposition or
surface stability (fig 3b). We focused here on perennial plants, not only because they
can be identified throughout the year, but also because they can withstand higher rates
of either sand erosion or sand deposition, when compared with annual plants (fig 3).
To better understand the relationships between vegetation and sand movement, we
have chosen to focus on the nine most common perennial plant species that we found
in the field survey. The relative cover of the nine most common perennial species is
presented in Figure 1 using pie charts on the background of aerial photographs, and in

Figure 4 using bar charts laid upon the topographic profiles of the transects.
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Figure 3: The relationship between vegetation cover (perennial and annual) and
yearly rates of erosion/deposition: (a) absolute changes, (b) net changes.
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Figure 4: The relative cover of the perennial plant species sampled in quadrats of 10*10 m
around the erosion pins. The height of each bar represents 100%, and the coloring of each bar
represents the % of relative cover by each of the plant species. The bars are laid upon the
topographic profiles of the four transects.

The presence of these species in active geomorphologic units as a function of the
distance from the coastline is presented in Figure 5. It can be clearly seen that
Artemisia monosperma was present in more than 90% of the quadrats (except near the
coastline). The only species whose presence decreased with the distance from the
coastline was Ammophila arenaria, whereas for Scrophularia hypericifolia, Cyperus
macrorrhizus, Sporobolus pungens and Polygonum palestinum their presence
increases with the distance from the coastline:

In Figure 6 we show histograms presenting the presence of perennial species as a
function of the net yearly change in sand level, for all the sand samples. In this figure
(as well as in Figures 8 and 11 that follow below) in addition to the box plots
presenting the net yearly change in sand level per species, we assigned warm-dark
colors (yellow-orange-red-black) to bars representing sand accumulation, whereas

cold colors (green-blue) were assigned to bars representing sand erosion.
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Figure 5: The presence of perennial plant species in active geomorphologic units on sand dunes
as a function of the distance from the coastline (km).

Notice the clear inclination of Ammophila arenaria towards places with sand
accumulation and that two species (Retama raetam and Stipagrostis lanata) are
mostly present in stabilized places where the annual rates of sand erosion or of sand

accumulation are low (usually less than £8 mm).
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Figure 6: Including all vegetation samples in this figure: (a) Box plots presenting the net
yearly change in sand level, (b) Histograms presenting the presence of perennial species
as a function of the net yearly change in sand level (focusing on the range of £500 mm);
We assigned warm-dark colors (yellow-orange-red-black) to bars representing sand
accumulation, whereas cold colors (green-blue) were assigned to bars representing sand
erosion.
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3.2 The first gradient: the minimum relative % cover of each species in a
vegetation sample

Analyzing the first gradient, that of the minimum relative % cover of each species in a
vegetation sample, recall that we expect to see identify indicator species when their
respective relative cover is higher. Before entering the analysis itself, and to make the
reader familiar with the method used here for visualizing the data (applied in Figures
7,9, 10, 12 and 13) an example is given, referring to Figure 7. The x-axis on these
figures acts as a filter, determining the condition whether a vegetation quadrat will be
included in the analysis or not. Turning our attention for example to Cyperus
macrorrhizus (shown in cyan), when all vegetation quadrats in which it is present are
included (i.e., 5% on the x-axis), the average net change in those quadrats was
25mm/year. As one moves along the x-axis to the right, less qudrats are included in
the analysis. For Cyperus macrorrhizus the net change turns to negative (meaning
erosion) only when reaching qudrats where it was more than 80% of the vegetation
cover. Indeed, it is common to see that areas undergoing erosion are dominated by

small nebkhas of Cyperus macrorrhizus (Figure 2b).
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kT 125 4 —< Sporobolus pungens
T 100 A Polygonum palestinum
% 75 A - Artemisia monosperma
2 50 4 —+ Retama raetam
‘o o5 | -« Silene succulenta
= —_Stipagrostis lanata
o 0
S 251
P
= 50
S 75 1
>
w -100 -
[
< 125
0 20 40 60 80 100
Minimum % cover of each species in a vegetation
sample

Figure 7: The average net yearly change in sand level as a function of the relative
cover of plant species in vegetation samples.
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Figure 8: Including for each species only those vegetation samples in which its relative
cover is higher than 30%: (a) Box plots presenting the net yearly change in sand level, (b)
Histograms presenting the presence of perennial species as a function of the net yearly
change in sand level (focusing on the range of £500 mm); We assigned warm-dark colors
(yellow-orange-red-black) to bars representing sand accumulation, whereas cold colors
(green-blue) were assigned to bars representing sand erosion.
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Following this explanation, several patterns can be seen from Figure 7:

In Figure 7 we show the average net yearly change in sand level as a function of the
relative cover of plant species in vegetation samples. Based on Figure 7, the following
plants may be said to be indicators of sand accumulation, in a decreasing order:
Ammophila arenaria, Polygonum palestinum, Sporobolus pungens, and Artemisia
monosperma. As indicators for sand erosion, the following species may be stated in a
decreasing order: Silene succulenta, Cyperus macrorrhizus (the latter may indicate
erosion processes only in places where it comprises more than 80% of the plant
species). Three species may serve as indicators of stabilized dunes, in decreasing
order: Stipagrostis lanata, Retama raetam and to a certain degree, also Scrophularia
hypericifolia.

In Figure 8, which is built in the same principle as Figure 6, we show box-plots and
histograms presenting the presence of perennial species as a function of the net yearly
change in sand level; this time however, for each species only those vegetation
samples in which its relative cover is higher than 30% are included in the figure. The
inclination of several species to places with sand accumulation is clearly evident (in a
decreasing order): Ammophila arenaria, Polygonum palestinum and Sporobolus
pungens. In the majority of the places where Retama raetam and Stipagrostis lanata
are present, the net yearly changes in sand level are between —8 mm to 8 mm. In
addition, the tendency of Silene succulenta to be present in places with sand erosion is
apparent here.

Figure 9 is modeled after Figure 7, only this time we show the average absolute yearly
change in sand level as a function of the relative cover of plant species in vegetation
samples. Based on this figure, we may conclude that two species, when comprising a
high percentage of the plant species, may serve as indicators of high rates of sand
movement (in decreasing order): Ammophila arenaria, and Artemisia monosperma.
As in the previous Figures (6, 7 and 8), Stipagrostis lanata, Retama raetam and

Scrophularia hypericifolia are again clear indicators of a stabilized environment.
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Figure 9: The average absolute yearly change in sand level as a function of the
relative cover of plant species in vegetation samples.

3.3 The second gradient: the maximum relative % cover by Artemisia
monosperma in a vegetation sample

Analyzing the second gradient, that of the maximum relative % cover of Artemisia
monosperma in a vegetation sample, recall that we expect to identify indicator species
when the relative cover of Artemisia monosperma (the most common species in the
study area) is lower. We can therefore see the following patterns:

In Figure 10 we show the net yearly change in sand level as a function of the
maximum relative cover by Artemisia monosperma in vegetation samples. From this
figure two species emerge as indicators of sand accumulation when the % cover by
Artemisia monosperma is low (in a decreasing order): Ammophila arenaria and
Sporobolus pungens. According to this figure, Scrophularia hypericifolia and
Cyperus macrorrhizus may serve as indicators for sand accumulation when the
relative cover by Artemisia monosperma is lower than 40%. The identification of
Siliene succulenta as an indicator for sand erosion is again apparent here, in places

where the relative cover by Artemisia monosperma is lower than 20%.
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Figure 10: The average net yearly change in sand level as a function of the
maximum relative cover by Artemisia monosperma in vegetation samples.

In Figure 11, that is modeled after Figures 6 and 8, we show box-plots and histograms
presenting the presence of perennial species as a function of the net yearly change in
sand level; this time however, for each species only those vegetation samples in which
the relative cover by Artemisia monosperma is lower than 25% are included in the
figure. From this figure the inclination of several species to places with sand
accumulation is clearly evident, especially (in a decreasing order): Ammophila
arenaria, Scrophularia hypericifolia and Artemisia monosperma. Again, the tendency

of Silene succulenta to be present in places with sand erosion is apparent here.
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Figure 11: Including for each species only those vegetation samples in which the relative
cover of Artemisia monosperma is lower than 25%: (a) Box plots presenting the net yearly
change in sand level, (b) Histograms presenting the presence of perennial species as a
function of the net yearly change in sand level (focusing on the range of £500 mm); We
assigned warm-dark colors (yellow-orange-red-black) to bars representing sand
accumulation, whereas cold colors (green-blue) were assigned to bars representing sand

erosion.
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3.4 The third gradient: the minimum % vegetation cover in a vegetation sample
Analyzing the third gradient, of the minimum % cover of vegetation cover in a
vegetation sample, recall that here we expect to identify indicator plant species with
respect to the stabilization stage of a place. We can therefore see the following
patterns:

In Figure 12 we show the absolute yearly change in sand level as a function of the
minimum % of perennial vegetation cover in the vegetation samples. Clearly, as
vegetation cover increases, sand movement decreases, with vegetation cover higher
than 50% being the threshold above which there is hardly anymore sand movement.
Ammophila arenaria stands out as the plant indicating highest mobility rates. The
sudden rise in the mobility rates in places with Silene succulenta at higher vegetation
cover, is probably an artifact due to the low sample size for that plant above
vegetation cover of 30% (n < 2). Again, Stipagrostis lanata, and Retama raetam
present the lowest rates of sand movement and are therefore clear indicators of a

stabilized environment.
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Figure 12: The average absolute yearly change in sand level as a function of the
minimum % of perennial vegetation cover in vegetation samples.

In Figure 13 we show the relative presence of perennial plant species in vegetation

samples as a function of the minimum % of perennial vegetation cover. This figure
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emphasizes, in addition to the abundance of Artemisia monosperma in most of the
dune areas, also the relationship between vegetation cover and the presence of other
perennials. Three species may be found in the most stabilized places: Artemisia
monosperma, Retama raetam, and Stipagrostis lanata. As for places that have a more
mobile nature (i.e. lower vegetation cover), species may be ordered as follows in their
dependence on a low vegetation cover (in a descending order): Silene succulenta,
Ammophila arenaria, Scrophularia hypericifolia, Polygonum palestinum, Sporobolus

pungens, and Cyperus macrorrhizus.
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Figure 13: The average relative presence of perennial plant species in vegetation
samples as a function of the minimum % of perennial vegetation cover.

3.5 Statistical analyses

By calculating a correlation matrix between the vegetation variables (after an
arcsin(\/p) transformation of the relative cover values) and the sand movement
variable (Table 2) we have found that the majority of the perennial species are not
strongly correlated one to the other (although of low values, many of the correlations
were statistically significant). The only relatively strong negative correlation found
was between Ammophila arenaria and Artemisia monosperma (R =-0.42, p <0.001,

n = 315), whereas a positive correlation was found between Retama raetam and
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perennial cover (R =0.63, p <0.001, n =315) and between Retama raetam and
Stipagrostis lanata (R = 0.33, p <0.001, n = 315). As for the annual absolute rate of
erosion/deposition, this was found to be negatively correlated with perennial
vegetation cover (R =-0.56, p <0.001, n = 315), Retama raetam (R =-0.55,p <
0.001, n =315) and Stipagrostis lanata (R =-0.38, p <0.001, n = 315), and positively
correlated with Ammophila arenaria (R = 0.35, p <0.001, n = 315).

The results of the regression models are presented in Table 3. It is interesting to note
that not only are we able to explain 39% of the variability in the annual absolute
change by the species composition alone (or 49% when incorporating the perennial
vegetation cover into the model), when sorting the plant species by their model
coefficients on a decreasing order, they give similar patterns to those noted by us

above.
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Chapter 7 Plant indicators of aeolian processes

Notice also that the coefficients in the three models are highly correlated between
themselves. Ammophila arenaria stands out as the species indicating highest sand
mobility, followed by the following four species (not necessarily in this order): Silene
succulenta, Polygonum palestinum, Artemisia monosperma, and Sporobolus pungens.
These are followed by Scrophularia hypericifolia and Cyperus macrorrhizus. The two
species closing the list are Stipagrostis lanata and Retama raetam, clear indicators of

a stabilized dune environment.

The forward stepwise regression analysis is helpful in highlighting those species that
have a stronger indicative power — those species that are significant enough to enter
the regression model. The best indicative species (as seen in columns j-m of Table 3)
for a mobile environment is Ammophila arenaria, whereas for a more stabilized
environment the indicative species are (in a decreasing order) Retama raetam,
Stipagrostis lanata, Cyperus macrorrhizus, and Scrophularia hypericifolia.

To accommodate the existing correlations between the relative cover of different
species, we have used a cluster analysis as another method to identify indicator

species. From the dendogram tree (fig 14) we extracted four clusters, and then used

|

(n = 42)

Cluster 1 {»éE

Cluster 4 ¢
(n=11) r

Cluster 2 < = |

Y ee=e—rTd

Figure 14: The dendogram tree of the cluster analysis (Ward method, standardized data). See text for
details.
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them as the grouping variable for box plots charts (fig 15). The four clusters

correspond therefore to the following habitats:

249

l.

Cluster 1 comprises 13% of all quadrats (n = 42). This cluster is characterized
by high absolute rates of sand erosion/deposition (fig 15b), mostly sand
deposition (fig 15c). Almost no annual plants exist here (fig 15d) and the
relative cover of Ammophila arenaria is highest in this cluster (fig 15e).
Cluster 2 comprises 30% of all quadrats (n = 94). This cluster is characterized
as the most stable habitat, exhibiting lowest absolute changes in sand level (fig
15b), with similar rates of erosion and deposition (fig 15¢). In this habitat
vegetation cover by both perennial plants (fig 15a) and annual plants (fig 15d)
is the highest. Correspondingly, the relative cover of two species, Retama
raetam (fig 15g) and Stipagrostis lanata (fig 15h), is highest in this cluster.
Cluster 3 is the largest of the four comprising 53% of al quadrats (n = 168).
This cluster may is characteristic of active geomorphologic units in which
neither erosion nor deposition are extreme, with a moderate cover by either
perennial and annual vegetation. The relative cover of Artemisia monosperma
(fig 151) is highest in this cluster.

Cluster 4 is the smallest of the above, comprising only 3% of all quadrats (n =
11). In these locations, vegetation cover is relatively low (fig 5a) although
some annual plants may be present (fig 15d) unlike cluster 1, and there is an
overall erosion of the surface (fig 15¢). The relative cover of Silene succulenta

is highest in this cluster (fig 15f).

To be submitted to Plant and Soil Science
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Chapter 7 Plant indicators of aeolian processes

4. Discussion

Vegetation cover, although being commonly used as an indicator of the stabilization
stage of a dune field (Chapter 4 in this thesis) as it generally increases with lower
rates of sand movement (as shown in fig 3a) is not informative regarding other aspects
of aeolian processes. Thus, certain places may experience erosion or deposition, but
have the same amount of vegetation cover (fig 3b; see also in Tsoar and Blumberg,
2002). However, both the magnitude of sand movement and the net outcome (erosion
or accumulation of sand) at a certain place may be inferred from the composition of
the perennial species found there.

Computer models that simulate the formation of sand dunes are now starting to
incorporate also vegetation, as influenced by various factors, such as the groundwater
table or by the erosion/deposition balance (de Castro, 1995; Baas, 2002). Obtaining
field information on indicator dune plants can help calibrate the growth functions that
are used in such models to relate the erosion/deposition balance at each grid cell with
the increase or decrease of vegetation effectiveness.

Presently, identification of plant species/communities over coastal dunes is done in
the field, although there are some promising developments lately in the application of
the remote sensing technology using hyper spectral sensors for mapping plant
communities (compare the negative success of Lucas et al., 2002, with the reported
success of de Lange et al., 2004, and of Kempeneers et al., 2004).

We have therefore used traditional field methods to sample the absolute and relative
cover of perennial plant species, along with the rates of sand erosion and
accumulation, along four transects ranging from the coastline inland. However, in
order to identify indicator plant species, we needed to devise an analysis method that
will be able overcome the fact that the presence of plant species in a certain locality in
the field may reflect also past conditions, and other stress factors, that were not
measured by us (e.g. competition between different plant communities, as in
Tielborger and Kadmon, 1997, or the effects of microbiotic crusts on the emergence
of vascular plants, as in Prasse and Bornkamm, 2000).

The gradient visualization method we have devised aims at overcoming these
difficulties, by calculating the average annual absolute and net rates of erosion and
deposition, on three gradients, ranging from 0% to 100%, at intervals of 5%:

(1) The minimum relative % cover of each species in a vegetation sample;
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(2) The maximum relative % cover by Artemisia monosperma (the most common
perennial species in the coastal dunes of Israel) in a vegetation sample;

(3) The minimum % vegetation cover in a vegetation sample.

Using this method we were then able to identify indicator species that may inform us
on the geomorphologic process and the magnitude of the stress exerted on plants in a
specific place.

As for species indicating (or found in) a stabilized environment, two species stand out
clearly: Stipagrostis lanata, and Retama raetam. Both species are mostly found in
units where the annual rate of sand erosion/deposition is between -8mm to 8mm.
Retama raetam however is much more dominant, and may dominate the vegetation in
the low inter dune areas, whereas Stipagrostis lanata did not reach more than 45% of
the relative cover in neither one of the vegetation samples. Artemisia monosperma is
also very common in stabilized places, however is not an indicator of such an
environment. Another species that is mostly found in less mobile areas is
Scrophularia hypericifolia.

As for species indicating a highly mobile sand environment, these may be classified
as to whether they indicate a habitat of sand erosion or sand deposition.

Only one species may be stated as a clear indicator of sand erosion: Silene succulenta.
This species is found only when vegetation cover is lower than 50%, and is almost
always associated with sand erosion, especially when the relative cover by Artemisia
monosperma is lower than 20% (see photo in fig 2a). In this regard, we may also note
that places that are dominated by more than 80% of their relative cover by Cyperus
macrorrhizus are also experiencing sand erosion (see photo in fig 2b). However,
Cyperus macrorrhizus is also common in forming small nebkhas on dune tops.

As for species indicating sand accumulation, Ammophila arenaria as expected is
almost always the leader, whether in the annual rates of sand accumulation
(75mm/year and higher) or of the absolute change in sand level (see photo in fig 2c).
And, Ammophila arenaria was not found in places where the vegetation cover was
higher than 50%. The presence of Artemisia monosperma on the other hand may be an
indicator of a very high rate of absolute sand change when its relative cover is higher
than 80% (> 300 mm/year), and is generally associated with sand burial. Other species
that were found to indicate sand burial, although on lower rates, include Polygonum
palestinum (especially when its relative cover is between 20%-50%), Sporobolus

pungens, Cyperus macrorrhizus (especially when the relative cover by Artemisia
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monosperma is lower than 40%) and to a certain degree also Scrophularia
hypericifolia (when the relative cover of Artemisia monosperma is lower than 25%).
However, the p-values attached to Polygonum palestinum, Sporobolus pungens and
Cyperus macrorrhizus in the regression models (columns d-g, j-m in Table 2) are
quite low and therefore may not serve as strong indicators. Also Artemisia
monosperma, being such an abundant plant in these dunes, is not a strong indicator,
although it does enter most of the regression models and is negatively correlated with
Ammophila arenaria. These results were derived by the gradient visualization
depicted in the figures and further reinforced by the statistical regression models
presented in Table 2, as well as by the cluster analysis presented in Figures 14 and 15.
This confirms not only the gradient visualization method as an adequate exploratory
graphic data analysis method, but also our identifications of indicator species.
However, for most of those species (excluding the much studied Ammophila arenaria;
see Kent et al., 2001), the physiological mechanisms enabling them to adapt to

different habitats were not studied.

5. Conclusions

The results presented here have several important implications. First, they
demonstrate an analysis method that is able to unveil important relationships between
plants and the physical stresses influencing them, when studied in the field. Secondly,
by identifying the inclination of specific perennial plant species to stabilized vs.
mobile parts of the dunes, or to those parts experiencing erosion or deposition, we can
proceed in two ways: (1) have an immediate insight whether a certain place undergoes
erosion or deposition, based on the composition of the perennial plants found there;
(2) predict which plant species will be found at different parts of the dunes, based on
our knowledge about the physical factors influencing sand mobility (see Chapter 6 in
this thesis): vegetation cover and the relative height upwind of a certain place, and the
angle of the surface aspect with respect to the direction from which the sand moving
winds are coming. Such knowledge is important to monitor processes of dune
stabilization or reactivation, whether occurring naturally, or to assess the success of a
management plan that aims at stabilizing a dune, or remobilizing it by removing

vegetation.
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In the eighth article a new method is presented to measure the reflectance of biogenic
crust in the field along a vertical micro-profile. This was achieved by using a specially
constructed Subsurface Biogenic Crust Sampler, that enabled to remove 2mm layers
of sand one after the other, and thus to measure the reflectance at several layers.
Furthermore, a study on the effect of moisture on spectral indices related to the
chlorophyll content has been conducted, and a relationship was established between
the content of fine particles in a sand sample and its spectral properties in the short
wave infra-red region of the electromagnetic spectrum. Using these techniques it was
possible to quantify the content of biogenic soil crust and of fine particles, in addition
to iron oxides, in the field, and relate them to the variables of surface aspect and
surface stability (mobile or stabilized, erosion or deposition) that occur in different
places on the dune. Studying in detail the spatial variability in these variables, in a
basin that has begun stabilizing only 30 years ago, was intended to reveal the

differences in the temporal responses of these indicators to dune stabilization.



Chapter 8 Biogenic soil crusts

The relationship between coastal dunes’ stabilization and the
content of biogenic soil crusts, free iron-oxides and fine

particles — a field spectral analysis

Noam Levin, Giora J. Kidron and Eyal Ben-Dor

Department of Geography and Human Environment, Tel Aviv University, Israel

Abstract

The coastal dunes of Israel are undergoing a process of stabilization since 1948. One of
the major features of this process is a change in surface properties of the dunes — the
development of a biogenic soil crust, and a change in the properties of the sand grains
themselves. Over a small area covering three dunes we have analyzed in detail the factors
influencing the spatial distribution of biogenic crust, fine particles and free iron-oxides,
using field and lab spectroscopy methods. Biogenic crust was measured in the field after
rainfall along a vertical micro-profile at several layers, and in the lab when dry, from both
the surface and the sub-surface samples. Sand erosion and deposition was measured using
erosion pins to determine its effect on the presence of biogenic crust. It was found that the
biogenic crust over these dunes is comprised of green algae that differs in its reflectance
spectra from cyanobacterial crust, especially in the blue band. The crust is usually
covered by a thin layer of sand grains, and is more abundant in the stable areas. It was
found that the surface aspect plays only a secondary role in its spatial distribution, with a
preference for north-facing slopes over south-facing slopes. The content of fine particles
was correlated with the presence of biogenic crust, being higher in the stable areas. In
addition, the color of sand grains in the stable areas was found to be of a lower albedo
and a slightly more developed reddish color, indicating a higher rate of rubification in
those places. This study clearly demonstrated that the intensity of sand erosion/deposition
rates affects soil properties, with the biogenic crust being the fastest to react to the
stabilization process, followed by the content of fine particles and to a lesser degree also

the rubification process.
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1. Introduction

1.1 Coastal dune stabilization processes

The coastal dunes of Israel are undergoing processes of stabilization by vegetation since
the establishment of the state of Israel, in 1948 (Danin and Nukrian, 1991; Tsoar and
Blumberg, 2002; Chapter 4 in this thesis). Dune stabilization processes are commonly
described as follows (Danin and Yaalon, 1982; Tsoar and Mgller, 1986; Danin et al.,
1989; Danin, 1991; Hesp, 1991): (1) With sufficient rainfall (above 50 mm/year) pioneer
plants of perennial grasses germinate; (2) The presence of vegetation leads to a decrease
in the wind speed, causing a local deposition of sand forming biogenic hillocks (nebkhas)
and at a lower rate also the trapping of fine-grained particles transported via aerosols that
are washed by the rainfall; (3) This amelioration in the water regime enables the
development of filamentous cyanobacteria and the formation of a biogenic crust; (4) This
in turn increases surface roughness, leading to less sand movement, enabling plant
succession, an increase in nutrient levels and a decrease in stress levels for the plants. In
addition, the percentage of free iron oxides in sand dunes and in sandy soils may
represent their stage in the rubification process (Norris, 1969; Walker, 1979). However
some studies report that iron oxides stimulate soil aggregation whereas others observed
no effect (Duiker et al., 2003); their role possible role in the dune stabilization process is
therefore not clear. In this study we focus on three soil properties that develop on
stabilized dunes, and their spectral characteristics: the formation of biogenic crusts, the

reddening of the sand, and the increase in the content of fine particles.

1.2 Changing properties of sand over stabilizing dunes

1.2.1 Biogenic soil crusts in desert and coastal dunes

Many areas of sand dunes in arid and semiarid regions are covered by biogenic soil
crusts, where they have important ecological and environmental roles, e.g. in aggregating
soil particles (Clough and Sutton, 1978), controlling wind erosion especially on sandy
soils (Belnap and Gillette, 1998), inhibiting the germination of vascular plants (Huang
and Gutterman, 1998; Prasse and Bornkamm, 2000), initiating runoff following rainfall
events (Kidron and Yair, 1997), and are sensitive to destruction by human activities of

grazing and trampling (Karnieli and Tsoar, 1995).
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Ancker et al. (1985) have found algae and cyanobacteria are the first plants to colonize
dune blowouts in The Netherlands: four filamentous species were distinguished by them,
three cyanobacteria and the fourth, which seemed to be the most numerous, was a green
alga, Ulothrix sp. The total number and weight of aggregates (formed by algae,
cyanobacteria, bacteria, fungi and actinomycetes) was found to increase in a dune
succession ranging from unstable foredunes to early fixed dunes (Forster and Nicolson,
1981). Working in the stabilized dunes of Park ha Sharon located at the center of Israel’s
coastal plain, where the annual amount of rainfall is 600 mm., Kutiel et al. (1996) have
found that more than 50% of the surface was covered by biogenic soil crusts. These were
found to increase both the content of organic matter and that of the water in the soil.

At the southern coastal dunes of Israel, where the present study is located (precipitation
above 480mm/year), the presence of biogenic soil crusts is lower than that of the more
rainy area of Park HaSharon (P = 600 mm/year), and much lower than that of Nizzana in
the Negev Desert (P = 95 mm/year). The higher presence of biogenic soil crusts in the
desert dunes of Nizzana is probably related to higher deposition rates of fine particles,
due to shorter distance to dust sources (Tsoar and Meller, 1986, p. 84). The only study to
date that has analyzed the presence of biogenic crusts in this area is that of Danin and
Nukrian (1991), based on the M.A. thesis of Nukrian (1988). They have found that the
first species of blue-green algae on the sand found among stems and leaves of
Ammophilia arenaria was the filamentous Microcoleus vaginatus, that was also the most
common species in all the cyanobacterial crusts throughout the area studied. At later
stages of vegetation succession and older sites a species of Nostoc was found as well.
They noted that in young and unstable sites viable crust may be found up to 1-10 mm
below the soil surface, whereas in older sites the cyanobacteria were found at soil surface.
However, as mentioned by West (1990), the role of microphytes in plant succession and
ecosystem development is not yet clear, and whether the development of a microphytic
crust is a prerequisite to the development of higher plant cover or vice versa, or whether
both processes proceed simultaneously, is yet to be understood.

The decisive role of solar insolation and direction of exposure (surface aspect) on the
vegetation cover and composition in semi-arid and arid regions is a well known

phenomena (Boyko, 1947; Kutiel, 1992; Nevo et al., 1999; Pavlicek et al., 2003).
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As for microclimatic and other environmental factors influencing the presence of
biogenic crusts, the following may be stated:

(1) Active sand movement effectively limits any establishment of crusts (Tsoar, 1990);
(2) Algae are apparently more sensitive than mosses and lichens to annual variations in
precipitation and temperature (West, 1990);

(3) Cyanobacterial crusts begin photosynthetic activity soon after being wetted (Lange et
al., 1992);

(4) Areas of higher dust deposition do not coincide with the distribution of the biological
crust within the dune field; however, the net input balance of dust may account for the
different amounts of fines in the crust areas of opposing slopes (Littmann, 1997). In
addition, biogenic crust was found to regenerate within two years, with differences in the
microhydrological budget relative to aspect and slope probably playing a much more
important role than fine material input;

(5) On the dunes of Nizzana all the properties of biomass checked (thickness, organic
matter, chlorophyll, protein and carbohydrate) showed significant differences between the
south-facing and the north-facing foot-slopes of the dunes, the north-facing foot-slopes
being richer. In addition, much higher diversity of species characterized the moss-
dominated crust (including green algae and lichens) which are abundant in the dune-
interdune interface of the northern exposure, whereas the south-facing slopes are
inhabited by cyanobacterial crust (Kidron et al., 2000). Rain, temperatures or acolian
input were not found to explain the distribution of cyanobacterial- and moss-dominated
crusts at the south- and north-facing dune footslopes, respectively. Longer daytime
moistness (a 2.5 fold increase) characterized the north-facing foot slopes following rain,
in comparison to the south-facing foot slopes, as a result from a difference in evaporation
due to aspect and slope angle. In addition, runoff and apparently subsurface flow
contribute substantially to the differential water distribution.

(6) Dew and fog contribution to the cyanobacterial crust is negligible, however it might
be contributing for the reproduction of mosses (Kidron et al., 2002);

(7) The intensity of particle emission and the spatial extent of crust breakdown caused by
wind carried sand grains, were found to be dependent on the thickness and strength of the
crust examined. While fungal crusts were two to three times stronger than the

photoautotrophic crusts, they were also two to three time thicker, further explaining their
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relative high resistance to breakdown (McKenna Neuman et al., 1999). The duration of
the wind gust was found to be of prime importance in this regard, more than the impact
intensity associated with the external sediment supply.

(8) Crust deflation features were found to be aligned with the air stream on average and

regardless of size (McKenna Neuman et al., 2005).

1.2.2 The rubification process on sand dunes

The rubification is defined as a pedogenesis stage in which iron is released from primary
minerals to form free iron oxides that coat quartz particles in soils with a thin reddish film
(Buol et al. 1973). There is abundant evidence that many dune sands become reddened
with the passage of time that is promoted by warm temperatures, oxidizing conditions
and periodic presence of moisture (Norris, 1969). Williams and Yaalon (1977) have
demonstrated reddening in sand dune under laboratory weathering conditions and
concluded that organic matter is not necessary to initiate the process. Differences in the
pedoclimatic conditions (soil moisture tension and soil temperature) were found by
Singer et al. (1998) to cause the differences in color and iron-oxide mineralogy between
two Mediterranean soils, the red Terre Rosse (Rhodoxeralfs according to the USDA
classification) being dominated by hematite and the yellower Rendzina by goethite.
Given the estimated young age of the coastal dunes of Israel (c. 1000 years; Tsoar, 1990),
the free iron-oxide content found on active dune areas in the Ashdod dunes is quite low,
ranging from 0.02% at the beach to 0.05% in the innermost dunes (Ben-Dor et al., 2005).
Exposed Hamra soil (Haploxeralf according to the USDA classification) found in the
same area, has a higher content of free iron oxides, ranging between 0.1% to 0.4%,

representing the other end of the pedogenetic sequence, starting with sand dunes.

1.2.3 The content of fine particles in stabilizing sand dunes

The amount of fine particles increases during sand succession and dune stabilization
processes (Danin and Yaalon 1982) and in sandy soils is important for estimating the
water holding capacity of these soils as it determines the availability of water to plants
(Tsoar and Zohar 1985). In addition, Danin (1983) observed that the sandy deserts of
Israel and Sinai need to have at least 4-5% clay and silt to support measurable

microphytic cover.

262 To be submitted to Remote Sensing of Environment



Chapter 8 Biogenic soil crusts

1.3 Spectral properties of sand characteristics over stabilizing dunes

1.3.1 Spectral studies of biogenic crust

Remote sensing approaches on a micro-scale have been suggested as a non-destructive in
situ means for quantifying crust properties (West, 1990). So far, much attention has been
given for the spectral study of cyanobacteria soil crust over sand dunes, with the
following conclusions (for desert dunes in Israel — Karnieli and Tsoar, 1995; Karnieli and
Sarafis, 1996; Karnieli, 1997; Karnieli et al., 1999; for semi-arid regions in Australia —
O’Neill, 1994): (1) biogenic soil crusts exhibit absorption features of chlorophyll at 670-
685nm, that are more conspicuous when the crust is wetted (see also O’Neill, 1994); (2)
the closer the red edge inflection point is to the longer wavelengths, the higher the
relative abundance and distribution of the microphytic community; (3) the phycobilin
pigments, that are unique to cyanobacteria, contribute to higher reflectance in the blue
relative to the sand substrate, and therefore enable to differentiate them from higher
plants, in which phycobilins are generally not detectable; (4) as more intense biogenic
crust forms, the iron oxide and the clay minerals absorption features are masked and the

organic matter features of the crust become dominant.

1.3.2 Spectral studies of free iron-oxide content in sand dunes

Fe in the free iron oxides is spectrally active across the VIS-NIR region via the electron
transition (of 6A1->T1g between 750-950nm and 6A1->T2g between 550-650nm) and
is responsible for the Fe absorption of radiation that gives the soil its red color. Based on
the free iron oxides that redden the sand, and using spectral color indices or linear mixing
models, Madeira et al. (1997) and White et al. (1997, 2001) showed that it is possible to
account for iron oxides status using the Landsat Thematic Mapper data (only six bands in
the VIS-NIR-SWIR region) over lateritic soils in Brazil, and sand dunes at the Namib,
and at the Northern Rub’ Al Khali (United Arab Emirates), respectively. Field
spectroscopy was used by Bullard and White (2002) to quantify iron oxide coatings on
dune sand in the Simpson-Strzelecki Desert, Australia

Although the content of free iron-oxides in the dunes of Ashdod is low, remote sensing
methods based on the visible spectrum were found to be very accurate in monitoring it,

either using a simple digital camera (Chapter 2 in this thesis), or by using a CASI
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hyperspectral airborne sensor (Ben-Dor et al., 2005). In these two studies, several spectral
indices using the red, green and blue bands were evaluated (see below in the methods), of
which the redness index (see below) was found as the best predictor of iron oxide

content.

1.3.3 Spectral studies of the content of fine particles in sand dunes

Differences in the particle size of soils affect their reflectance. If multiple scattering
dominates, as is usually the case in the visible and near- infrared, the over all reflectance
is expected to decrease as the grain size increases (Clark 1999). This was indeed observed
by Okin and Painter (2004) who studied sand plumes from abandoned agricultural fields,
in which effective particle size decreased towards the toe of the plume. Analyzing a
hyperspectral AVIRIS image, they demonstrated the expected negative correlation
between effective grain size of sand in the plume, and its reflectance, with the most
significant correlations in the short-wave infrared. Nevertheless, in chapter 2 of this thesis
I have shown that the iron oxides spectral redness index based on three visible bands, was
able to explain 81% of the variability in fine particles content in sand samples; this was
explained by them to be due to the high correlation between the content of free iron
oxides and fine particles (see also Dematte et al., 2004, as well as by Sanchez-Maranon et

al., 2004).

2. Aims

Based on the proven capability of spectral indices to quantify the above mentioned soil
properties over sand dunes, our aims are to study the effect of the stability of the surface
(i.e. erosion or deposition of sand) and of the surface aspect over the presence of biogenic
crusts, the content of fine particles and of free iron oxides on recently stabilizing coastal

dunes.

3. Methods
3.1 Study area

The specific area chosen for this study is located at the heart of the Ashdod Dunes,
at a distance of c. 2.5km. from the coastline, and c. lkm. from the nearest buildings

in the city of Ashdod (see Figure 1).
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Figure 1: Location map of the Ashdod Dunes area
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This area was chosen as it represents a semi-stabilized dune area, where in some
places biogenic crust is to be found, and because in it various surface aspect and
slope angles are found. In addition we estimated that this area is less disturbed by
off road vehicles, relative to other places in this coastal dune system. Two
additional databases were also available for us for the area under study: a Landsat
satellite image taken in January 2000 (see Chapter 5 in this thesis), and a detailed
Digital Elevation Model prepared in 1992 (see Chapter 1 in this thesis). From the
Landsat image NDVI and SAVI values were calculated at several upwind (SW)
distances from the erosion pins, as in

chapters 5 and 6 in this thesis.

Samples of cyanobacterial biogenic crust common to Israel’s desert dunes were
collected from the Sede Hallamish (Nizzana) dune field along the Israel/Egypt
border, about 50 km south of the Mediterranean coastline. Five microphytic
communities were defined in the Sede Hallamish dune field (Kidron, 1995). These
are denoted in this article as communities A, B, C, D, and E, as in Mazor et al.
(1996). These communities represent a gradient in which the amount of chlorophyll
content, organic matter, protein content and crust thickness increase steadily from

community A to community E (Mazor et al., 1996; Karnieli et al., 1999).

3.2 Field measurement of the erosion and deposition of sand

To study current rates of erosion and deposition of sand, seven transects were chosen,
representing various aspect and slope angles (see Figures 2 and 3). Along these transects,
64 erosion pins (following Arens et al., 2004) were placed in December 2003, and
measured at an accuracy of 1-2 mm subsequently every 2-4 weeks since the winter of
2003/4 until October 2004. The exact location and height above sea level of the erosion
pins were determined using a differential GPS, whereas the surface slope and aspect

angles were determined in situ using a clinometer and a hand compass.
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Figure 2: Detailed maps of the transects: (a) The specific locations of the erosion pins,
their serial numbers, and the sum of net changes in the sand’s surface height between
Jan-Mar 2004; (b) An analytically shaded digital elevation model, the letters X, Y and
Z marking the locations of the dunes whose movement is analyzed in Fig 7; (c) An
aerial photograph taken in June 2002
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Figure 3: Topographic profiles of the transects

268

To be submitted to Remote Sensing of Environment




Chapter 8 Biogenic soil crusts

iw
e
.

N

0 100 200 300 Meters
T ey —

Figure 4: A time series of selected historical aerial photographs presenting the
stabilization process of the dunes in the study area.
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3.3 Dune movement analysis and vegetation cover from aerial photos

To determine the time when the dunes in the study area have started to stabilize, we have
analyzed dune movement rates and vegetation cover from historical aerial photographs,
as in chapter 4 in this thesis. This was done using historical aerial photographs from 1944
to 2002 over three dunes, shown in Figures 2 and 4. Vegetation cover was analyzed from

the same photographs for the locations of the erosion pins.
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Figure 5: Temporal series of daily rainfall and daily maximum wind speed as
measured in the Nizzanim meteorological station. Also shown are the average of the
sum of the absolute changes in the height of sand as measure by the erosion pins (in
mm.), and the corresponding Resultant Drift Potential (RDP) values (divided by 500
to match the scale of the chart) calculated from the wind data.

3.4 ASD measurements and calculation of indices

3.4.1 ASD measurements

Spectral measurements of the sand’s surface and subsurface were performed both in situ
and in the laboratory. This was done using an ASD field spectrometer (ASD, 2001) that
covers the VIS-NIR-SWIR spectral region (0.4-2.5um) using a contact probe with
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constant and self Tungsten illumination. For each sample, twenty spectral measurements
were taken and averaged to present the spectral characteristics of the sample.

Following rainfall events (see Figure 5), we have measured the spectral properties of the
surface and subsurface of the dunes in-situ using a Subsurface Biogenic Crust Sampler
that was developed especially for this mission (SBCS, described below). This was
completed in three days in the month of February 2004 (16", 20" and 23™), when the
sand was still wet from the rain. On the 23" the surface was dried by the winds following
the rain, so we have carefully wetted the surface ourselves. The wetness of the surface
was a prerequisite for us, not only because it enhances spectral features of the biogenic
crust, rather because it is necessary for using the SBCS.

In addition, sand samples were collected from the surface (0-1 cm.) and subsurface
(below 2cm., where no biogenic crust exists) in the 2™ week of the month of May 2004,
during an event of a sharav (the flow of hot and dry air from deserts to the south of Israel
— Alpert and Ziv, 1989). The last significant rainfall event before the sand was collected
was about a month earlier, and the sand was already dry (see also Figure 5 for the
climatic details). The crust samples from Sede Hallamish were measured with the ASD in

the laboratory, once dry, and again one hour after wetting them.
3.4.2 Iron-oxide spectral indices
To estimate the free iron-oxide content of the sand we have used the following color

indices, following Mathieu et al., 1998:

Brightness Index, Bl =sqrt { B>+ G*+R%)/3} (1)

Colouration Index, CI=(R-G) /(R + G) (2)
Hue Index, HI=(2*R-G-B) /(G -B) 3)
Redness Index; RI=R*/ (B * G°) 4)
Saturation Index, SI=(R-B)/ (R + B) (5)

Where R, G, and B represent the reflectance at the wavelengths of Red (693nm), Green
(556nm) and Blue (477nm).

3.4.3 Chlorophyll and moisture spectral indices
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Based on the chlorophyll absorption feature located between 670-685nm (Karnieli, 1997,
Karnieli et al., 1999) and based on the same logic of the above color indices of Mathieu et
al. (1998), we identified for our samples the location of the chlorophyll absorption peak
at 680nm, with the following two wavelengths representing the "shoulders" of the
absorption peak: 635nm and 710nm. Using these wavelengths for Equations 1-5 we then
checked their ability to model biogenic crust content. Of these, the best spectral index

was the following one (similar to Equation 2):

Crust Red Slope, CRS = (710nm-680nm)/(710nm-+680nm) (6)

Another index calculated was the Crust Red Absorption Depth, CRAD. This was
calculated using the continuum removal method (Clark and Roush, 1984), that
calculates the ratio between the observed reflectance at a certain wavelength
(680nm in our case), and that predicted according to a linear line drawn between
the two wavelengths representing the "shoulders" of the absorption peak.

To estimate which of these two indices is better in predicting chlorophyll
concentrations, and to be able to correct for possible effects of variable moisture
content on the spectral indices of the crust, we have taken 39 sand samples from
the study area representing the gradient of chlorophyll values found there
(including places with sand ripples to stabilized, places in the interdune area, and in
different dune aspects). These were measured using the ASD in the laboratory in a
dry state, and then at three different moisture contents. The moisture was
determined by weighing the moist sample and then reweighing it following oven
drying at 105°C until reaching a constant weight. The chlorophyll a content was
measured on 1 cm” samples, 1 cm thick, according to Vollenweider (1969)

As soil water content increases the reflectance diminishes (until a critical point; Liu
et al., 2002), affecting the spectral features of other soil constituents (Whiting et al.,
2004; Lobell and Asner, 2002; Karnieli et al., 1999). One of the strongest spectral
absorption features of water is located at 1.9nm (Whiting et al., 2004; Ben-Dor et
al., 1998). Based on the same logic of the above color indices of Mathieu et al.
(1998), we identified for our samples the location of the water absorption peak at

1925nm, with the following two wavelengths representing the "shoulders" of the
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absorption peak: 1860nm and 2140nm. Using these wavelengths for Equations 1-5
we then checked their ability to model moisture content. Of these, the best spectral

index was the following one (similar to Equation 1):

Sand Moisture Index; SMI = sqrt { (A +B*+C?) /3 } (7)

Where A, B, and C represent the reflectance at the wavelengths of left shoulder of the
water absorption feature (1860nm), its center (1925nm) and its right shoulder (2140nm),

respectively.

3.4.4 Fine particles spectral indices

Clay minerals are characterized by absorption features near 2200-2300nm (Ben-Dor et
al., 1998; Chabrillat et al., 2002). Based on the same logic of the above color indices of
Mathieu et al. (1998), we identified for our samples the location of the clay absorption
peak at 2209nm, with the following two wavelengths representing the "shoulders" of the
absorption peak: 2133nm and 2225nm. Using these wavelengths for Equations 1-5 we
then checked their ability to model the content of fine particles. Of these, the best spectral

index was the following one (similar to Equation 4):

SWIR Fine particles Index; FI=D?/ (F * E°) (8)

Where D, E, and F represent the reflectance at the wavelengths of left shoulder of the
clay absorption feature (2133nm), its center (2209nm) and its right shoulder (2225nm),
respectively. To evaluate the performance of this SWIR spectral index for estimating the
content of fine particles, we have used the same 42 sand samples used in chapter 2 of this
thesis. From this set of 42 sand samples, an amount of 40 g. was taken to analyze the

content of fine particles (silt and clay) in the soil, as described in Kidron (2001).

3.5 Subsurface Biogenic Crust Sampler (SBCS)

To measure the spectral reflectance of the sand and of the biogenic crust along a vertical
micro-profile of about 2cm, we have constructed a Subsurface Biogenic Crust Sampler

(SBCS), shown in Figure 6.
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Figure 6: (a) Exposed biogenic crust by
the wind; (b) Biogenic crust below a thin
layer of sand grains. Also shown is the
Subsurface Biogenic Crust Sampler
(SBCS); (c) One of the steps in applying
the SBCS for removing top layers and
unveiling those lying beneath them.
Notice the wetness of the sand, as seen
from the surface shaped by rain drops.
All photographs were taken during the
second half of February 2004 when the in
situ spectral measurements were
performed.
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The sampler has 1mm slots every 2mm through which a metal plate of a width less than
Imm can be inserted. The procedure for using the SBCS was the following: (1) Insert a
sampler unit (without slots) into the wet sand, and then take it out; (2) Insert the sampler
that has the slots on it into the opening that was created; (3) Dig away the wet sand in
front of the sampler, so that the profile will be seen; (4) Measure the upper surface of the
sand/crust using the ASD; (5) Insert a thin metal plate into the first slot located under the
surface, and remove the sand/crust above the plate; (6) Remove the plate and measure the
spectral reflectance of the surface revealed; (7) Repeat steps 5 and 6 again. This
procedure was repeated until at least 5 spectral measurements were conducted for each of
the sampled locations. If there were signs for the presence of biogenic crust at deeper
layers, the above procedure was continued. These measurements were conducted at all of

the 64 erosion pins.

3.6 Meteorological data

Meteorological data of rainfall, wind speed and direction, temperature and relative
humidity were measured by the Nizzanim Field School meteorological station. This
station is located at the edge of the Ashdod Dunes, about 2.8km from the coastline and is
operated by the Ashkelon Metropolitan Union for the Environment. These data are
recorded in periods of every 5 minutes, and were here analyzed at a temporal resolution
of one hour. As the wind regime is one of the most important physical factors in
determining the mobility of dunes (Tsoar and Werner, 1998; Tsoar, 2002), we have
estimated the drift potential of the sand by the wind by applying the method developed by
Fryberger (1979), using the Resultant Drift Potential (RDP) index.

4. Results
4.1 Surface stability

The dunes in the study area are stabilizing, as are the rest of the coastal dunes in Israel.
This can be clearly seen in Figure 4 that presents historical time series of aerial
photographs covering the study area. In an overall view, it can be seen that the dunes
were quite active until 1977, and started stabilizing faster since then (in accordance with

chapter 4 of this thesis). A quantitative analysis of the dune movement of the main three
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dunes in this area, termed here as dunes X, Y and Z, is presented in Figure 7. Whereas
during the 1950’s the movement rate of these dunes was above 2.5 m/year, it decreased to
less than 0.5 m/year by the late 1990s. The central dune in the study area (dune Y) was
the first to stabilize - already during the 1960’s, followed by dune X in the late 1970’s,
and dune Z in the late 1980’s.
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Figure 7: Rate of dune movement in the area analyzed between the years 1955-2000
as determined from time series of historical aerial photographs. The locations of the
three dunes analyzed is shown in Figs. 2 and 4. No movement was detected for dune Y
beyond 1990.

To analyze local processes of erosion and deposition of sand by the wind, we have
analyzed the erosion pins data. In Figure 5 it can be seen that most of the movement of
the sand occurred during the winter and spring months and is negligible during the
summer. This is in accordance with Goldsmith et al. (1990) and with chapter 6 in this
thesis. Locally it can be seen in Figures 2, 8 and 9 that there are three topographic factors

influencing sand movement: elevation, vegetation cover and aspect.
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Figure 8: The influence of (a) the height above sea level at which the erosion pin was
located, and (b) the NDVI values upwind (SW of the erosion pin), on the sum of
absolute changes in the height of the surface, as measured between the months of
January and March 2004, prior to the field spectral measurements of the crust.
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Figure 9: The influence of the surface aspect at which the erosion pin was located, on
the sum of net changes in the height of the surface, as measured between the months
of January and March 2004, prior to the field spectral measurements of the crust

Erosion pins that are located at higher places (e.g. dune tops) are under the influence of
stronger winds, and therefore experience more erosion/deposition of sand (Figure 8a; R =
0.45,p <0.001, n = 63). Erosion pins that are located downwind of higher vegetation
cover (as estimated by NDVI or by SAVI) are under the influence of weaker winds (due
to increased surface roughness), and therefore experience less erosion/deposition (Figure
8b; R =-0.57, p <0.001, n = 64). The surface aspect angle with respect to the direction
from which the strong wind blows, determines whether erosion or deposition will take
place. In Figure 9 it can be seen that the wind facing slopes (SW and S) are indeed being
eroded, whereas the sand is being deposited mainly on the slopes facing the N and NE.
This is in accordance with the resultant drift direction of sand by the wind in the area as
calculated in Chapter 6 of this thesis (see Figure 4 there) for the same period. The
unexpected erosion in the NW facing slopes may be partly explained by wind tunnel
effects.

We have then proceeded in analyzing the affect of changes in surface stability on the

presence of crust, fine particles and free iron oxides.
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Figure 10: The southern part of transect G: development of biogenic crust at the interface between a
north-facing dune slope and the inter-dune area. Indication for subsurface flow or merely exposure of
crust by wind? The photograph was taken on January 28", 2004, from the ESE to the WNW.

4.2 The biogenic crust

4.2.1 Spectral characteristics of the biogenic crust

Indeed, the spectral reflectance obtained from crust covered areas exhibits a chlorophyll
absorption at 680nm. In Figure 11 the spectral curves obtained at one of the erosion pin
are presented, both when wet (in March 2004) in the five measured layers of the vertical
micro-profile, and when dry (in May 2004) — at the surface and the subsurface. Notice
that in both states of the sand (wet and dry), the chlorophyll absorption feature at 680nm
is present at the surface and just below the surface (L-1), and disappears at the subsurface
— indicating no subsurface crust presence below 1cm (and see also Figure 18 below).
The biogenic crust in the Ashdod dunes has a distinctive green color when wetted, as can
be clearly seen in Figures 6 and 10. As the two spectral indices used to quantify the
presence of crust, CRS and CRAD, were highly correlated (R* = 99.3%), and as the
concentration of chlorophyll was better explained by CRAD then by CRS (R = 73% and
71%, respectively), we have used the CRAD index. Figure 12 presents a scatter-plot of
the CRAD values obtained in March 2004 (wet) with respect to those of May 2004 (dry).
It can be clearly seen that there is high correlation (R* = 60%) between the CRAD values

obtained from the wet micro-profile and the dry surface — two months later.
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Figure 11: Spectral reflectance of the dunes’ surface and subsurface at erosion pin A9
(ID 5009). Shown in the chart are both the spectral measurements taken in situ when
the sand was wet at five different layers (from the surface L-0 downwards), and those
taken from the dry samples of the surface and subsurface of the sand.

However, as no crust is present two centimeters below the surface, no correlation was
obtained with CRAD measured from the sub-surface (CRAD values of 1 indicating no
crust).

The values of CRAD were found to be negatively correlated with moisture content as can
be seen in Figure 13, with higher moisture levels expressed in deeper absorption features
by the chlorophyll (notice the slope factors of the three regression lines in Figure 13,
representing different moisture level: 0.16%, 12% and 23%). The Sand Moisture Index
(SMI) was found to explain more than 97% in the variability of moisture content in the

sand samples (Figure 14).
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Figure 12: Scatter-plot showing the correspondence between the Crust Red
Absorption Depth (CRAD) spectral index of crust presence, as averages from in situ
measurements at five layers when the sand was wet in March 2004, compared with
measurements performed in the lab for dry samples of sand collected in May 2004
both from the surface and the sub-surface.
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Figure 13: The correlation between the Crust Red Absorption Depth (CRAD) and the
chlorophyll content at three moisture levels. In the legend are given the average (i)

and standard deviation (c) values of the moisture content of the sand samples. Notice
that the y-axis shows the values of (1 — CRAD), and not CRAD (thus values of 0 mean

no crust).
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Figure 14: The correlation between the Sand Moisture Index (SMI) and the moisture
content of the sand samples. Notice that the values moisture content values are
transformed using arcsin ( sqrt (moisture) ).
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To incorporate the MSI values with CRAD for determining the concentration of
chlorophyll in a sand sample, the following steps were taken:
a) We first found the following empirical relationship between MSI values and the

slope factor shown on the three regression lines in Figure 13:
Slope factor = 0.001406 * MSI -2#%3%7 (R*=98%,n=3)  (9)

b) We then found the following relationship between the chlorophyll content and the
values of 1-CRAD for the dry samples:

Chlorophyll (mg/m?) = 563.582 * (1 — CRAD) (R*=69%,n=39) (10)

¢) Incorporating Equations 9 and 10 with the regression line of the dry samples

shown in Figure 13, we obtained the following relationship:
Chlorophyll = (1 — CRAD) / ((0.001406 * MSI ***%7) 1 0.001576) * 563.582  (11)
d) Equation 11 may be them rewritten as follows:
Chlorophyll (mg/m?) = (1 — CRAD) / (0.001583 * MSI **%¥7)  (12)

To compare the spectral characteristics of the biogenic crust found in different dune areas
in Israel, we have chosen to compare it with that of the much researched cyanobacterial
crust found in the Nizzana dunes, which exhibits distinctive reflectance features in the
blue region of the visible spectra (Karnieli and Sarafis, 1996). The biogenic crust found
over the Ashdod dunes (comprised mostly of green algae) differs in its spectral features
from the cyanobacterial crust of Nizzana, as can be seen in Figure 15. In Figure 15a the
reflectance curves of biogenic crust and reference bare sand from both the Nizzana and
the Ashdod dunes are presented. To facilitate the comparison between the two, we have

calculated ratio spectra of the biogenic crust, with respect to the bare sand reference.
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Figure 15: A comparison between the spectral properties of biogenic crust in Nizzana
and Ashdod Dunes: (a) Reflectance spectra; (b) Ratio spectra with respect of dry bare
sand reference from each location, respectively (The ashdod spectra were divided by
the dry subsurface spectra).
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In Figure 15b the ratio spectra are shown, and it can be clearly seen that the Nizzana
samples exhibit a rise in the reflectance towards the shorter wavelengths (towards the
blue), whereas in the Ashdod sample the second chlorophyll absorption feature at 490nm
is present, and there is no rise towards the blue. This enables us to differentiate between
cyanobacterial crust and the green algae biogenic crust.

Therefore, to quantify the presence of biogenic crust, we have used both the CRAD and
the MSI indices, and not a spectral index similar to the one suggested by Karnieli (1997),

which relates to the blue region.

4.2.2 Spatial distribution of the biogenic crust

The spatial distribution of the crust was therefore analyzed using Equation 12 that
calculates the concentration of chlorophyll taking into account both the CRAD and the
MSI indices. This concentration of chlorophyll was studied with respect to the surface

aspect and to the surface stability (erosion/deposition of sand).
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Figure 16: Average presence of biogenic crust (along the vertical micro-profile), as
calculated using equation 12 based on the spectral indices of CRAD and MSI, with
respect to the surface aspect
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Figure 16 presents the chlorophyll values with respect to the aspect, and it can be seen
that there is a clear preference of crust development in the north-facing slopes, with much
less crust presence in the south- and southeast-facing slopes. This is in accordance with
Kidron (2001). However, the factor that has most of the affect in determining the
development of the crust is the amount of erosion/deposition of sand by the wind,
presented in Figures 17 and 18 (Figure 18 ‘breaks’ Figure 17a for each of the surface and
subsurface layers separately). From these figures it can be concluded that in places with
high deposition rates (over 8 mm for a period of three months) or high erosion rates (over
8 mm for the same period), almost no crust was present. From Figure 18 the vertical
distribution of the biogenic crust is also apparent, wherein the maximum concentration of
the algal crust is usually at the first layer beneath the surface (L-1), where it is covered by
some grains of sand (see also in Figure 11 above). However, the response of the system
to erosion or to deposition is not symmetric, as the peak in the presence of crust was not
found in the most stable places (between -2mm erosion and 2mm deposition) when all
data was included, rather in the places that underwent slight deposition (2-8mm; see
Figure 17a); however this difference was not statistically significant. If erosion and/or
deposition events of up to 2mm are considered as possible noise due to measurement
errors, then the expected pattern of maximum presence of crust in the most stable areas is
obtained (Figure 17b). Nonetheless, biogenic crust can withstand low rates of sand
deposition, apparently due to its ability to move vertically (see Chapman, 1976). In
Figure 6b a photograph of crust covered by sand grains is given. That this situation is
very common, can be seen in Figure 18, which emphasizes the evidence that crust
presence is always greater at the immediate subsurface, and not on the surface itself. The
lower presence of crust in eroded places may indicate that the development of crust is
less adapted to places undergoing erosion than to places experiencing deposition of sand.
However, to a certain degree, the biogenic crust is able to stabilize the surface. This can
be seen in the photographs given in Figures 6a and 10, where the biogenic crust is seen to
be exposed on the surface with no sand grains. Furthermore, whereas ripple marks
characterized the non-crusted surfaces during high velocity winds, they were not
observed on most encrusted surfaces. above it. The sand above the biogenic crust was
carried by the wind, however it was apparently not strong enough to break the crust

directly, or through the impact of the hitting sand grains.
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Figure 17: Average presence of biogenic crust (along the vertical micro-profile), as
calculated using equation 12 based on the spectral indices of CRAD and MSI, with
respect to the erosion/deposition of sand in January-March 2004: (a) net values of

erosion/deposition of sand; (b) net values of erosion/deposition of sand considering

only events greater than 2mm.
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Figure 18: Average presence of biogenic crust (along the vertical micro-profile), as
calculated using equation 12 based on the spectral indices of CRAD and MSI for each
of the surface and subsurface layers separately, with respect to the erosion/deposition
of sand in January-March 2004.

The two factors of sand erosion/deposition and surface aspect act jointly in influencing
the crusts’ presence. An example to this can be seen in the photograph shown in Figure
10, where the crust is exposed in the interface between an active north-facing slope and
the inter-dune area. This may be because of wind removing the sand grains that covered
the crust there, or may indicate the role of subsurface flow moistening sand in this area

(Rutin, 1983; Kidron et al., 2000).

4.3 Spatial differences in the rubification process

To estimate the degree of the rubification process in the area, we have calculated several
spectral color indices (Equations 1-5). However, we first wanted to evaluate if the values
of these indices are influenced by the presence of crust. To this end, we have calculated

the correlation between the CRAD index and all the five color indices, for both the dry
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surface measurements, and for the average of the five layers from the wet micro vertical

profile. The results are shown in Figure 19.
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Figure 19: Correlation coefficient values between the spectral index of the crust
(CRAD) and the spectral color indices, for the wet and dry sand measurements.

It can be seen that in both cases, the Redness Index (RI) showed very low negative
correlation with CRAD. All other indices (and especially CI and HI) exhibited more
significant and positive correlation with CRAD. In previous studies (Chapter 2 in this
thesis; Ben-Dor et al., 2005) it was shown that the RI was also superior to the other
indices both when compared to the content of free iron-oxides extracted in the laboratory,
when correlated with the distance from the coastline, and the most stable when compared
between sensors (ASD, CASI and a digital camera).

The values of RI found over on the surface over the transects presented in Figure 2 range
between 28 and 41, indicating fine iron oxides content of up to 0.04% using models

derived in Chapter 2 of this thesis (Figure 4a there) and Ben-Dor et al. (2005; Figure 8).
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Figure 20: Average properties of the dunes’ surface with respect to the
erosion/deposition of sand in January-March 2004: (a) albedo, (b) content of free
iron-oxides, as indicated by the Redness Index (RI), (c) content of fine particles, as
indicated by the SWIR fine particles index (FI).
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Relying on this, Figures 20a and 20b present the degree of rubification of the dry
subsurface at 2cm (where no biogenic crust exists, as measured in May 2004) with
respect to the surface erosion/deposition. For both the RI and the BI, it can be seen that
maximum rubification (highest RI values and lowest BI values) occurs in the stable
places, those without erosion/deposition of sand. No such correlation was found between

either color index and the surface aspect.
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Figure 21: The correlation between the SWIR fine particles spectral index and the
content of fine particles.

4.4 Spatial differences in the content of fine particles

Figure 21 presents high correlation between the SWIR fine particles index (FI) and the
content of fine particles, reaching a value of R>>83% when only the 40 undisturbed sand
samples are included in the analysis. The surface values of FI found for the transects
presented in Figure 2 range between 2 and 4, indicating fine particles content of up to 4%
(according to the model in Figure 21). The spatial pattern of the fine particles at the
surface (as measured in May 2004) is well correlated with that of the biogenic crust

(R=0.58 between FI and the chlorophyll content). As can be seen in Figure 20c, the
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highest content of fine particles is found not as might be expected on the most stable
places, rather in those places where there is moderate sand accumulation; however this
difference was not statistically significant, and therefore we cannot conclude that the
highest content of fine particles is not in the most stable places. This pattern is the same
as we found for the presence of biogenic crust, presented in Figure 17a, and did not
change when omitting possible measurement errors from events when up to 2mm of

erosion/deposition was recorded.

5. Discussion

Several sub-processes may be identified in the process of sand dunes stabilization: the
development of vegetation cover, an increase in the amount of fine particles, the
development of biogenic soil crusts, and the rubification of the sand. Each one of these
sub-processes operates on a different spatial and temporal scale. We have used field
spectral and geomorphologic methods to analyze the development of biogenic soil crust,
content of fine particles and the rubification of the sand over a semi-stabilized dune in the
coastal dunes of Ashdod.

The stabilization process of Israel's coastal dunes has started after the establishment of
the state of Israel, in 1948. The dunes in our study area however have started stabilizing
only in the late 1960's — late 1980's. Locally, we have shown that the rates of erosion and
deposition of sand are influenced by the same factors that affect wind flow: the
topography (relative height and aspect) as well as the vegetation cover. These findings,
calculated here for a small “basin” of three dunes, resemble our findings regarding the
factors influencing the spatial variability in the aerodynamic roughness length (Zy) and
annual rates of erosion and deposition of sand for the whole area of these coastal dunes
(Chapters 5 and 6 in this thesis).

In this short time period of three decades, biogenic soil crusts have successfully
established themselves in the more stable parts of the dunes, and even differences in the
presence of the crusts are now evident when comparing north- and south-facing slopes.
Biogenic crusts are known from the literature to be able to develop very fast (in two
years) on stabilized dunes (Littmann, 1997). We have demonstrated here that both

biogenic crust and a higher content of fine particles formed in a short time period, most
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probably much less than the 30 years over which the dunes in this study area have started
stabilizing.
The presence of biogenic crusts, and in this case of green algae, was easily quantified by
us in the field, using a field spectrometer, both when the crust was wet (following
rainfall) and even when it was dry (during the spring season). For green algae this was
done utilizing the chlorophyll absorption feature at 680nm. In contrast with
cyanobacterial crust, green algae do not possess phycobilin pigments that have
characteristic features in the blue band, so it is more difficult to distinguish between
vegetation and green algae from airborne sensors, than is the case with cyanobacterial
crust. These may be differentiated however using images taken at different times,
utilizing the phonological differences between them and especially the quick response of
biogenic crusts to wetting by rainfall (see Schmidt and Karnieli, 2000; Karnieli, 2003).
In contrast with our understanding of the formation of biogenic crusts, less is known
regarding the development rate of the rubification process in natural conditions. We have
therefore compared several spectral indices to quantify the free iron oxides content, and
found that the redness index (RI) performed better than all other spectral color indices
(see also chapter 2 in this thesis; Ben-Dor et al., 2005). In addition the RI values were
found to be almost independent of the values of the spectral crust index used (CRAD),
therefore increasing its indicative power, as it is not affected by the presence of biogenic
crust.
The results of this study indicate that the development rate of free iron-oxides coating on
the sand particles (as evident from their color) is much slower than that of the biogenic
crust cover and of fine particles content for the following reasons:
1. The variability explained by the surfaces' stability in the chlorophyll content is
much higher than that explained for the iron-oxides content (as indicated by the
RI), 64% (p<0.001, n=63) and 17% (p<0.001, n=63), respectively (see Figure 22).
The explained variability in the content of fine particles (as indicated by the FI) is
intermediate between the above, reaching 26% (p<0.001, n=63).
2. The presence of crust is higher in north-facing slopes than in the south-facing
slopes, whereas such a pattern was not found for the sand's color or for the content

of fine particles.
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Figure 22: The correlation between the dunes' surface stability and the following
spectral indices: (a) free iron-oxides content (RI), (b) fine particles content (FI) and (c)
the chlorophyll content. Notice that the more stabilized is the dune, the higher will be
its content of free iron oxides, fine particles and the presence of biogenic crust.
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Biogenic crust was found to develop in placed where the sum of absolute changes in the
height of the surface were less than 25mm over a period of about two months during the
wintertime, when most sand movement takes place (Figure 22c¢). The chlorophyll content
found there was mostly above 8mg/m”. No correlation was found between the
rubification level and the chlorophyll content, probably due to the much longer time
scales over which the color of sand changes (decades) with respect to the quick formation
of biogenic crust and fine particles (months — several years). Although the spectral
features of the crust may react over an even very shorter time-scale (minutes-hours) to
wetting, this effect was accounted here by modeling the effect of moisture content on the
chlorophyll absorption feature. The content of fine particles was found to be related with
chlorophyll content (R* = 34%; Figure 23), and in places where the chlorophyll content
was above 8mg/m’, the content of fine particles increased dramatically (Figure 23). This
may be stated also in the other direction: in places where FI was higher than 3 (which is

equal to a content of fine particles above 2%; note that this is below the threshold of 4-
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5% given by Danin, 1983, for sandy desert in Sinai and Israel), the chlorophyll content
was above 8mg/m’.

We may therefore conclude that the rubification of sand dunes does not require
pedogenetic processes that occur in stabilized places, and that as an indicator for the
stabilization stage of coastal dunes, the presence of biogenic crust is more informative

than the content of fine particles or of free iron oxides.
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Discussion

Integration of papers and general discussion

1. Preface

As sand dunes are being stabilized, both their biotic and a-biotic characteristics change. As
a result, at different stages of a dune stabilization (or re-activation) process, different
remote sensing methods, field indicators, and physical factors are becoming more or less
relevant. Throughout the different chapters of this thesis various variables and indicators
of dune stabilization have been developed and analyzed (see Table 1 for a selected list of
the most important variables). Two variables however that were collected during the field
survey for each of the erosion pins were only partly incorporated in the above chapters,
and will be referred more in the discussion. These include the presence/absence of

biogenic crust and the cover by annual plants.
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Table 1: Selected list of the major variables and indicators of dune stabilization that were

used in the study

Reference for

Variable Type Based on n | detailed description
of methods
Dune movement Direct indicator of dune Aerial photographs 90 | Chapter 4 (Levin and
(m/year) activity Ben-Dor, 2004)
Annual rates of Direct indicator of dune | Erosion pins in the field | 315 Chapter 6
erosion and activity
deposition of sand
Aerodynamic Indicator of potential sand Wind measurements 39 Chapter 5
surface roughness drift by the wind
Soil Adjusted Indicator of vegetation Landsat image, January Chapters 5,6
Vegetation Index cover 2000
Perennial Common indicator of Field measurements at | 315 Chapter 7
vegetation cover stabilized dunes quadrats of 10¥*10 m
Relative cover of | Common indicators for the | Field measurements at | 315 Chapter 7
selected perennial | succession stage of dunes’ quadrats of 10¥10 m
plants vegetation
Annual vegetation Field measurements 315 Chapter 7, here
cover and presence
Presence of Common on indicator of | Field observations as of | 315 Here
biogenic crust stabilized dunes winter 2003
ASD measurements 64 Chapter 8
Chlorophyll content 39 Chapter 8
Rubification Common indicator for ASD measurements 315 | Ben-Dor et al., 20006;
dunes’ age / source Lab measurement of % Fe| 42 | Chapter 2 (Levin et al.,
materials CASI image 2005)
Content of fine Common on indicator of ASD measurements 315 | Chapter 2 (Levin et al.,
particles stabilized dunes Lab measurement of % 2005);
fines 42 Chapter 8
Distance from the | Rough indicator of dunes | DGPS measurements in | 315

coastline

activity

the field combined with a

GIS analysis
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2. Remote sensing methods for monitoring of coastal dunes at different
stages

2.1 Extraction of topography over mobile and bare sand dunes

When dunes are highly active, often no vegetation cover may be found on the dunes
themselves. In such cases, monitoring of the dunes' mobility can be based on either the
dunes movement rate (in the case of barchan and transverse dunes), or on volumetric
changes (relevant for all dunes). To analyze the 3D structure of coastal dunes, their
topography should be accurately known (Andrews, 2002). Traditionally, this has been
done using photogrammetry based on aerial photographs, a method that has been extended
to satellite based sensors, such as Spot, Aster and Ikonos, and even Landsat (see
comparison and references in Toutin, 2002; Toutin, 2004). Active sensors such as
RADAR and LIDAR are recently being applied to map the topography of the Earth.
Although Landsat images are being taken since the early 1970s, enabling to monitor
changes in sand dunes around the globe for a long period, they were not used for
extracting topographic data. In Chapter 1 we presented a method to extract slope, aspect
and elevation data of bare sand dunes from multi-date Landsat images of the same path
and row. The accuracies achieved for heights and slopes along selected profile lines were
to the order of 1 m and 3°, respectively (at a spatial resolution of 15 m). Such photometric
stereo methods for the extraction of topographic information have several important
advantages, for example: (1) Creating digital elevation models with a spatial resolution
similar to that of the sensor; (2) The extraction of topographic information from satellite
images acquired by early Landsat MSS and TM missions, thus enabling global monitoring
of topographic changes in sand dunes for over 30 years. So far, optical satellite images
were used to gain information regarding the spatial extent of sand dunes, their vegetation
cover and mineralogical composition. The method developed here offers new
opportunities for studies of acolian geomorphology, adding the ability to analyze dynamic
aspects of sand dunes topography in time and space. Knowledge of the volume of sand in
a dune is also crucial when comparing the movement rate of sand dunes that have different

sizes (Jimenez et al., 1999).
2.2 Studying dunes movement rate of mobile and semi-mobile dunes

The method traditionally employed to determine the advance rate of dunes (Gay, 1999) is

based on measuring the distance between two successive lines (usually slip faces or brink
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lines, or cuspate vegetation marks where they exist, as presented by Jimenez et al., 1999),
each representing a different year. Several arrows/lines are drawn between those
successive lines, their average length representing the average distance moved by the dune

between those years. This method is widely utilized in the world, as seen in Table 2:

Region Period analyzed Dune Dunes Reference
movement | height
rate (m)
(m/year)
Coastal dunes of Oregon 1939-1975 3.8 25 Hunter et al., 1983
Coastal dunes of 1939/42-1980 1.8 22 Illenberger and Rust,
Alexandria, South 1988
Africa
Desert dunes of Peru 1943-1952/1957 10-70 7-20 Gay, 1999
Coastal dunes of Ceara, 1958-1988 15-20 20-50 Jimenez et al., 1999
Brazil
Coastal dunes of 1944-1956 3.36 10 Tsoar and Blumberg,
Ashdod 2002a
Coastal dunes of 1980-1990 1.9 10 Tsoar and Blumberg,
Ashdod 2002a

Table 2: Dune movement rates as reported in various studies

Although the reported movement rate for the coastal dunes of Ashdod is quite low with
respect to other dune fields in the world (as demonstrated in the table), we have found (see
Chapter 4) that currently they are even lower, as the traditional method tends to
exaggerate. The main problems of the traditional method are related to the way those
arrows are drawn (Goudie, 1994, pp. 347-348): how densely should the arrows be drawn,
in what direction do they point, and how can the starting and ending points of each arrow
be objectively determined? In addition, the method assumes that all the different parts of
the dune advance at the same rate, which may not be the case in stabilizing dunes, that
also change their form from transverse to parabolic. In Chapter 4 we have therefore
presented a new method that accommodates these problems: (1) we calculate the area
covered by the moving dune between two successive years, and mot measure only the
distance moved by a certain part of the dune; (2) to find the distance the dune has moved
as a whole, we divide this area by the full width of the dune, even if only part of the dune
is advancing; thus we compensate for the fact that not all the dune is necessarily moving
together.

However, at advanced stages of dune stabilization, dunes may change their shape,

transform from transverse or barchan dunes to parabolic dunes (Tsoar and Blumberg,
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2002a), and become disconnected from each other in terms of sand movement (see Figure
8 in Chapter 6). Even if sand is still being transported by the wind, the dune may not be
moving anymore, as sand is eroded from the wind facing slope will be deposited on
nebkhas on the dunes crest. In such a stage an analysis of dunes movement rate from aerial
photographs is futile, and other methods are needed to assess spatial variability in the
activity of the dune field. These may still include 3D volumetric change analysis using

LIDAR, or spectral methods analyzing the characteristics of the sand itself.

2.3 Assessing spectral properties of dune sand to determine their stabilization
stage

Over semi-stabilized dunes, local differences in the dune stabilization state may be
inferred by the color of the sand in the visible range, that is related to the content of
organic matter, water molecules, iron oxides, carbonates and chemical composition of
transition metals in clay minerals (Ben-Dor et al., 1998). Whereas this is usually
accomplished using sophisticated field spectrometers or airborne hyperspectral sensors
(e.g. Levin, 2002; Ben-Dor et al., 2006), we demonstrated in Chapter 2 the ability to
measure such attributes using a simple digital camera. Using 370 samples of sandy soils,
we have developed a method used the red, green and blue (RGB) values from digital
images and their derived soil indices correlate highly with similar measurements
preformed by a field spectrometer. When checked against free iron-oxide content and
against the percentage of fine particles in a sub-sample set of 42 soils, the redness index as
measured by the digital camera gave similar or better correlations than those obtained
from a field spectrometer, against both free iron oxides and fine particle contents (R* of
89% for the iron oxides, and of 81% for the fine particles). We therefore propose the use
of a digital camera as a field analytical tool to determine precisely soil color, iron oxide
and fine particle content in sandy soils of arid and semi-arid environments.

The chlorophyll absorption of biogenic crust is enhanced when wetted (Karnieli et al.,
1999). We have established an empirical relationship between biogenic crust spectral
features of water and chlorophyll absorptions (around 1925nm and 680nm, respectively)
that estimates the content of chlorophyll of a sand sample regardless of its moisture
content (see Figures 13, 14 and Equation 12 in Chapter 8). Thus we measured the
chlorophyll content of biogenic crust in the field at several depths along a vertical micro-

profile in 64 sites (see Chapter 8), and found that the maximum presence of biogenic crust
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was not on the surface, rather immediately below the surface (see also Danin and Nukrian,
1991, and Nukrian, 1988). We have also found that there is a high correlation between the
absorption of chlorophyll on the surface when the sand is wet and dry (R* = 60%; at least
during in spring time; see Figure 12 in Chapter 8). Thus, the presence of biogenic crusts
can be mapped in the field quickly even when the surface is dry using a field spectrometer,
after there has been some rain that activated it.

All these soil characteristics may also be mapped from an airborne- or space-borne
platform (as indeed was performed with respect to iron oxides over the Ashdod Dunes by
Levin, 2002; Ben-Dor et al., 2006); however this option is somewhat limited in stabilizing

dunes due to vegetation cover that might mask the spectral characteristics of the sand.

3. Indicators of dune stabilization at various spatial and temporal scales

3.1 Indicators of dunes’ activity for mobile dunes

When dunes are mobile and without vegetation — their volume changes and annual
movement rates are direct indicators of their mobility. Dune movement rates may be
further transformed into assessments of the amount transport of sand transported annually,
when knowledge on their shape and height and/or width is known (as in Illenberger and
Rust, 1988).

Dune sand becomes redder with time, however its initial degree of redness is also
dependent upon its parent material (Norris, 1969). Changes in the colour of the sand from
white to yellow and then to red, i.e. changes in the amount of free iron oxides thus cannot
be interpreted immediately as changes in the stability of the dune field. Although areas
where sand is more stable may become a little redder as demonstrated in Figure 20 and 22
in Chapter 8, and areas with increased sand mobility may lead to abrasion of the red
coatings of Fe-oxides (Nanson et al., 1992; Bullard et al., 2004), areas of active red sand
dunes are known in Namibia (White et al., 1997) as well as in Australia (Bullard et al.,

2004).
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3.2 Indicators of dune activity in stabilizing dunes

As dunes are starting to stabilize vegetation starts to play a leading role, and can serve as
an indicator for the activity of a dune. Vegetation is a complicated variable to deal with as
it is composed of several types acting on different time scales (Schmidt and Karnieli,
2000): (1) perennial plants that reflect changes on a time scale of years, decades or even
centuries, (2) annual plants that may germinate as a function of the seasonal conditions,
and are present only for a short period of several weeks or months, and (3) biogenic soil
crusts, that are the quickest to respond to environmental changes becoming active upon
wetting. In addition, in arid and semi-arid environments there is a high extent of senescent
plant canopies (standing litter; Asner and Lobell, 2000; Asner and Heidebrecht, 2002).
Regardless of the type of vegetation under consideration, it may be quantified in several
ways, e.g.: (1) absolute cover as measured in the field, (2) relative cover of different plant
species, (3) remotely sensed based vegetation indices, that are related to the health of the
plant, and to the absorption of incoming solar radiation by chlorophyll. One of the
advantages of using vegetation indices calculated from satellite images is in our ability to
examine the influence of vegetation on wind erosion in several spatial scales (as in
chapters 5 and 6).

On a temporal scale of five decades, vegetation cover as estimated from aerial
photographs was indeed an indicator of increased dune stabilization, being negatively
correlated with dune movement (see Figure 4, Chapter 4). Among the various remotely
sensed based vegetation variables, we have shown that often vegetation cover estimates
that are based on aerial photographs are poor predictors of wind erosion when compared
with satellite based indices such as NDVI or SAVI (see Figure 4, Chapter 5). This is
mainly due to the better identification of vegetation when including information from the
infra-red spectral region.

Nonetheless, places with similar values of absolute cover of perennial vegetation may be
undergoing different acolian processes: erosion or deposition (see Figure 3b in Chapter 7).
The relative cover of selected perennial plant species may thus be an indicator not only of
the stability of an area, but also of erosion or deposition as we demonstrated in Chapter 7.
Two species were found to be clear indicators of a stabilized environment, Stipagrostis
lanata, and Retama raetam. Of the species indicating a mobile environment, only one may
be stated as a clear indicator of sand erosion: Silene succulenta, with Cyperus

macrorrhizus coming close to indicate a less mobile erosive environment.
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Figure 1: (a) Logit model of crust presence as a function of absolute changes in sand
level; (b) Logit model of annual plants presence as a function of absolute changes in
sand level.
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The most adapted species to sand burial was found to be as expected Ammophila arenaria,
with Artemisia monosperma also indicating high rates of sand mobility especially when its
relative cover is higher than 80%.

However, when looking for indicators of mobility on a shorter time scale, it would be
more beneficial to use the cover/presence of annual plants or of biogenic soil crust'. Their
correlation with the absolute annual change in sand/erosion deposition as measured in the
field was the highest (73% for the annuals, and 64% for the biogenic crust; see Figure 1
here), as they cannot survive in areas where sand movement is very high.

Annual vegetation cover over a radius of 13 centimeters around each iron rod was
quantitatively estimated twice during spring time, on March 29-30" 2003 and on March
20-21* 2004. In addition, the presence or absence of annual vegetation was recorded in
two additional visits, on January 31%-February 3™ 2003 and on February 28"-March 2™
2003. Thus from all four visits the probability of the occurrence of annual vegetation was
calculated for each iron rod (being either 0%, 25%, 50%, 75% or 100%). For further
analysis of the presence/absence of annual plants, we used an occurrence threshold of
50%. The presence or absence of biogenic crust was estimated visually for each erosion
pin on January 31%-February 3" 2003.

In addition to its role in increasing the aerodynamic surface roughness and lowering wind
speed (except in special cases, i.e. in local tunneling of the wind between bushes),
vegetation also changes the topography of the dunes. In the first stage small nebkhas form,
changing the wind field. Later on, the whole shape of the dune might change, e.g. from
transverse to parabolic (Tsoar and Blumberg, 2002a). As a result of the formation of
nebkhas, when a dune is in a stage where it is semi-mobile, the spatial variability in sand
movement increases and the dune can no longer be regarded as being in a steady state in
which it is maintaining its shape. Autocorrelation is a measure for spatial variability, and it

tends to decrease with the distance from a certain point.

! Annual vegetation cover over a radius of 13 centimeters around each iron rod was quantitatively estimated
twice during spring time, on March 29-30" 2003 and on March 20-21% 2004. In addition, the presence or
absence of annual vegetation was recorded in two additional visits, on January 31¥-February 3 2003 and on
February 28™-March 2 2003. Thus from all four visits the probability of the occurrence of annual
vegetation was calculated for each iron rod (being either 0%, 25%, 50%, 75% or 100%). For further analysis
of the presence/absence of annual plants, we used an occurrence threshold of 50%. The presence or absence

of biogenic crust was estimated visually for each erosion pin on January 31%-February 3™ 2003.

310



311

Discussion

Lag distance (m),

active units
10 100 1000

Distance from the coastline

__N-\NN 7 (DEM)
\_ﬂ 7 (DGPS)
—‘_—\-‘\ Subsurface Rl
-—-_M Surface Rl

Subsurface F

|

Surface Fl

Annuals presence

Annuals cover

Crust presence

Retama rasfam cover

—— Arnmophlla arenaria cover

FPerrenials cover

SAVI January 2000

-_-_'""\.....-..-u MO January 2000

Aerial photographs veq. cover

1111
{

R? (0-1) of autocorrelation values (offset for clarity)

Annual abs change in sand

10 100 1000
Lag distance (m),
all units

Figure 2: R values of autocorrelation of the various variables measured at the erosion
pins, as a function of 15 lag distances of 50m (up to 750m). On the left hand side of the
chart we present the autocorrelation values for all erosion pins (n = 315), and on the
right hand side of the chart, those for the active units (n = 225). RI stands for the
Redness spectral Index indicating the content of free iron oxides, whereas FI stands for
the Fine particles spectral Index, indicating the content of clay and silt.
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High autocorrelation means a low spatial variability. In Figure 2 we can see that the
autocorrelation of different variables is not the same. Generally, the autocorrelation is
lower when all units are included. Notice however that autocorrelation of the elevation
values is very high (with R* > 50%, p < 0.001, in some cases) regardless of the data set
used, and is much higher than that of the NDVI or SAVI. Notice also the very low
autocorrelation in the annual rate of sand erosion/deposition.

The spatial autocorrelation of many variables (e.g. wind speed, sand mobility and
vegetation) increases in the stage when nebkhas form on the dune changing its
topography. Variables whose spatial autocorrelation remains relatively high even at this
stage are those related to the topography and to the red coating of sand grains by iron
oxides. To quantify sand movement in such an environment, requires high resolution data
for both topography and vegetation, such as is available from LIDAR sensors (see Rango
et al., 2000; Woolard and Colby, 2002), or a combination of a very detailed
photogrammteric survey for the DEM creation accompanied with a hyperspectral sensor
for vegetation monitoring.

This may partly explain why topographic variables were weaker predictors of
aerodynamic surface roughness and of the annual rates of sand erosion/deposition, when
compared with vegetation (compare Figures 6 and 8 in Chapter 5, and see also Table 5 in
Chapter 6). It should be noticed that the autocorrelation of the topography as measured by
DGPS was lower than when based on the DEM. We may therefore presume that if we had
a better DEM (e.g. LIDAR based) our predictions of sand movement will be improved.
When only the active units are included, we can see that the soil (sand) characteristics
(especially Redness Index, RI, but also the Fine particles Index, FI) change much slowly
(are more autocorrelated) than vegetation. The influence of spatial resolution on
autocorrelation can also be seen when comparing the higher autocorrelation of the satellite
based indices (SAVI and NDVI) with ground resolution of 30m, with that calculated from
aerial photographs (ground resolution of about 1m), or with the field estimation of
perennial vegetation cover.

The spatial autocorrelation of the annual absolute changes in the sand level at the first lag
distance is relatively low (R* = 21%). Variables with a high spatial autocorrelation are
therefore not expected to be highly correlated with it, as is indeed demonstrated in Figure
3. Notice that the two variables with the highest correlation with sand movement, annuals

and crust presence, have a low value of spatial autocorrelation.
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When sand dunes are further stabilized, the dunes may be not moving anymore, and sand
that is eroded from the wind facing (stoss) slopes of the dune will not reach the dunes’ slip
face anymore but be deposited on nebkhas on the dunes’ crest. Indeed, in the dunes of
Ashdod and Nizzanim only nine out of 90 dunes that were analyzed (the 55 dunes that
were discussed in Chapter 4, and 35 additional dunes in the eastern part of the Ashdod
Dunes park) were still detected as mobile when analyzed using aerial photographs (see
Figure 4). Therefore, in this stage dune movement rate can no longer serve as an indicator

of spatial variability in sand activity.
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Figure 3: The relationship between the spatial autocorrelation of stabilization
indicators (based on the active units, n=225), and their ability to explain the annual
absolute changes in the sand level (based on all units, n=315).

Of the three soil properties that we analyzed using spectral indices (content of iron oxides,
fine particles and presence of biogenic soil crust), the latter two may serve as indicators of
a dunes’ activity. The content of fine particles, deposited as dust, is a recognized indicator
for desertification (McTainsh, 1985). This is expected to increase gradually with time, as a
dune area undergoes weathering processes and more deposition of fine particles during

following dust storms occurs (being kept in place by vegetation after it has been washed
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down by rainfall). The relatively high spatial autocorrelation in the content of fine
particles (see Figure 2 and 3) and its correlation with the content of free iron oxides
(reported in Chapter 2) indicate that it is indeed slowly increasing with the dunes’ age.
However, the relatively high correlation of fine particles with annual sand movement (R
=35%, p <0.001; Figure 3) as well as its higher content in relatively stabilized areas (see

Figures 20 and 22 in Chapter 8) indicate that it also influenced by local changes in
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Figure 4: The percentage of dunes detected as moving using aerial photographs. In this
figure were included 90 dunes between the cities of Ashdod and Nizzanim.

vegetation cover.

This is seen again in Figure 5, from which we can conclude that RI is principally an
indicator of the dunes’ age, as it is the only variable whose correlation with the distance
from the coastline is higher than with the surface stability and with Z,. FI is influenced by
both distance from the coastline (~age) and by surface stability (local conditions). Annual
cover and crust presence are clear indicators of a dunes’ stability, least affected by the
distance from the coastline.

To be able to predict sand erosion rates without field measurements however, one may
rely on a map of predicted Z, values, as presented in Chapter 5. This map was based on

two variables relating to the area upwind of a certain location: the relative height and the
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Soil Adjusted Vegetation Index (SAVI). As the Zy, map was based on wind measurements
performed at a height of 2.5 m, it was influenced by a larger area upwind of the wind
stations than experienced by the erosion pins (200-400m vs. 100m, respectively; compare
Figure 11 in Chapter 5 with Figure 8 in Chapter 6). As reviewed by Wiggs (2001) it is
very difficult to measure shear velocity (u*) for wind flow over dunes, and it is even more
challenging to relate it to sand flux on dune surfaces. Our map of Z, was able to
significantly explain 40% (p < 0.001, n = 230) of the variability in the absolute changes in
sand movement when all erosion pins for which DEM data was available were included,
and 60% of the variability for the erosion pins located on dunes slip faces (p <0.001, n =
27; see Chapter 6, Figure 9). Moreover, 66% of the variability in the predictive map of
absolute yearly changes in sand level (Chapter 6 Figure 8) is explained by the predictive
map of Zy (Chapter 5 Figure 11), on a log-log plot (Chapter 6 Figure 10).

In addition, as both variables of SAVI and relative height are of a relatively medium
resolution, the expected correlation between the Zy map and stabilization indicators was
expected to be lower than those obtained with respect to field measured values of sand
movement. However, this map was still able to explain more than 50% in the variability of
the absolute annual rate of sand erosion/deposition and content of free iron oxides
(subsurface RI) and of fine particles (Surface FI), and annual plant cover, as measured in
the dunes slip faces along the field transects (Figure 5). We thus believe that maps of
surface roughness that will be based on higher resolution datasets (e.g. LIDAR derived
DEMs) will be able to predict even better sand mobility as measured in the field using a
similar approach. In addition, future measurements of Z, should be based on wind
measurements taken at lower heights (of about 0.5 m), that will better reflect the near

surface wind flow that is affecting sand movement.

3.3 The slip face as an indicator of dune stabilization processes

As dune stabilization or re-activation efforts and monitoring programs are budget limited,
it would be of great value to know not only which indicators of dune stabilization are
worth measuring, but also where to do the field sampling. We claim that the most
indicative geomorphologic unit for assessing the stabilization stage of a sand dune is its

slip face.
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Figure 5: The variability in the values of five dune stabilization indicators, as a
function of the surface stability (log of annual absolute change in the sand level), the
log of the distance from the coastline, and the predicted Z, values as of the year 2000.
In this analysis we included two subsets of the data: all active units (n=225), and all the
dune slip faces (n=33).

Over active sand dunes, the slip face is oriented perpendicularly to the direction of sand
moving winds, having an angle of 33° when dry — the angle of repose (Bagnold, 1941). In
all sand dunes, and especially in barchan, transverse and parabolic dunes, the area of the
slip face is quite small relative to the area of the whole dune. In active dunes, the sand that
is eroded from the wind facing slopes, is expected to be deposited on the slip face. This
small area therefore is supposed to receive all the sand that is transported by the wind. In
addition, the vertical changes in the volume of sand will be more pronounced over this
unit (see Figures 3 and 4 in Chapter 6), as here we find the maximum slope on a sand
dune. It is due to these reasons that we found the best correlations between various
indicators of dune stabilization when using only the data subset relating to the slip face.
Indeed, the highest correlations between absolute and net weekly changes in the sand level
and the resultant drift potential (RDP-t) were found at the slip face (R* = 81%, 85%,
respectively; Table 3 in Chapter 6). We also found over the slip face the highest
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correlations between sand movement and the distance from the coastline (Table 4 in
Chapter 6), satellite images derived vegetation indices (Tables 4 and 5 in Chapter 6),
topography (Tables 4 and 5 in Chapter 6), surface aspect (Figure 7, Chapter 6), predicated
values of Z, annuals plants cover, content of iron oxides and of fine particles (Figure 5
here). In addition, the slip face is used to define the dunes’ front when analyzing the
movement rate of sand dunes, as it is the most easily identified unit of a sand dune from
remote sensing imagery, because of its uniform slope of 33°. As a dune further stabilizes
its slip face will gradually lose the steep angle of repose, due to the establishment of
plants, and due to the passage of animals and man.

Thus by carefully monitoring various indicators at the slip faces of sand dunes in a dune

field, spatial patterns of dune activity can be obtained.

4. Physical factors affecting coastal dune activity in space and time

4.1 Temporal variability

Of all the various physical factors that affect the transport of sand and movement of
dunes, wind regime, composed of the winds’ direction and velocity, is clearly the most
direct and important factor (Bagnold, 1941; Tsoar, 2002). These are commonly estimated
using the indices of Drift Potential (DP) devised by Fryberger (1979), as done by Tsoar
and Werner (1998) as well as by Arens et al. (2004). The wind regime may change in
space and in time, due to climate changes (on a temporal scale of decades-centuries), due
to different synoptic systems (on a temporal scale of days-weeks-months), and due to
spatial heterogeneity whether it is natural or caused by human obstructions.

Analyzing dune movement and various climatic factors on a years-decades scale
(chapters 3 and 4) we found that the average dune movement rate between the 1874-1930
was similar to that found in 1950 (about 5.1 m/year; see also Tsoar and Blumberg,
2002a). Based on this it can be presumed that the wind regime did not change
dramatically during the first half of the 20" century. In addition, we did not find any
significant changes in the past 30 years in the sand drift indices that may have caused any
changes in the dunes’ movement rate (Figure 5 and Table 2 in Chapter 4). In this regard it
should be noted that the mesoclimatic change found by Alpert and Mandel (1986) is not
in the wind speed, but in the wind variability. Also for other factors that are known from
the literature to affect dune activity, such as rainfall and evapotranspiration (Lancaster,

1988), aeolian deposition of fine particles (Tsoar and Meller, 1986) and the underground
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water table height (Ranwell, 1972), we did not find any significant changes that may be
related to the observed changes in the dunes’ movement rates (Figure 5 and Table 2 in
Chapter 4). Thus, none of the meteorological and environmental factors that we examined
was able to explain the anomaly in the dune movement rates during the late 1960s-late
1970s or the general declining dune movement trend. Rather, human activities appeared
to responsible to these changes, as will be discussed below.

On a shorter time-scale however, we found a strong relationship between changes in sand
movement and the wind power, as detailed in Chapter 6. Based on the measurements of
sand erosion and deposition that we conducted along four transects between December
2002 — October 2004, we found as expected (Goldsmith et al., 1990; Tsoar, 1990), most
of the sand is moved during the winter storms (Figure 4 Chapter 6) from the south-west
towards the north-east. More than 80% in the variability of sand movement over the
dunes’ slip faces could be explained by the resultant drift potential (Table 3 Chapter 6).
More interesting, and in contrast to Arens et al. (2004) we did not find any indication that
rainfall had any significant influence on the overall transport of sand. We explain this by
the fact that the rainfall over the Israeli coast hardly coincides with sand moving winds,
due to the characteristics of mid-latitude cyclones over Israel (Figure 5 in Chapter 6).
These have a dominant cold front (Alpert and Ziv, 1989), in which the strong winds (that
are able to move sand) are preceding the rainfall. In addition, rainfall in Israel is usually
fragmented, so that winds may dry the sand between rainfall periods and mobilize it.
And, as reported by Jackson and Nordstrom (1998), light rain, resulting in bulk surface
moisture values below 7% are not sufficient to eliminate sand transport.

The rainfall activity, wind speed and the consequent sand movement associated with a
passing cyclone are influenced by the wider synoptic and climatic conditions. Analyzing
monthly time series of rainfall and wind speed along Israel’s southern coastal plain I did
not find any significant trends over the years that may influence changes in the dunes’
movement (Chapter 4 in this thesis). Lionello et al. (2002) have applied a model that
investigated the variations in the cyclonic activity in the Mediterranean Region that would
be produced by the doubling of the CO, atmospheric content; the climate variations
identified by them were not large and the only clear effect of the CO, doubling expected
by their model is the diminished overall cyclonic activity.

We may therefore expect that given no changes in human land-uses (Chapter 4 in this
thesis) the coastal dunes along the coast of Israel will continue their gradual stabilization

process, and remain active only in limited periods during the winter.
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4.2 Spatial variability

As the major factor influencing sand and dune movement is wind power, to understand
spatial variability in the mobility of sand, one should be able to understand the factors
controlling the wind field. We focused our study on two variables that seemed to us as the
major ones: topography and vascular vegetation. Although biological soil crusts have
considerable effect on surface roughness and wind erosion (see Belnap and Gillette,
1998), their presence over the coastal dunes of Ashdod and Nizzanim is generally quite
low (being present in 36% of the 315 erosion pins, but on only 17% of the 225 erosion
pins that were located on active units, and on 12% of the erosion pins located on dune
slip faces) and was therefore not included in our analysis.

As it is quite difficult, if not impossible, to measure the wind speed simultaneously at
many locations across a dune field, we have instead studied the spatial variability in the
aerodynamic surface roughness, Zy. This was calculated from single height wind
measurements following Wieringa (1973, 1986). In addition we have measured actual
sand erosion and deposition using 315 erosion pins along four transects ranging from the
coastline to the dunes’ edge.

We have quantified the influence of vegetation using Landsat derived vegetation indices
(SAVI and NDVI) whereas the influence of topography was estimated using relative
heights. Both variables were calculated at each position with respect to the area upwind
of'it, at various spatial scales ranging from 15-400m.

We have found (Figures 4-8, Chapter 5) the Z, values to be significantly positively
related to SAVI values (R=0.86, p<0.001, for the winter SAVI at an upwind length of
200m, when all stations are included) and negatively related to the relative height (R=-
0.68, p<0.001, for the relative height at an upwind length of 200m-400m, for the inland
dune stations). Using these variables with the same stations we were then able for the first
time to model and create a map of predicted Z, values (Figure 11 in Chapter 5) with an
accuracy higher than 64% (tables 3-4 and Figure 9 in Chapter 5).

Sand erosion and deposition rates were also found to be influenced by the same variables
of vegetation and topography (Tables 4 and 5 in Chapter 6). Whereas in many coastal
dunes studies spatial variability in sand movement is attributed as being related to a
general decrease in wind speed with the distance from the coastline (as in Illenberger and

Rust, 1988), as far as we know this is the first study that has aimed at quantifying the
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effects of topography and vegetation on sand and dune movement across a whole dune
field. In addition we show that although the distance from the coastline is correlated with
Z (Figure 2 Chapter 5), sand movement (Table 4 in Chapter 6) and other indicators of
dune stabilization (Figure 5 here), the correlation of these variables with vegetation or
topography is higher.

Generally we found that spatial vegetation indices were better than relative height in
explaining the variability in Z, and in sand erosion/deposition rates. This is due to the fact
that these are dunes that are stabilizing. As mentioned before, as sand dunes are
becoming less mobile, vegetation cover increases, and nebkha dunes form on them,
capturing sand, increasing surface roughness and reducing sand movement. Whereas on
bare sand dunes no vegetation exists, and the major control on wind velocity and on sand
movement is the dunes’ topography, as vegetation cover increases, it is expected to have
more and more effect on aeolian processes, and to eventually stop sand erosion when
vegetation cover reaches a certain limit (above 45%, according to Wasson and Nanninga,
1986 or above 25% according to Lancaster and Baas, 1998; see also Figure 12 in Chapter
7). As vegetation cover increases, the continuous bare sand dune areas become
increasingly fragmented, further reducing potential sand drift (see map in Figure 8,
Chapter 6). This is important, as sand erosion at a certain location, as well as other
indicators of dune stability (such as annual cover and biogenic soil crust) are influenced
by the characteristics of the area upwind (see Table 5 in Chapter 6; see also Hupy, 2004,
and Lancaster and Baas, 1998).

To improve our estimates of wind erosion and sand mobility based on vegetation indices
and topography improved data sets are needed. As our vegetation indices were based on
medium resolution Landsat images (15-30m) single bushes could not be identified. Also
our digital elevation model was not detailed enough to present nebkha dunes. Indeed, the
spatial autocorrelation of both the DEM and vegetation indices that we used was much
higher than that of sand erosion/deposition rates (or of annual plants cover and biogenic
soil crust; see Figure 2 here) further reducing our ability to quantify spatial variability in
sand movement. In addition, vegetation parameters that influence wind erosion of sand
include not only vegetation cover, but also its height, spacing and frontal area (Lettau,
1969; Dong et al., 2001). These variables can be estimated in the future using LIDAR
sensors mounted on airborne platforms (Rango et al., 2000; de Vries et al., 2003).
Nonetheless, although our map of predicted Z, values was based on medium resolution

maps of vegetation and topography, over the dunes’ slip faces it was able to significantly
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explain more than 50% in the variability of fine particles content and 60% in the
variability of the absolute annual rate of sand erosion/deposition (Figure 5 here, and
Figure 9 in Chapter 6). Such maps can be thus used to predict future changes in

vegetation cover over sand dunes, using available satellite data.

Vegetation cover

Spatial autocorrelation
of sand mobility and
other indicators of
dune stabilization

Sand movement

N

Active Semi-mobile Stabilized

Time

Figure 6: Schematic representation of temporal changes in dunes vegetation cover,
sand movement and spatial autocorrelation as they stabilize.

As the dunes go on stabilizing eventually the autocorrelation of the various stabilization
indicators is expected to increase again in the future once vegetation cover will reach
higher values. This idea is presented schematically in Figure 6. When dunes are active,
their vegetation cover is low, sand mobility high, and spatial autocorrelation is moderate-
low, mainly influenced by the dunes topography and age dependent variables (such as
free iron oxides content). As dune stabilize and vegetation establishes on them, the spatial
autocorrelation becomes very low (for most variables) as the dunes area becomes spotted
with nebkha dunes and plants of varying sizes and phenology, and the dunes themselves
become disconnected one from the other. This off course affects sand mobility that

decreases. Towards the ultimate stages of dune stabilization, vegetation cover may
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surpass values of 40% (and eventually 100% when soil formation processes are more
advanced), thereby limiting all sand mobility, and bringing spatial autocorrelation to its
highest values, as even the dunes topography becomes slowly flattened by erosion

processes induced by rainfall, surface runoff, animal and human activities.

5. The possibility of directing coastal dune processes by changing human
activities

The current phase of coastal dunes started to encroach on the coastal plain of Israel
between the 7™ and 9™ centuries A.D, based on archaeological remains that are covered by
them (Tsoar, 1990). Our estimation of the dunes movement rate between the 1874-1930 of
about 5.1 m/year is further evidence for this, based on the maximum extent of the coastal
dunes, reaching about six kilometers south of Jaffa (see details in Chapter 3). Although
coastal dunes may seem to be a natural ecosystem, some authors attribute this recent
encroachment of sand to processes of soil erosion in Palestine, caused by changes in
human land uses, following the occupation of the area by the Arabs from the hands of the
Byzantine Empire (Reifenberg, 1947, 1950; Rubin, 1989). The harbor of Caesarea, built by
Herod 2,000 years ago, is also given as an example for an impediment of sand movement,
and in consequent, the formation of sand dunes of Caesarea to the south of it (Reifenberg,
1951).

Whether or not human activities or climate changes were behind the formation of these
coastal dunes, it is clear that coastal dunes may be influenced by anthropogenic land-uses.
Although sand dunes may seem as a non fertile area, a special kind of agricultural system
has developed among the dunes, called "Mawasi". In this system the high level of coastal
underground water was used for growing grapes, palm trees and other crops (Tsoar and
Zohar, 1985), shown on various historical maps (e.g. on Jacotin maps of Palestine from
Napoleon's military campaign in 1799, on the Palestine Exploration Fund Survey of
Western Palestine from 1871-1877, and on British Mandate maps from ca. 1930) as well as
mentioned by various travelers and botanists (Guerin, 1868; Warren 1871; Zohary and
Feinbrun, 1941; Ashkenazi, 1947). In addition, local Arab and Bedouin populations living
in nearby villages or in temporary huts were using local vegetation for burning, building
materials, medicinal purposes as well as for grazing (Bailey and Danin, 1981). The

influence of such practices on reducing vegetation cover over the dunes north of the
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Alexander River (Israel) was noticed by Kosovsky et al. (1996) that compared aerial
photographs from 1918 and 1944.

Activities of nomadic populations leading to a decrease in dune vegetation cover and the
re-activation of sand dunes are well known, whether from grazing and trampling by their
livestock and by the direct use of dune plants (in the Negev desert of Israel: Meir and
Tsoar, 1986; in the Rajasthan Desert of India: Kumar and Bhandari, 1993; in Eastern Saudi
Arabia: Barth, 1998), or due to the traditional use of fire as a way of promoting young
grass for cattle (in Australia: Wasson and Nanninga, 1986).

In Chapter 4 we discuss the land use changes that followed the drastic decrease in the
Bedouin population along Israel’s coastal dunes after its establishment in 1948. Thus the
removal nomadic pressure from this area enabled vegetation cover to recover along the
coastal dunes. However, the Bedouins and their livestock were able to return to Israel’s
coastal dunes between the late 1960’s — late 1970’s due to the coincidence of three events:
the nullification of military rule over the Arab population in Israel in 1966, Israel’s
occupation of Sinai and the West Bank areas in 1967, and a severe drought in the northern
Negev Desert In the mid-1970s that encouraged many of the Bedouin to move northwards.
Based on historical archives and government reports from this time we demonstrated that
Bedouins agricultural practices led to a reactivation of the dunes, as measured by the
dunes movement rate and vegetation cover. The establishment of the Green Patrol in 1976
and the changing grazing laws resulted in a decrease in the size of livestock populations
and moved the Bedouin back from central Israel to the Negev, thereby allowing the

vegetation to recover and the dunes to stabilize again.

However, there are other human activities along Israel’s coastal dunes that may lead to
their stabilization or re-activation. Actions taken to stabilize the Ashdod dunes during the
British mandate (1920°s-1940’s; Liphschitz and Biger, 1997) and later by the Jewish
National Fund (JNF; during the early 1960°s), were mostly targeted to the eastern part of
the dunes, and to the creation of a foredune. However, it was found that the invasive tree
Acacia saligna (planted during the 1960’s by the JNF) does not spread spontaneously to
bare sand dunes (Cohen, 2002). Furthermore, stabilization actions can not explain the
reactivation of the dunes, that took place during the late 1960°s — late 1970°s. We therefore
conclude that directed stabilization efforts apparently did not influence the geomorphologic
processes in this area. In areas where sand dunes were blocked behind man-made

obstructions (e.g. buildings), as between the cities of Holon and Rishon le Zion (Peery and
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Dmiel, 1995), this may also be a cause to further dune stabilization. However, in our study
area of the Ashdod Dunes, other than some beach bungalows, the south-westerly storm
winds are unobstructed.

Removal of the protective vegetation cover and consequent sand erosion may be result
from disruption caused by military maneuvers (Al-Dabi et al., 1997) or recreational
activities, such as off-road vehicles (ORVs) and hikers (Curr et al., 2000). However in our
study area (see Chapter 4 as well as results presented in Levin et al., 2003 in the appendix)
it seems that military maneuvers, recreational pedestrian and ORV traffic caused
fragmentation but their intensity was not sufficient to destabilize the dunes, as they tend to
follow fixed lines, and may have even encouraged the establishment of invading Acacia
saligna species in disturbed areas (see Cohen, 2002, for the spatial pattern of the invading
Acacia, and compare with Liddle and Greig-Smith, 1975, and Kutiel et al., 1999, for the
effects of visitors on trails and adjacent vegetation).

According to the morphodynamic classification of Rust and Illenberger (1996), as dunes
become stabilized by vegetation they also become more sensitive and fragile. Thus, active
dunes are more able to retain their character in response to anthropogenic impacts such as
those done by hikers or off road vehicles, as sand moved by the wind will tend to erase
them with sufficient time (depending on the type of impact and annual rates of sand
movement; see also Lemauviel and Roze, 2003). We have shown that over the coastal
dunes of Israel, human activities have had more impact on the stabilization processes than
did climate change in the past 100 years.

In areas where dunes are being stabilized as a result of human actions (whether in purpose
or indirectly), the ecological consequences are now being questioned. In such areas, not
only does the landscape change, populations of sand-living organisms decrease as a result
of the loss of their habitat — shifting sand, and are replaced by other organisms, more
adapted to stabilized dunes (Kutiel et al., 2000). In Israel, this may result with the loss of
species that are endemic to the Israeli coastal dunes. Consequently experiments are being
conducted that aim at reactivating stabilized dunes to restore their ecological values
(Kutiel et al., 2000; Arens et al., 2004). Similar efforts are now starting also in the Ashdod
and Nizzanim Dunes (Tsoar and Blumberg, 2002b). However, as the drift potential of
sand by the wind in Israel is low (Tsoar, 2002) the reactivation of the dunes will most
probably require repeated actions of vegetation removal. These may take the form
removing vegetation by hand, by mechanical means, fire or by grazing. While livestock

grazing was perceived in the past as harmful to nature conservation (the common property
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problem; see Livingstone 1977, 1986), Perevolotsky (1999) claims that the long history of
grazing in the Negev (and in other areas of Israel) converted it into a ‘grazing-
incorporated-system’, and that the grazed state is, in fact, the most ‘natural’ state. It may
be stated that the preservation of sand-living flora and fauna and a landscape of mobile
sand dunes, will be greatly facilitated if grazing by Bedouin herds (or other equivalent
ecological processes) will be reintroduced to that area. How practical is this solution in
Israel’s urbanizing society, in which the Bedouins are moving away from their traditional

agricultural practices, remains to be seen.

Quantifying the relative contribution of human and physical factors to dune activity is
hard to achieve, as human activities are not monitored on a daily basis (as done in
meteorological stations). Some variables regarding human activity over sand dunes may
be quantified using aerial photographs (e.g. density of trails and tracks, see Chapter 4),
whereas others may be retrieved from statistical records (e.g. the size of nomadic
populations and their herds; albeit the uncertainties in such figures) however the type and
intensity of actual activity is hard to assess, unless done in controlled experiments (as in
Lemauviel and Roze, 2003; Kutiel et al., 1999). An alternative which we did not explore
here is the use of logistic regression, to examine the effect of the presence or absence of
human activity on dune parameters. Rather, we followed an approach in which we
examined the changes in both physical and human factors over time with the best data
available, and analyzed these with respect to changes in dune activity. By excluding the
possibility of physical effects on the temporal changes (on a semi-decadal scale) in dune
activity, we were left with the hypothesis of human effects. We then proceeded by
examining them one by one, each time discarding another type of human activity, until
arriving to the conclusion that changes in the presence of Bedouins and their livestock

over the coastal dunes, is the cause to the apparent changes in their activity.

6. Summary of the scientific contributions of the thesis

Throughout the different chapters of this thesis various new methods and approaches for
studying dune dynamics and characteristics that may be applied in other systems were

developed. These include:

e Extraction of topographic variables of active dunes based on shading effects from

passive satellite images (Chapter 1).
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Establishment of quantitative relationships between spectral properties of dune
sand and their content of fine particles, free iron oxides, and biogenic crust

(chapters 2 and 8).

The use of a digital camera to derive the content of fine particles and fre iron

oxides in sand samples (Chapter 2).

A method to calculate dune movement rates from either historical maps or aerial
photographs, using an objective method that takes into account also those parts of

the dunes that did not move (chapters 3 and 4).

The application of directional filters on satellite images and digital elevation
models to model the effects of vegetation and topography on the surface

aerodynamic roughness (Zy) and sand erosion/deposition rates (chapters 5 and 6).

The use of a graphic exploratory data analysis method to unveil the adaptations of

perennial dune plants to sand activity, erosion and deposition (Chapter 7).

The impact of the scale of the analysis on the explanatory power of different

variables was demonstrated using an autocorrelation analysis (in the discussion).

In addition to new methods, in this thesis an assessment and comparison of various

indicators of dune activity/stability was done. The relevance of such indicators depends on

the stage on the dune stabilization/re-activation process:

When dunes are active, variables relating to their topography and movement rates

are the best to quantify dune dynamics.

As dunes start to stabilize, the role of vegetation increases and variables that are
related to it in addition to vegetation cover, such as the percent cover of specific
plant species and the presence of biogenic soil crusts may indicate the level of

stabilization.

As later stages when most of the dune is stabilized, soil properties such as the
content of fine particles may indicated differences in stabilization levels. The
content of free iron oxides was shown to be more dependent on the age of the

dunes, then on their stability.

Last but not least, the role of man in this ecosystem was found to be most significant, with

past activities of nomadic populations held responsible to the dunes previous state of
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activity, and to their current stabilization, due to changes in land use along the coast.
Current human uses of the dunes in this area, for recreation or for military training are

apparently not as intensive and do not hamper further stabilization.
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MITP NI, NT-12 N, OY)

YOP 021 9901 291 NN NVYI DNV TN
TPMYNYN NYION NP XY ,0N¥) PN NN
9N PINNN NN AYONIY MIN NNINY

:TININ NIVNN NN NI T

DYONYN OMPYN DX POYTN PINY ,MUNY - -
DNYN-TITYN MNN DY MIAYONNN TPONNI
PN NYN HY MLOYI

YTNDN , DYPYN) OPDAN NI DININND - -
SV NYPYM DN M D919 NN N1 NNXY
MNYPN NIMDYI) OOYIRM (PT 1IN
NLYA DN IN DIMVN DT HY OMNONI
DYNYN DMPYN DX DI PADN WX ,(MYINN
MIANIN TONNA

9PNNAN MN

NI INIYII NPOINN NNIPTN DY LY 1Y
(MY NYINIY DIAN-5N P2) )OTN PNN NN
YTV (DN HY RNSTN) NN NPN NAPN IPY
23NN NYNN )91 DIDNND IMNNKN PNN PINN YV
NI IPNHN TPNRNN 12 IMND .(Tsoar 1990) N9
AUN NOPYRY TITYUN DXIYN PAY MDINN NLY
M%IN DY) ONY-HITYN MIINI N IPNNI ITNNI
2NN Y130 MITYUR PV NVYN NN 0NN NTYUN
M2IN DY) DN¥) PNY 4 19010 ¥I5N P2INN
IMIN Y127 ONTHY MNINN NN 0N DN
A1 91N NON DRI GNIPYNRD TYY DN

MM

NINTN DY MIAXMNNN THNN NN 0D NN DY
MY HY T NIVTO INIW NN 137970 DY)
NDY YNNI ,PNOM PPN HOYIND D) PN
NYUYI TITUN MIINI P91 SMIY-TNN NN
,1963 1956 ,1944) DOV 12-0 NN NI YDV
,1995 ,1990 ,1987 ,1982 ,1977 ,1974 ,1968 ,1965
ININ MNIINT YINOY NYYI DN MINI (1999
,1972 11968 ,1963 ,1956 ,1949 ,1945) 00V 11-n
MY DN Y (1997 ,1988 ,1982 ,1977 ,1974
NP2 MNP 100-K INNI YVIDY TIN VINNNIND
YY) 102 NIPIN MTIPI 217) PNXR 0N DY
MYNTADIIVN NVOY .(DIXY DNV PN YINOY
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DYMIPN NOINT .(Barth 1998 : n>7yon
M2IN OMTYY DOVIR NYNN MY OMNIN
PITY I9MI) MINA DTN DNNYN NN
NOYN 29 DY TINN MVPNY ONIN (1975
MDY NN NDOND HY G0N MPIN DTN

NN NN DNYY YN 109199 DIVIN DYIn -
T9Y DMNPA DIDIP NIV NNISN ND
Curr et ) MM 7Y NHNDI NPT AN NWND
.(al. 2000

NN DY 0IYY YN 0NN QININ -
,NLYN 792 NP9 IPY NIIINIRN MIYIN
.(Al-Dabi et al.1997) ©TYpN PyDa 12010

MNNN INT YHOY MIVY 1N :0NNY NPV -
.(2000 932 Yw»Y)

NPT DN PN WYY N 19NN TNND N9 -
MIN MPNN DX TNN2Y 9NN NPION NPHN
.(Molina et al. 2001)

DNNY NIPDI) DNINND DN NIVYA PRY NN
N2 D) NI ,(PNN TINT 72 MIN D¥HY
MYIN NYANONNN TINN KY YAWND PN 1NN

.DIM-TITUN

N9 (Almagor et al. 2000) M>2PNN MIWNN 29D
TNY2 HNIY I9ND DINN NPOIDNI OMPY INN
PN Y912) NN DY NNITI) INRN ,PYS NN
NI NN PITY 2D 99N THND) (D1N-NNN

2N HY MY

DYV MY WY TWN ,MDIN 21X NPLIN MDY
91232 11 (2000 72 YPYHY) LTINN NNPNI
)32 DIDNN NNND NN DY MZINN DY NININ
NYNYND NV HY NYLIN MAPYI .INTND ONYIN
DOVYYN NIV YN TN NNMPN 1P Y
Y TPNTI NYOYY DINN NYN (2002 172N )ND)
PN DLW YD N8NDY TN, DMDIN 5YPY NI MY NN
(2002 17210 J112) MAWYN 2IN MNIPTI NOYINN
MZWO 90N ;121812 0NN MNND NN NN 7290
MY 200N DI INNY MND XD MNIN 28"

PNDN DNYI NPT DY NUTIND
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NIN Zo NOWN 29 DIADN : ALY )9 DIAvN -

NOTI MM NPNN 12 NVYN 9 SYN NN NN

5w 197y .(Blumberg and Greeley 1993) DON

AW YR NN MIMINDN YOVIN Zo

2YT) NOWN M9 DIDNY Y35 .MM 91919 DY

MOP NN MIN Y 2NN NN T2 ,INY
ANy

YOOI NMVY DTN IMINN ¢ PT IN NYpYh -
DXNNY HY AN N2 NDIIDY NPT MDD
YPHNN WNN 725 N2 NPT POV, 0P
YW PN .(Tsoar and Moller 1986) max»nin
Chen et al. ) DV My YPIPN TIND NTINY N
INND OXNYY Nav (2002; Zaady et al. 2001
29vN Ny

NINN) M) OINN M OYIN 10N M Phon -

IN NDNRY - DTN MDOYH1 DYPWHRN MNI3

YD NN DY THAY 20N IMND NN DY (MTNN

D) IYANI M) DINN M3 DI .MIN DY NPHN

DWPYA NNONNY INY MPYY NN NINY

WY JUNI) DIINDN DININDY NNPTN PV

NPT Y N (DINNN 72 DY DI DNNNN

NP, TPNA (Ranwell 1972 ;700 %0 Ty) M)

NN PNISTY NAND N2DY DINNN M O3
ACarter 1991) NMIPTN DY MMOYON

NDIDTOIN DN NDTOD N PRI YINA M -
YN NN INPT MINIPN 72 .9NN
.(Wasson and Hyde 1983) 9)nnn 5N npaoxa

DINNDY OMYNN DINND PA 0DTINN THN
279 OOYNN DISNYY NIN ,0MDY/OOMIPN
27WN2 YT DPMN DN DIINNA NI DIIVXN
.(Gabriel and Kreutzwiser 2000) W¥INNND NOY20N
NPDODIVINI NIN NPYHIN NMYION SY O PINN
192 .12>200 YY 1YY NYAYNN NYPNNI) NYINN
DIAYNI MIODA DIINNN DOVNNN DIRINN

SINIPTN MY DY

DOMMY 1 NNNNKN DY NN INN IOYINNND -
NI NN Y DNIOM HYIN \NYa
SWNRD) NPT DY (IMY IN) NYTIND MDY
29y NINH2 ; Meir and Tsoar 1996 :2)2

NMIXN MDD NVINNY 9D, DYyvnm

YO 9NN NN DT MIINIDWIY DIPNHNN
(2001) »2°192 P NT IWPNA ;0NY DT NN
DMPNHRN .NPTIN DIP INKD WINY DMIPYI DNYNN
Y MIAXYNNN 28D YT NNV NNOPY DN O0N
SV MANNN TINN (2001) 9579299 TN MIYTN
YN 290Y TIYA ,00¥aWN NIV YINNN NNTN
NTIPI AN IMNNN DNHYA NNV (2002) 721N
DYNYN DMPYS 1207 112 NI 130 NINY .19NN

NPT DY NYNNN A8p2

DY3VNI MNID1 0XI01N DM 0171 190N
:(PNINN NDY DY D) T2 ANV MIANNN DY

NN MPD MPIN MM 1NN Jown -
MY ANIND N NTNNY MHBIM DHINN NYON
NPONYI DNPIAP ,0XNNSN YWY NOYWN
(NN 5NN X7 DY 1Y) DI
NN 2YNY NVYW NN (1979) Fryberger
Drift ) DP 190 "y 51NN NOND INIXIVID
RDP: ) RDP/DP N0 nyno | (Potential
NPND TN M (Resultant Drift Potential
9pNN1 (Resultant Drift Direction) RDD 900
.D2IYN 2NN MIN MINN P IMNVNY
P2 PNANY DIDINNNDI INNDI YN DV
MKV NINNN NPT DN DMPYPN DININ
.(Tsoar 2002) MYy 1NN NPT DN NIND

DYPYN MNI MINNNM DIYPYNN MmNy -

NNINN MDY NN DA NI NYTRNM NN

mHPNN 0107 NLYN MW ; (Lancaster 1997)

SV NYONN NONNNY NYITIN MIN DY G0N

YW (MIN DY PN M INNT) 2INN M)
T DY NTIV 7290

LTPDINN 129200 DY WOUN NIND : SN "D -
DINY2NN M MPNNII NI DY TIT
MNTN HY NDIDNHDM MIINNN NPYD
.(Danin 1996; Tsoar and Blumberg 2002)

DN DN DIIMNIP DY DI -
NN Y 9NN NDND NX DIPOVPM YPIPN NN
.(Belnap and Gillette 1998)
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PITP N ,NT-12 IN 1M oy
DIAN-IN NVIOIDNN,OTNRN N0 MINNND NNN

9NN YN, INIPTN DY NAONNN TONN A¥PY TI DY WD DHM-TITYN MIINL IV DNRTIP DIPNN
NN KDY YHN DMIPNNRA MINNIN P2 MHNNN-IN MNP NN DY 2NN IN YT YIAP PN NP THN DI DY
9y DOWIANN NN N IINND NNDNA IANIY DMPYN MNINND DITRIW IWN DPYHNMD DPAN DNINY DII0N
MLV MYSHNI .MIAXONNN TPINN DOIYN DMWY NI20N 212700 DIND MYINT HYINND MPYIN
1977-1966 ,mMaN»NN 1966-1948 : PONN DONY DXATYW NYIIY INSNDI MNDTN PNN INDS MNNIY NPTINY

UTIND MIANONN - TPHNY 1977-D) NPT HY NYTIND MY

NN NNINN MDY DIND NYNN 18P DMPYD NN MIAYONND AP HINYN MNYN DX 1I0NY 7 Ky
(PAND MND MNXIY) DINNN M3 DI ,MAIN NN MIN NN, NITNNN ,DOYPYN) DIHY DN ON*2
DININN P NPRND NNRYAI KT (YN NTINN ,NINN ONIN,MIN YNNI DNYTI MNIN) DPYIN DHNININ
NNVTN MY P WP DY DIANND DINMN ,THNND NINTH MDY WNY DMPYN PAY PNIY DOHAN
NYTHN NNPN BY NPT MIAXNNN NDINN TYXD NN DMNTIN HY 1Y) D120 DY IMINNIMN MNONY
NTNND XN NIPTHN OIP INKD 2NN NAYI DMNTIN 11 .0V DMNTIN DX DY DMWY NPDINA N0
VP DY 1977-1966 DNYA NYTNNN IR DNTIN MW .DDINNT NMNNND IWN) MINN DY SWNND \NON
NYNNA NRVIANM DYV NIV 22 IWPRY MM DI NVYY NNNIN NINSIN ONINN HYnnn 51vda
NIYTONIY PNN NN DNYTAN NPT NN DYV NNV N NPITN NN MDY .NNPTN HY NYTIND

LDV TY DOWNI DN DIIINN ANPTN MIAXMNNND Td MIAPYD) MYIN

YA OVIDY , PNXOMDY , MANONN PINN ,DNITL APNON NIVT : ANSH MY

D»N DY DNNY DY ONPPY (2000 51910) NYan
MINDY (2000 SNIMP) MXIN MNIND DIPRMNN
TNPTN DY MANONNN PIONN WM MNI MDY
NINN TTINN DIND SV DYTHN M2 JTIND NN
PHN JINMIN YN DNNNY DON DY HY DNYPY
TNYHNIT NPININD GNN MITHH NNN TY 1 TIIND
DYRINM DMHNNN A¥PY 4PN H¥ MAN . PPN
INYD MNINM INN NN DY M DY N¥INY ONY

TYNN NN PNN NYHI MDIN HY MIANND TONN
,DOIPRN Y DMWPN DY TINDD TWARNDN MIDT
TONN 9995 .OTRD MY NMISD ,YPIpn
5y NIN I POIND NN NPT DY MIAONIN
VYD) PN NN NYWA NMIY ,NNIND NDIIA
IUN DMNNIN DPIPN NDI KV (MDIM
TONN 2NN NYNN 282 N NON DNPMIAPY2

2P NN IND WN TITYUNR MINT WY OMPNN
1995-1945 ©IWN P2 THITYUN MZINI MNYTN NYNN
,2IPN 560 YW NLYA NNISN NDIT DMPYN NN
Y9192) MANYTINN I8P TPNY MNY NNIMP I NN
WY YN OMPNN . (Tsoar and Blumberg 2002 ;2001
1974-1966 DOIWN P2 MIAONNN TONN HY NPIY Iy
172N YD 295 .(N1THN DI DY HNN IWN TONN)
0MNYN NIV NYTNNN MNTN MIANHNN (2002)

241-224 (2003) 58-57 1°99N)2 ©*PN

Tsoar ) NNV DY OMNDIHIN NPWI 0) NN M
7971 .(and Moller 1986; Tsoar and Blumberg 2002
(Tsoar 2002) D»IPN DIDNMI YOI MANHNIN
(1992 »198IN ; 2000 I12) VW) THYNN MY
ND NIDNY IN MIIND 2NN NXAND MIYY IWN

NLINN

DN PYN N2Y NI MDYN Y NNN DD MNND
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0N O¥ND DV NN MIN
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NPT NYNN AP 2IWND NIV, TIORVIT NNONN YYD NNV NIDON - MIPT NN
NN TINNY 1YY DN DIV YINIY DI DIDIP YY DNINDN N9, PNN MDIDINND

TIN MAXMNN DY DN DTTH DY DMDID (2) ;29NN NOND DY NI9INNVM NNINN NYOVN
Y¥97IN TIVNY DMVINDT NIND N AN DN MY DITTHY TD DY NYANM DI NIRNYN
DY DMOYNNY DMDY DD DY N1NA (3) ;MANMNNN TONN R¥NI 12 A5V OXNNI MIANONN

DTN NNPTN DY NPONNN WM DY NYIAND (4) ;NNPTN MIANONN TONN DY DNYOIVN
297"V YT DN ON NAY PP ,MAXNMONN YHNN NVIY INNA NIRNNT TPNNNNININ
Anra

DYIMNNI ,NMY NPNYN DY OPRIPN DIINNX DY DPNX MTTI NNPTI NINID VI 12YIY Tiva
DY2'NNN (MM ROV IN NN NNN IN TP NPYHN NIV NYOYN MIAXONN NNPT 0N
DXNNYY DN DYV TID NDI2I 1T .MANONNN DY NPV NPNNIPNN MOOVNN NN O) PN
DN, 7PN GN DNYYY 10PN NTNIN NIDDA OINNN) T 9IN HYW 511 7Y MNRMNY
MNP NNPTY DY DY NIND,NNPD) DD DY) N YPI DY .OPNTIN DD 12)THN
ONINIVID NINDY INND DT IN DIDN DOYNNNI DX ,NNMINN YW NI0N 7Y WTINHD MDD NPND
NYAN) MYV TIVA .NMIXN DY NIV NININ NIDN WITN ,WoN NN 7Y DIND DY NNON
DXNLVY YV PYWNNIY DI NYNYN NIIY MY DIVYD NI, YIND OYI0N NMIND DY DPND 922
MOINN YNNYI YHYNYND DINRITIN DY DNITN MDIND DNY OITY DY DNIAVN ,NNT DY .0XNINID
LDINITAN DY INPYN OONN DY, TIY OMION DINI) XD D0»N11 DIIIND
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M2AYNN ¥P5NN MW N INRND DIVYN NINNAN YINRD TY MDY P XINI NN NPT
2Y YVNRN XNDA NPNINND NPDANY INXAN IWNR PN THIND YPIPN OWINDIWIDNY DNPYN APY
XY DINNY DY NNYID HHD AUNY DNPYTYY DIXIT MY 72¥2 HYNNY MY XND .MPIN NDINN
MDY 922 1N NIPTNY TID DINN 7PN NVWN N9 HY NDMNT DINNIN DY 1YY ,1»I2) NPYA
MDY NNNAND DYPYADN DN NN DI NON TR ,DI»VNI NLY Y1592 O GoMN N3 XNY
IPTN 1) 27 HNP DMYN DXIVIND DIINND IN DXPN TN VYD, NNPTN NOYINDY NDIND
IUND NIND NN Y DINN DY TININ NNDN ININIDID YPI DY, NINT DI (TYTYNI NDYTHN
.DMINP DPN DIND NN YOND MONDNN NIYO MMM DY DN PR

NINI ,DRNNA .DINWN JNYY DMVIA-NN D1VPIAN DIININNDN NPT DY MIANNNN PONIN DY
DD DMIN,NNPT MNY DY DNV DITTH,PININ NYIN HY MNY MOLIW DN MDY
.DOWAYN DHPIRNND MN N TN DOWYI DNV

IN DTAD PAINNVN MIMINND MYNNNI JIDY MDYIN NTN NN VI YT, MDY 19N NNPT IWND
12 25WH TY DM NPT DY NYNNN 2P ,NNINN MDD NOHYN DY JNOY NYNINN I8P MYNNINI
MNON NIOY OTPNN 20V 51N NYNN YDV DINDN DXPINA ¥ ON D) ,IN YN XD NMVY 1N
N2ION D) TN OMWY-TN NDIX , D12 DXDYIP DY DNINDN TINAI (Y23 NINVANDN) YPIPN
NOYN M9 DY MDD NN DY TYND DNIVY ,PTN NN

SV NPYNNN NNV NN, 1PN NI1T NIDXDIDN MNVD NPNDIDNIDINDIND MTNO Pan

VYN ,NDID VTN DY MINN NN DY NP2 NIVN NN NTHDNRN DTN WHIYD 91D HPTN
,N910 MNTN NVLWN 1252 DYTTIA DIVHINN MNNNN T NTNYDY NP NNT .PTIV MNWN 952
D2 NOYM MINTN MIAXONN OY .NYIY NN TINN 2INN 71372 DD LYND YIND DININN
WM W KDY NYNAIIYPY 2IND MINDN PON ,NOY DINK DIPONY MIVTN WK DY NMIND
DYNYIP INNAN N2 DI NDADY Y, TNNRPT NN NN TN DTN DX YITH DYY T .APINnN
ANNNY NOY MY OMNDY DXNNS DN

NN NN D) TO ON NMYN INNK PANIN MNWN MY INYDI YN MINYN DY NN N9
YD NNDYN DINTN IINN NYAIN TNNRD TININN TPIYNPIVIND DY 1PN . TT0) DN THN YD N2
NPIND YTTI DY IT NNMIYD D212 NI MTN DIN DY NYPYN/NPNDN YASP DY MSINPIVIND
21NN NYOM INNRND ONITDN DXNAXN DTN AVIN TWN YONN NANN DY IR PINOT MNXDTIN

MY HIND NPND NN NIV NNX MIND 1IN DY ,NOLYN 1 DITDNN NYAVI 13T ,NIIN MY NPUYI
NNOY 1N V5N DININN NN .MIN NOYNIY NN PAIMNNVN MINANND DNMNND ¥ NN
TPNNTINY MIND .DMNPD DIV’ YINOY TIN PN MIXNDTN N0 DN TN NMYNNNI

NV JIY RN, PNN OMDIY THON (0N 30) P2 N1 Landsat mnNnTH Hv mvannn
YN VIV (1) : D7) 990N APY NXT .MM 7Y 5IND NYDN DY NLINA NYaWN DX 1N 20
NN N N2I0 NN NNOY IWONM TWN ,INNN DINNY DN DITN-NI9PNN DINNA Y9IVPID

NN NoYNA DITY YT NVLWN NYOVIN NOIYID NTIPIZ NYNINNDN DIND NYONY NTAIVN (2) ;NNIND
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DINN (2) ,NMIN DXWINA PN DI SY IONRDIPNIN YONN MNDIN NINN (1) : 100% D 0% 12 DXV T
MDY MINK (3) 1 ,NNIN DOYIN (AN XINM PNRN) TPYIR-TN NIYD DY HOINDIDINN YONIN NDIIN
DY92)70 DMVLDIVLD DD DY NIYW T NVIY .NMIN DIYINT NDINN DY HOINDININ VINIDN
INSND) DN NY .NIMY NPOIN MD20Y 1HHN 030N DY NHRNNN NI NN PIVND D NIVIN

S¥ M2>20 Sy DOWIANNN DXPHN PN PN PYINI 12THN DM : NIANPNI N0 DY OITYND
TINDN :DIN DY NOYN ¥ 112 MI2220 DY ANMND PN 19IND 7PN TON P10 27,950 Nynn
221070 RPN 0N NPT DY NI NN T DIN NOYN DY DMINNX DIY> NNT DY .1M)IWA
T NAND 7PN DIN NPAPY INP2 ORNIND XYMV PR .OXNNRND 20 5901 80% Y Dyn wain

SY DN DN ,TPYI-TN NIYD 0N OXNNNN 010 80% N TN 0N DXINN D) TN, MIINN

) DN NYID 1PDIN N0 DY NPNN NN DITIYNI INSD) XD DININ INY 0N NYPYN

DN DYOYA DMININ DY TYND OMYY DN NOYIR-THN MIYON DY) DNDYW YONN MDY ONNNA
DIN DY OONM VINN NDI) NNIXN MDIYIN DY DMNNI TINN 57ND .5IN MY NPIAP MY
YTIIN .NLWN 7 DY MNPYN DY DXOIMNN DYDY MNVNN 49% IADNY 1PN 1N (DWW
NPT ININD PYWNRN MDY HY NNONNN IV TIXY AN IV NN NIVY NN INNIPRD
TN JMIN DO99NY IN ANPTN NN AXMY NINON 10 DX P2

DY D) DN ,MIT HY NMANNN DY D1MV-1I1 DINNNN 2N DONN DNPYY D1apna
YPIP NINON WIDY DY NANNN MDD NN PNAD 1IN DY .MIPTN DY 1Y9INN YpIpn mMNona
NPT YVIDY P XININ JOP PR D¥INN NYIY THINRD MMIINOIPY 64 12871 ,NOYN )9 MDINY
NP 2.5 9 5Y PNINI NI TWUNY ,DIVYN IRNDN DY DOYWN NNV IRND AXONND YN TUN
NYI9N ,DINPAN OINIPN DY D¥91NDON MND | 23%IYN 7993 1INV NINDNN IOV . PNNIN
YNINY ,0MONIVPAD DIYSNNI YTTI) NON OWAIND DT72N MXIINM (MOINY VDID) P10 1IN
9 DY MI9NY DN 1D, MIIIND 22292 YTTNIV 290 DINN DY NYPYHNM NYWNN YANPY ONda

QUMY XIN DXNYD P ,9IN 290 DY NPT N2V NNNN 217D N8I MMM O1IPNY OINRNND .NOWN
Y3 27 DY YRIND 11957) NN DXDINON MNIPN DININI NP DX DIPN 21D .M 7Y
W 22.5 DY YSINN 11573) DIN Y NYP NP MY DNA DINTND TN NYDN (17190 DINNDD
OP NND MY DN DX NINI TWNN (DIN 7Y NPIAP DV NIV n7)D 1Ty DV MMpna 17no
YXINNT D¥9NTIN TIDIW R¥D) 19 10D 01PN DY NIIIND NYIND N1 2APY NXDN D3I NNY
DTOYNN NI NTAW (1799 3719 3) MVITN MINN TWURN (17199 37N 22.5) 91971 1IN INY M)
D9 NIRYNI ND DINND DNINWNN MWD TUNI .NOYN )9 MDD DT MINYNI DY NIANNN MPNN DY
NYI) 19 INT DY .91920 MXIIND 11D DY IN PTN 1IN NN DY NLWN 19 DY NN NYIVN
64% W TIYA PN DIIPN NNIYO NNINS N7 XD DX ,NLYN 79 MIIN DOYIVIN DNV

NLYN %9 MDY ,NLYN 29 DY DOVIMIN DMWY 7Y NIADIN 2I9NTIN 1157712 NNVIN
NI 51920 MNINN 11D MNYNIN 17% PN PTD IINN NDIDNT MNWNNI 26% P NPIADN
LN 280 DY DYNITO DDOONN MY NYP NN P YOI TPXPINNIN TONNY PPOND I
OW MION NN DY TWUND [ RXIND IDIN DY IN MPTN D) DY 9N DN



NPNMNAN NNNNN 22 -2 VM 0.008-0.36 1Y ,(NPNINN MIVTD TYY PNN IPK) NPND NINND
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70% 1 AN OXPIADND INYNI (MIN NYYNI VN 100-200 D¥ NMIVI) 9NN NNYA (SAVI

¥ NANN - NPAIMNVN DN NN DI D93 YNON STINN .NNNNN DI NAY Zp 7Y DY NMYNN
YINODN DTN .NIN NYYNI 0N 400 DY NNV NLWN 7 DY YNIINN DAY NN MNNN
NN NN MNWN NN INY 10 PANY T2 Zj 197y DN MY IWANND DApnnv 29 wnn
PN NPT DY DMNINA DIND NYNN MIN

TNIND PTIN 9 31512870 DINN DY NYPYNM NONDN 2ANP NN NPY NN PN 1N DY
DY M2INM X D120 TV 9IND PN IWINYN NN DIOINN .ONY-TITYUN MYINT DXINN NYAIN
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