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Sand dune movements pose potential hazards against various land use activities in Egypt. To avoid or to min-
imize the hazards associated with sand dunes, it is critical to determine their rates and patterns of migration
at high accuracy and over wide spatial coverage. This is, however, a real challenge using field work and tra-
ditional remote sensing approaches. The co-registration of optically sensed images and correlation (COSI-
Corr) complements traditional approaches to provide accurate measurements at wide spatial coverage. Ap-
plying the COSI-Corr technique to two SPOT 4 panchromatic images acquired above North Sinai, we mea-
sured lateral migration of 6.0 to 19.4 m/yr with an average of 7.7 m/yr, and 9.3 to 15.0 m/yr with an
average of 11.9 m/yr for the whole barchans dune areas and a selected sample of barchan dunes, respectively.
We also detected that the lateral movements along the crest lines of linear dunes ranged from 4.0 to 20.1 m/
yr with an average of 6.8 m/yr for the whole area occupied by linear dunes. For a selected linear dune within
the study area, the lateral migration of peaks and saddles along the crest lines ranged from 5.5 to 16.7 m/yr
with an average of 12.4 m/yr. The lateral migration of both barchans dunes and linear dunes showed high
spatial variability. Validation of these results against the previously measured migration rates indicated
high degree of accuracy of the technique. In addition, the displacement field produced from the correlation
indicated that the direction of sand dune movements occurred towards the east and southeast, which is
well aligned with the previously determined sand dune drifting potentials.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

The dynamic of landscapes is controlled by various Earth surface
processes and human activities. One of the dynamic Earth surface pro-
cesses in north Sinai is the aeolian process, which produces vast areas
of sand dunes. Under arid conditions where the evaporation rates ex-
ceed the precipitation rates and the vegetation cover is scarce, sand
dunes move at various rates and directions. Determination of sand
dune migration rates and their spatial variability became a necessity
for the conservation of both natural resources andman-made projects.
Until now, there has been nomature methodology to detect and mea-
sure the movement of sand dunes at fine spatial and temporal resolu-
tions, and over wide spatial coverage (Liu et al., 1997).

Previous researches on the detection and measurement of sand
dune migration in north Sinai have followed two techniques: the
ground-based techniques and the remote sensing-based techniques.
The ground based techniques include linen tape (Misak & ElShazly,
aculty of Social Sciences, Umm
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1982), and steel, iron, plastic rods, and total station along with GPS
(Aql, 2002; Asal, 1999; ElBanna, 2004; ElDessouki, 2000; ElKayali,
1984; Khidr, 2006; Mounir, 1983; Tsoar, 1978). Although these tech-
niques showhigh level of accuracy, they providedmeasurements on lo-
calized sand dunes at monthly or seasonal intervals. Since they rely on
targeted field measurements, these methods inherently lack the capa-
bility to monitor dune migration at wide spatial coverage. In addition,
they are expensive and time consuming. The classical remote sensing
techniques for monitoring sand dune migration are typically carried
out by comparingmulti-temporal aerial photographs or satellite images
(Aql, 2002; ElBanna, 2004; Tsoar, 1978; Tsoar et al., 2004). Unlike field
measurements, remotely sensed data show regular and wide coverage
for analysis andmeasurement. Aerial photographs are, however, expen-
sive, and analyzing themmanually is time consuming. Furthermore, al-
though satellite imagery provides multi-temporal coverage of large
areas at lower cost, the classical definition of sand dune boundaries is
highly affected by satellite geometry, sensor parameters, and illumina-
tion conditions in addition to personal bias through the process of visu-
ally tracing dune boundaries. These challengesmake the determination
of sand dunemovements from satellite images difficult (Liu et al., 1997).
Developing a new technique that fills in the gaps of the previously
mentioned techniques is required.
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Fig. 1. Location map of the study area.
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The Co-registration of Optically Satellite Imagery and Correlation
(COSI-Corr) (Leprince et al., 2007) could be a potential alternative
technique for the detection and the measurement of sand dune mi-
gration. The technique has essentially been developed to detect and
measure the subtle crustal deformation in tectonically active areas
with high level of accuracy (Avouac et al., 2006; Ayoub et al., 2009;
Leprince et al., 2007; Liu et al., 2006; Schiek, 2004; Schiek &
Hurtado, 2006; Van Puymbroeck et al., 2000). Few studies had been
conducted on the dynamics of Earth surface processes using this tech-
nique such as glacier processes (Scherler et al., 2008) and dune move-
ments (Necsoiu et al., 2009; Vermeesch & Drake, 2008). The main
goal of this paper is to apply the COSI-Corr technique using two
SPOT 4 panchromatic images to detect dune displacement at sub-
pixel accuracy, over wide spatial coverage of the northwest Sinai Pen-
insula, and validate the results against previous measurements of
both magnitude and direction of dune movements.

2. Study area

The study area is located in the northwestern corner of the Sinai
Peninsula (Fig. 1). It is bounded from the North by El-Tina Plain and
Lake Bardweel; to the south by the trunk valley of Wadi Gadi and
Fig. 2. Encroachment of sand dunes
Um Khushaib Mountain; to the east by El-Maghara, and Yelleq moun-
tains; and to the west by Suez Canal and Bitter Lake (Fig. 1). The cli-
mate of the study area is typically arid (ElBanna, 2004) where the
rates of evaporation exceed the rates of precipitation, which does
not exceed 28.0 mm yr−1 (Aql, 2002). The annual minimum average
temperature is ~14.0 °C whereas the annual maximum average tem-
perature is ~40.0 °C. The high temperatures and low rainfalls through
most of the year minimize the opportunity for plant cover to grow
over sand dunes in North Sinai, and provide the conditions for the for-
mation and movements of sand dunes (Aql, 2002; ElBanna, 2004;
ElDessouki, 2000).

North Sinai is considered one of the main target areas for lateral
expansion of various development projects. Indeed, 1680 Km2 were
allocated for various agricultural projects. Various infrastructures
were developed such as paved roads and railways networks along
with many artificial irrigation channels. The threat of sand dune en-
croachment against the already established man-made activities had
been documented and reported (Aql, 2002; ElBanna, 2004;
ElDessouki, 2000; Khidr, 2006) (Fig. 2). Although north Sinai repre-
sents a vast field of sand dunes, limited studies have been conducted
on the migration of these dunes, in particular linear dunes that repre-
sent the main aeolian form in north Sinai. It is therefore necessary to
against roads in the study area.
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Table 1
The specifications of the panchromatic level 1A SPOT 4 images used in the study.

SPOT 4 Date Spatial
resolution

Viewing
angle

Sun
elevation

Cloud
cover

Master image May 25, 2007 10.0 8.6 71.4° 0.0
Slave image Jan. 14, 2008 10.0 8.6 34.1° 0.0
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develop a methodology to map sand dune dynamics in north Sinai at
high level of accuracy and over wide spatial coverage to define the
safe corridors and patches that sustain these projects and their
infrastructures.

3. Methodology

The COSI-Corr (Coregistration of Optically Sensed Images and
Correlation, Leprince et al., 2007) technique was used in this re-
search to detect and measure sand dune movement. Two SPOT 4
L1A Panchromatic images at 10 m ground resolution were acquired
to conduct the COSI-Corr technique: the master image was acquired
in May 2007, and the slave image in January 2008. These two im-
ages have low and similar incidence angles to minimize stereoscopic
effects (Michel and Avouac, 2002; Schiek, 2004; Van Puymbroeck et
al., 2000). The technical specifications of these images are provided
in Table 1. The pre-processing step involved ortho-rectification and
co-registration processes of the May 2007 and January 2008 images.
The ortho-rectification started by careful selection of the tie points
between a previously ortho-rectified image and a slave image (the
raw image). The tie points were selected at the intersection
Fig. 3. The main steps of produci
between road and stream networks available in the study. These
tie points were then converted into GCP's, and eventually optimized
using the reference image, a free sinks SRTM DEM (90 m spatial res-
olution). The COSI-Corr Fourier correlation engine was used to cor-
relate the first ortho-rectified image (May 2007) with the second
ortho-rectified image (January 2008). Various frequency correlator
engine parameters were tested. The best result in our case was
obtained using the frequency correlation with window sizes 32-to-
16 pixels and a shifting step with size of 2 pixels. The correlation
process produced a horizontal displacement image composed of
three components: east–west, north–south, and signal-to-noise
ratio (SNR) (Fig. 3). Various decorrelation measurements are repre-
sented in the produced correlation image, and represented either by
low, null, or extreme±unphysical measurements in the correlation
images. The decorrelation measurements represented 0.14% of the
entire image. These values are associated with various noise sources
such as alluvions and/or the topographic shadowing differences,
eroded hills, and alluvial deposits along with the mountainous
areas. The outliers outside the range of ±20 m were discarded and
remaining values were denoised using the Non-Local Means filter
(Buades et al., 2008; User's Guide to COSI-Corr, 2009). The statistics
of the filtered correlation image indicated a Gaussian distribution
(Fig. 3), and the mean values of pixel displacement in both the
east–west and the north–south images are 5.6 cm and 32.1 cm re-
spectively with a common average of 18.8 cm. This average indicat-
ed that a registration better than 1/50 of the nominal spatial
resolution of the used images was performed. Both the east–west
and north–south displacement components were used following
the approach presented by Necsoiu et al. (2009) to calculate the
ng the displacement images.
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Fig. 4. The various morphologic units overlain on the calculated net annual displacement image along with a graph showing the frequency of pixel displacement of each unit. Boxes
represent the studied dune fields in Figs. 6, 7, and 10.
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net pixel displacement in the study area through the 229 days.
These values were scaled to 365 days to derive the annual net
pixel displacements. In addition, both the east–west and the
north–south components of the displacement were used to produce
2-D vector displacement field. In addition, a two-day field work was
carried out to support the results of the technique.
Barchanoid dune

Interdune area

Fig. 5. Barchanoid and linear du
4. Results and discussion

4.1. Spatial distribution against pixel displacement

Aeolian landforms aremajormorphologic components in north Sinai,
and comprise a variety of sand dunes including barchans, transverse, and
Linear dune

Interdune area

nes against interdune area.
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Table 3
The average migration rates of linear dunes as recorded from the previous studies.

Authors Technique LMLD (m/yr) EMLD (m/yr) LOLD (m/yr)

Tsoar (1978) Field technique 6.0 14.5 8.4
Remote sensing – – 7.5

Tsoar, 1983 Field technique – 14.7 8.2
Asal (1999) Field technique 6.0 13.0 –

Field technique 4.5 8.5 –

ElDessouki (2000) Field technique – 10.0 –

ElBanna (2004) Field technique 0.7 and 2.0 2.3 and 13.0 –

Remote sensing – – 10.9
Tsoar et al. (2004) Remote sensing 3.8–5.8 – –

Field technique 6.1–7.5 – –

Khidr (2006) 10.6 27.0 –

LMLD, Lateral movements of linear dunes; EMLD, Elongation movements of linear
dunes;
LOLD, Longitudinal movements of linear dunes.

55E. Hermas et al. / Remote Sensing of Environment 121 (2012) 51–60
linear dunes. As an arid region, the linear dunes dominate (Tsoar, 1978)
which represent the majority of the aeolian landforms in the study area
(Fig. 4). To the east, and next to the mountainous regions where one di-
rectional wind prevail, the barchans and transverse dunes dominate
(Fig. 4). Barchan dunes occur either as scattered dunes or coalesced to-
gether forming the barchanoid dunes as a transitional step to be linear
dunes (Aql, 2002; Bagnlod, 1941; ElBanna, 2004; ElDessouki, 2000;
Khidr, 2006; Tsoar, 1984, 1989) (Fig. 5).Most of these dunes, in particular
the linear dunes, occur as longitudinal belts overlying the older sand
sheets that occupy the interdune areas (Fig. 5). The interdune areas are
undulating low topographic surfaces that are represented by streaked
and deflated sand sheets (Khalaf et al., 1998), and trend, in most of the
cases, in the NW–SE direction. The spatial distribution and pattern of
both the dune and the interdune areas are characterized by the spatial
variability of the magnitude of the calculated net annual pixel displace-
ments (Fig. 4). The interdune areas are generally considered stable
lands that do not show tangible movements whereas the various forms
of sand dunes move at variable rates and in various directions. This is
demonstrated by the relative spatial variability of the pixel displacement
values of both sand dune and interdune areas (Fig. 4). The pixel displace-
ment of the entire areas occupied by sand dunes range from4.0 to 20.0 m
with an average of 6.6 m whereas the pixel displacements of the inter-
dune areas are in the order of 0.0 to 4.0 with a net average of 2.4 m.
Along with the dune and interdune areas, other morphologic units are
represented in the study area which are the eroded hills, mountainous
areas, and alluvial deposits in the east of the study area. In the southwest,
some urban areas are represented aswell. The pixel displacements of the
eroded hills range from 0.0 to 19.4 mwith a net average of 3.3 m (Fig. 4).
The pixel displacement values of the alluvial deposits ranged from 0.0 to
20.1 mwith a net average 4.0 m. In themountainous areas, the pixel dis-
placements ranged from 0.0 to 20.1 m with an average of 5.5 m. Finally,
the values of the pixel displacements of the urban areas located in the
southwest range from 0.0 to 20.0 m with an average of 4.1 m. Studying
the distribution of pixel displacements for the various morphologic
(Fig. 4) indicated that the mean of all the morphologic units is highly af-
fected by the high noise values at the right end of the graph. These values
may be inherited from the different sources noise from the images. How-
ever, the pixel displacement values of the calculated net annual image
provided a reasonable estimation of the magnitude and direction of
dune displacements in the study area as it is shown in the next sections.

4.2. Magnitude of sand dunes' movements

The migration rates of different dune forms at different locations
in north Sinai were measured using various techniques (Tables 2
and 3). Some of these measurements were carried out on dunes in-
side the study area; however, the majority is located outside the
study area especially in the southern reaches of the coastal area of
north Sinai (ElKayali, 1984; Misak & ElShazly, 1982; Mounir, 1983;
Tsoar, 1974). As a result of their small sizes and their high rates of mi-
gration (Khidr, 2006), the majority of the measurements were
Table 2
The average migration rates of barchan dunes as recorded in the previous works.

Authors Dune type Technique LMBD (m/yr)

Tsoar (1974) Barchan Field techniques 8.6
Misak and ElShazly (1982) Barchan Linen tape 13.3
Mounir (1983) Barchan Wood and steel posts 13.8
ElKayali (1984) Barchan Steel and wood rods 17.3
Asal (1999) Barchan Steel posts 4.0
ElBanna (1999) Barchan Field techniques 13.5
Hereher (2000) Barchan Wilson model 1972 8.8
Aql (2002) Barchan Steel posts 13.4
ElBanna (2004) Barchan Total station 3.5

Barchans Remote sensing 3.6

LMBD, Lateral migration of barchan dunes.
conducted on barchan dunes using field techniques. Very limited
studies were carried out using remote sensing.

Tsoar (1974) used field techniques to measure the migration rates
of three crescentic dunes of different heights at El-Arish region along
the Mediterranean coast. The migration rates of these barchans dunes
vary from 6.16, 6.42, to 13.08 m/yr with an average of 8.6 m/yr. Misak
and ElShazly (1982) used the linen tape at El-Arish area and estimat-
ed a migration rate of a barchans dune over nine months to be
13.3 m/yr. Mounir (1983) studied fourteen barchan dunes south the
Mediterranean coast (north Sinai) through a three months time peri-
od (January–March 1983) and estimated migration rates in the order
of 0.9 to 6.0 m with an average of 13.8 m/yr. ElKayali (1984) mea-
sured the migration rates at Bir Al Musama (north Sinai) over nine
months time period for a two sets of barchans dunes: a set of small
sizes and another set of relatively large sizes. The small set of the bar-
chans dunes migrates at a rate of 16.0 m/yr whereas the migration
rate of the large barchans dunes was 10.0 m/yr with an average of
17.3 m/yr. Asal (1999) studied two barchan dunes at El Sadat area
(north Sinai) using field technique, and estimated a migration rate
ranging from 6.0 to7.0 m/yr for the small one and 1.5 m/yr for the
larger one with an average of 4.0 m/yr. Aql (2002) established wood
posts on a barchans dune west of the study area and measured the
movement of dune each three months through the time period June
2001 to June 2002. The rate of the recorded movements was
13.4 m/yr. ElBanna (2004) used the total station and steel posts to
measure the migration rate of a barchans dune just beside the study
area. The measurements were carried out monthly and estimated a
migration rate of 3.5 m/yr. In addition to the various types of field
techniques, Hereher (2000) used the Wilson Model (1972) to mea-
sure the advance rate of seven barchans dunes: some inside the
study area and other outside the study area. The estimated rates of
movements ranged from 5.6 to 13.3 m/yr with an average of 8.8 m/
yr. ElBanna (2004) compared an aerial photograph acquired in 1958
with a LandSat TM image acquired in 1998 to measure the displace-
ment of a number of barchan dunes located northwest of the study
area. He estimated migration rates of barchans dunes in the order of
1.1 m/yr to 6.8 m/yr. Table (2) demonstrated a wide range of migra-
tion rates which vary from 3.5 to 17.3 m/yr with a net average of
~10.0 m/yr. The wide range of the previously measured migration
rates may be attributed to the different locations of the targeted
dunes, size of the dunes, the spatial variability of wind magnitudes,
the length of measurement period, and time interval of measurement
(monthly or seasonally), along with the conduction of different tech-
niques. In the study area, barchan dunes are located west of the
mountain regime (Fig. 4).

Pixel displacements of the whole area occupied by dunes are on
the order of 6.0 to 19.4 m/yr with a net average of 7.7 m/yr. Fig. (6I)
represents a selected field of barchans dunes which differentiates



Fig. 6. The net lateral pixel displacement of a selected barchans dune field (I), lateral A–B profile along a selected barchans dunes, and validation against the previous measurements.
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clearly the barchan dunes from the interdune areas where the high
values of pixel displacement are associated with dunes areas whereas
the low displacements values are associated with the interdune areas.
The spatial variability of the migration rates among barchan dunes
and their characterization from the interdune areas are shown over
a 2.6 km long transect (Fig. 6II); a result that is supported by the
recorded high spatial variability of the migration rates from the previ-
ous studies on the barchans dunes in north Sinai (Table 2). From the
selected sample in Fig. (6II), the lateral migration of the dune crest
varies from 9.3 to 15.0 m/yr with an average of 11.9 m/yr. Both the
net pixel displacement of the entire areas occupied by barchan
dunes and the pixel displacement of the selected field of barchan
dunes were plotted against the previously measured migration rates
in north Sinai (Fig. 6III). This figure indicates that the migration
rates calculated by the current technique are located within the
range of the previously measured migration rates of barchan dunes.
However, the current technique allows to measure, on a pixel-wise
scale, the migration rates over wider spatial coverage. In addition to
the migration characteristics of the barchans dunes, particular em-
phasis had been paid to the movements of the linear dunes.

Linear dunes are formed in response to a bi-directional wind re-
gime (Tsoar, 1978; Tsoar, 1983; Tsoar et al., 2004). Both wind regime
encounter the linear seif dune at an acute angle, and results in erosion
on the windward side. On the leeward side, winds are deflected to
form eddies, and allow not only deposition on this side but also ero-
sion as a result of moving sand grains parallel to the crest lines



Fig. 7. The net lateral pixel displacement of a selected linear dune field (I), lateral A–B profile along different linear dunes, and longitudinal profile of a selected linear dune.
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(Madigan, 1946; Tsoar, 1978, 1983; Tsoar et al., 2004). This process
minimizes or prevents the lateral movements of the whole linear
dunes. Because the two winds are not uniform in their incidence an-
gles and magnitudes, peaks and saddles are formed along the crest
line of the linear dunes (Tsoar, 1978, 1983; Tsoar et al., 2004).
Under the influence of this process, the peaks and saddles are dis-
placed along the alignment of the linear dune. At the end of the linear
dune, a slip-face is formed that allows the deposition process to dom-
inate, and eventually elongation of the linear dune takes place (Tsoar,
1978). Accordingly, the linear dunes are characterized by a complicat-
ed set of movements which are the extension of the dune (elonga-
tion), longitudinal displacement of the summits (peak and saddles),
and transverse shift in response to the transverse component of the
crosswinds (Bagnlod, 1941). In a desert environment like Egypt, the
linear dunes are dominant (Breed et al., 1979; Tsoar, 1978). However,
limited studies have been carried out on the migration rates of the
linear dunes in Egypt as a whole (Embabi, 2004), and in Sinai
Peninsula in particular (ElBanna, 2004; Khidr, 2006). Table (3) pre-
sents the previous studies that were carried out on linear dunes in
north Sinai Peninsula. Except for ElBanna (2004) who made a com-
parison between an aerial photograph acquired in 1958 and a LandSat
ETM image acquired in 1998, all the previous measurements were
carried out either on a single or two linear dune(s) in north Sinai.
The majority of these measurements had been carried out on the lat-
eral movements of the crest line and the elongation of the linear
dunes whereas a limited number of measurements were carried out
on the longitudinal displacements of the peaks and saddles of the lin-
ear dunes (Table 3). The lateral movements along the crest lines of
the linear dunes ranged from 0.7 to 10.6 m/yr with an average of
5.2 m/yr. The elongation of the studied dunes ranged from 2.3 to
27.0 m/yr with an average of 12.9 m/yr whereas the longitudinal dis-
placement of peaks and saddles of these dunes ranged from 7.5 to
10.9 m/yr with an average of 8.8 m/yr. The wide range of these mea-
surements may be attributed to the different locations of the studied

image of Fig.�7


Fig. 8. Validation of pixel displacement of the linear dunes against the lateral measurements of the previously studied linear dunes. Asal, 1999 and ElBanna, 2004 (A and B) means
two different dunes, Tsoar et al., 2004 (A and B) refers two measurements at two time intervals for the same linear dunes.
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dunes and the various techniques used in the measurements, along
with the time interval of monitoring.

Unlike field techniques and the fine resolution aerial photographs
used in the previous studies (Tsoar, 1978; Tsoar et al., 2004), the
SPOT 4 imageswith spatial resolution of 10.0 m used in this study can-
not help identify the precise locations of dune ends. Accordingly, de-
termination of elongation movements at the end of the linear dunes
would be hard. However, the lateral displacements along crest lines
could be recognized and measured using these images (Fig. 7). From
this perspective, themajority of themeasured pixel displacements ex-
press the lateral displacements of the peaks and saddles along the
crest lines of the linear dunes. The values of the lateral pixel displace-
ments of the linear dunes in entire area of study are in the order of 4.2
to 20.10 m/yrwith a net average of 6.8 m/yr. However, these displace-
ments vary from a linear dune to another, and along the crest lines of
each linear dune as well. Two profiles were made in a selected area of
linear dunes (Fig. 7I): one across different linear dunes (Fig. 7II) and
another one along a selected linear dune (Fig. 7III). The first profile
passes through a number of peaks and saddles of different dunes
and the interdune areas over a whole distance of 250 m whereas the
Fig. 9. Sand dunes drifting potential in nort
second profile passes through all the peaks and saddles of 200.0 m
long linear dune. The first profile shows high oscillation of pixel dis-
placements not only between dunes and the interdune areas but
also between peaks (P) and saddles (S) of different dunes. The high
displacements are associated with the peaks and saddles whereas
the low displacements are associated with the interdune areas. The
pixel displacement of the peaks of the different linear dunes range
from 12.0 to 15.5 m/yr with an average of 13.4 m/yr whereas the
pixel displacements of the saddles are on the order of 11.0 to
16.0 m/yr with an average of 13.0 m/yr (Fig. 7II). The second profile
reveals an additional characteristic of the lateral movements of the
linear dunes where the lateral pixel displacements significantly varies
among peaks and saddles along the same linear dune (Fig. 7III). The
range of these displacements is on the order of 5.5 to more than
16.7 m/yr with an average of 12.4 m/yr. This wide range expresses
high variability of the lateral movements of the peaks and saddles
along the crest line of the same linear dune. This aspect had been
recorded by Tsoar (1978), Tsoar (1983), Tsoar et al. (2004), Asal
(1999), ElBanna (2004), and Khidr (2006). The saddles are longer,
and move relatively faster than the peaks. The pixel displacement of
h Sinai; modified after ElBanna (2004).
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Fig. 10. the vector displacement field displayed over the calculated net pixel displacement image.
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saddles along the studied linear dune (Fig. 7III) ranged from 12.0 to
14.8 m/yr with an average of 13.1 m/yr whereas the lateral pixel dis-
placement of the peaks ranged from 5.5 to 16.7 m/yr with an average
of 11.6 m/yr (Fig. 7III). Validation of the measured lateral movement
of the linear dunes of the whole studied area (net lateral migration)
and the selected profile against the previouslymeasured lateral move-
ments of linear dunes in north Sinai is given in Fig. (8). The figure in-
dicates that the estimated lateral movements of the linear dunes by
the COSI-Corr technique are comparable to the estimated values of
the previous studies. Given that the linear dunes are characterized
by considerable lengths extending hundreds or thousands of meters,
and may be thousands of kilometers (Bagnlod, 1941; King, 1960;
Twidale, 1972;Wilson, 1972) making field measurements impossible,
the current technique is a potential alternative to provide accurate
measurements of a large fields of linear dunes.

4.3. Direction of sand dune movements

North Sinai belongs to complex wind systems. Most of the previous
works that have been carried out on sand dune movements in north
Sinai analyzed wind parameters that control sand dune formation and
movements such as direction and magnitude (Aql, 2002; Asal, 1999;
ElBanna, 2004; ElDessouki, 2000; Hereher, 2000; Khidr, 2006) using
the meteorological stations. Wind direction and wind speed are the
main characteristics that control the aeolian processes. The dominant
wind directions in the study area are the northwestern, northern, and
northeastern directions. They vary slightly from season to season. Wind
speed is an important characteristic that initiates the aeolian processes.
ElBanna (2004) applied Zenda et al. (1988) model to identify the rela-
tionship between the effective wind velocity (threshold) and the grain
size diameter. Applying this relationship, ElBanna (2004) concluded
that the effective wind speed that can entrain and carry the dominant
grain size of the study area is 4.0 m s−1 (7.8 knots h−1). As the dominant
wind speed is higher than this value (ElBanna, 2004), the study area re-
ceives high percentages of the effective winds that can entrain and carry
sands. The percentages of the effective winds vary seasonally
(ElDessouki, 2000). It increases in summer (~50%) and spring (~46%)
and decreases in autumn (~40%) and winter (~25%). In addition,
ElBanna (2004) and Hereher (2000) calculated the sand dune drifting
potential seasonally and annually. Both concluded that the movement
of sand occurs in the southeast and east directions (Fig. 9) in response
to the dominant stronger winds blowing from the northwest and west.
These conclusions are highly related to the result of the estimated dis-
placement fields from the current technique.

One of the outcomes from the sub-pixel correlation technique is the
vector displacement field that determines the direction of pixel displace-
ment. The vector displacement field was produced by combing both the
east–west and the north–south displacement components. Each arrow

image of Fig.�10
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comprises an arc segment where its length is an indicator of the amount
of movement, and the head of the arrow refers to the direction of move-
ment. The lengths of the arrows are longer over the dunes and shorter
over the interdune areas (Fig. 10I and II). The direction of the arrows in-
dicates that the direction of pixel displacements occur in the southeast-
ern to the eastern directions which is consistent with the direction of
wind regime and the calculated sand dune drifting potential.

5. Conclusion

Unlike the traditional techniques using field measurements and
remote sensing, the sub-pixel correlation technique can provide mea-
surements of sand dune movement over wider spatial coverage at
high accuracy. Applying this technique, it was possible to identify
three spatial characteristics of sand dunes in the studied areas
which are the spatial distribution of sand dunes relative to other mor-
phologic units in the study area, the magnitude of the migration rates,
and the direction of these migrations. The technique had differentiat-
ed well between the movable sand dune areas and the stable interdu-
nal areas. The magnitude of the lateral migration and directions of
both barchan and linear dunes were estimated and validated against
the previously measured migration rates and directions. The valida-
tion indicated that the results of the current technique are highly
comparable with the previous results. However, the current tech-
nique has the privilege of providing the lateral migration rates and di-
rections over wide spatial coverage which allows studying the spatial
variability of dune migration. This information is especially valuable
when monitoring the linear dunes, which could extend for long dis-
tances and that represent a real challenge to field techniques. Given
these aspects, the sub-pixel correlation of satellite imagery is consid-
ered a new perspective to study sand dune hazards in north Sinai. The
determination of the rates and direction of sand dune migration over
wide spatial coverage and at sub-pixel accuracy can help define the
road segments that are under potential risk of dune migration. In ad-
dition, alternative safe corridors for specific time scale can be defined.
However, these issues could be extended using the results of this
study through other research activities.
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