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THE DYNAMICS OF LONGITUDINAL DUNES

by
Haim Tsoar

I. TINTRODUCTION

1.1 Outline of Subject Matter

A glance at the sand deserts of the world reveals a large morphological
variation of sand dunes which we are accustomed to see as two main types:
transverse and longitudinal, according to the orientation of the dunes in
relation to the wind. It is surprising that this classification of the
dunes in the desert is made without any available data about the wind, and
that it is based more on intuition than on simple scientific facts,

There is an extensive terminology for longitudinal dunes relating to
changes in the form of the dune and to its geographic location, for
example: sand ridge, parallel ridge, uruq, arq, irq, draa, seif chain,
linear dune, oblique ridge, silk, sigmoidal dune, etc. Cooke and warren(1)
write that now in dune literature it is usual to think of a longitudinal
dune as one which is generally straight and very elongated with a sharp
crest line. From this description comes the term 'seif' (a sword in Arabic),
which is common in North Africa. Accordingly, it is suggested that trans-
verse and longitudinal dunes are differentiated according to their profile
- longitudinal dunes have a symmetrical and sharp profile, and transverse
dunes have an asymmetrical profile and a flat crest line(2), 1In addition,
observations carried out in the Sahara, Arabian and Australian Deserts
indicate that longitudinal dunes, which are not disturbed by vegetation,
reveal a few additional morphological characteristics in common.

a) The dune meanders and does not continue in a straight line.

b) The crest-line rises and falls; i.e. there are peaks and saddles along
the dune,

c) The distances between one dune and another are nearly equal.

The dimensions of longitudinal dunes change from one place to another,
their length varying from a few hundred meters to a few hundred kilometers.
Their height varies from 5 to 50 meters and their width, in relation to
their height, from tens of meters to more than a hundred meters.

Longitudinal dunes are the most widespread dunes in the large sand
deserts of the world(3): Saharan Desert(A), Arabian Desert (5) and
Australian Desert (6) (In the United States, where the extent of sand desert
is small, longitudinal dunes are not common). It seems that the meteoro-
logical conditions of these major deserts are more favorable to the creation




of longitudinal than transverse dunes. The dynamics of the latter is
rather simple and clear, that of the former more complicated and less
clear.

1.2 Previous Theories and Approaches in the Study of Longitudinal Sand
Dunes

While the relatively simple mechanism of movement of the transverse
dunes has been researched and studied even quantitatively(7)(8 , the
understanding of the dynamics and morphology of longitudinal dunes is still
controversial and enveloped in obscurity., A researcher of longitudinal
dunes is faced with several difficulties, the main one being the inacces-
sibility of those sand deserts in which longitudinal dunes are found in
their full development., Fully-developed transverse dunes, on the other
hand, are 50 be found even along the sandy coastal plains of humid
climates(9 .

Those researchers who have dealt with longitudinal dunes had to
explain certain facts related to the morphology and to the distribution
of these dunes. For example: ;

1) the nearly equal distances between one dune and another,

2) the lengths of the dune to distances of up to tens or even hundreds
of kilometers,

3) the meandering of the dunes,

4) the relationship between the wind and the movement of the dune.

None of the researchers tried to explain all of the above phenomena.

The fact that the longitudinal dunes stretch out in straight lines
for great distances in the Sahara, Arabian and Australian deserts caused
several researchers to believe that the dunes are erosional and not
depositional forms in origin. Aufrere(10) was the first to claim that
longitudinal dunes are residual relief features created as a result of
a longitudinal erosion that created the depressions, the '"gassi" between
the dunes. This approach, developed by King(ll) in Australia, who
assumed that during the Pleistocene, before the present erosional era,
there were fluvial conditions which caused flood plains and lakes to
receive a great amount of detritus sediment. In the following dry
period, the wind shaped the detritus covering to form sand ridges: thus
it is not necessary, according to this theory, to explain the shifting
sands in order to explain the longitudinal ridges which continue for
hundreds of kilometers. Melton(1Z) called this type of dune a "wind
drift dune," and they were created, according to his opinion, by strong
winds which blew in a permanent direction. Verstappen ,» who observed
fixed dunes in Pakistan, came to the conclusion that in a former humid
period, parabolic dunes were formed, which created the linear lines of
the longitudinal dunes. Connection between two lines of dunes, known
as "tuning fork", he sees as a parabolic dune. Folk (14) pelieves that




longitudinal dunes are essentially erosional and therefore do not pile up
to great thickness; barchans and transverse dunes are according to him
depositional forms and are able to build to great thicknesses by climbing
one on top of the other.

In contrast to the view that favors the "wind drift" dune we can
claim that a thick, sandy plain cannot remain flat for a great length of
time, and that such plains are not found today in arid or semi-arid areas.
Mabbutt and Sullivan(15) did not find any relationship between the dunes
and the sub-aeolian surface in the Simpson Desert, and also did not find
any sign of a fluvial core. Wopfner and Twidale(iG) also doubted King's
findings(ll) about the Australian Desert. The fact that we find longitu-
dinal dunes with an internal aeolian structure(17) proves beyond all
doubt that the dune has an aeolian origin.

Among the researchers who agree that the longitudinal dunes are
depositional forms differences of opinion arise as to the nature of the
prevailing winds that cause them, Bagnold(7) believes that in order for
a longitudinal dune to develop a diagonally blowing storm wind is necessary
in addition to a prevailing wind, that the longitudinal dune will form
from the horn of a barchan, and will continue parallel to the resultant
of both winds. A similar conclusion was reached by Cooper 9) about
coastal longitudinal dunes in Oregon, by McKee and Tibbitts(17) and
smith(18) about the 'seif' dunes in libya, and by Wopfner and Twidale (16)
of dunes in the Simpson Desert in Australia,

In contradiction to this view, most researchers believe that longitu-
dinal dunes form parallel to storm winds. Hanna presents proof of
this from various sources and from all the sandy areas of the world.
Folk(14) is of the opinion that the orientation of the dunes is parallel
to one dominant wind and that occasional crosswinds only cause the summit
to be asymmetrical.

Wwilson(20) claims that a uni-directional wind creates both longitudi- f
nal and transverse dunes. In his opinion the type of dune is determined
by the secondary wind currents 21), wWarren does not agree with the
explanation that sees the dune orientation determined by the direction of
the resultant yearly wind. He found in the 'erg' of Algeria and Libya
two clear arrangements of 'seifs' that were crossed by sharp angles.

Most of the supporters of the opinion that the longitudinal dunes are
caused by a uni-directional wind believe that the wind develops through a i
helicoidal flow movements which is the cause of many of their aforemen-
tioned characteristics. This opinion was first developed by Bagnold(23),
who suggested that helicoidal flow was caused by differential heating of
the surface of the sandy areas. As proof of this he presents the
parallelism between the resultant summer wind and the directions of the
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longitudinal dunes in Egypt. Hanna(lg), who tried to give a better-based
meteorological explanation to the phenomenon of helicoidal flow, based his
conclusions on the research done on the formation of cloud streaks in the
atmosphere at an altitude of several kilometers. He assumes that the
conditions of the formation of flows are the most common in the latitudes

of the trade winds and concludes that proof of the validity of this hypo-
thesis will come once experiments will be conducted to follow the movements
of weather bolloons above the Sahara or any other great desert. Experiments
with weather balloons that were conducted in Idaho(24) showed helicoidal
flow at an average altitude of 2000 meters above the ground. The balloons
indicated the existence of helicoidal flows which did not move in a constant
direction, as would be expected of flows which are allegedly the cause of a
stable dune alignment.

Glennie(25) believes that the helicoidal flow is formed by the
preasure gradient caused by the resistance of the dune to the wind.
Folk(14) believes that this flow is the cause of the "tuning~-fork" form
common in the longitudinal dunes of Australia. Mabbutt et al.
explained, with the help of this flow, the asymmetry of the longitudinal
dunes in Australia. Folk(27) created a pattern similar to longitudinal
dunes with the aid of grease spread on a layer of glass upon which a
cylinder was rolled.

All these opinions which claim that longitudinal dunes are a product
of helicoidal circulation in the atmosphere are based mainly on the
intuition of the researchers, and not on a sound theoretical basis or on
actual measurements in the field

Wilson(Zl) developed the view that sees seeendary-flows- as the morpho-
logical shaping factor of the dune types. He sees-leagitudinal dunes as
the creations of double longitudinal helicoidal flows. The creation of
transverse flows causes transverse dunes, in his opinion. A combination of
transverse and longitudinal flows will lead to diagonal or meandering forms.
Wilson did not observe these currents in the desert and he assumes their
existence on the basis of experiments with ripples in water done by Allen(29)
Wilson(30) is not certain if the secondary currents existed before the
development of the dunes or if they came into being after the dunes
developed. Cooke and Warren(l) believe, basing themselves on Wilson, that
the oblique dune shapes are universal. They see the lengthening of the
barchan arm as an oblique growth caused by helicoidal flow on the lee flank.

Twidale(3l) claims a different development of the longitudinal dunes
in Australia, which start from the lee flank of the lunettes or foredunes
on the borders of the playas. The wind that blows from the playas out-
wards changes direction after hitting the foredune, and as a result of
this the blown sand concentrates in elongated lines, and a longitudinal
dune is formed which lengthens along the direction of the wind.




It seems that the effort on the part of most researchers to explain
the longitudinal dune as an extension parallel to the storm wind is
derived from the fact that the dune extends in one direction and that it
is difficult to explain its elongation by winds not blowing in their
direction of movement.

In summation, we see that there are many theories about the phenomenon
of longitudinal dunes. The lack of unity in these opinions of their
origin, dynamics and morphology derives from the fact that these opinions
were fre uentl formed after only a simple trip to one of the sandy
seas(32)?33)(2 or were based only on aerial photographs(l9). The con~
clusions were reached by intuition according to the impression that the
longitudinal dunes made on the researcher. In other studies, tests were
made of only one asEect of the longitudinal dunes, for examgle, their
internal structure( or an analysis of their grain size (1 We suggest
that a research, in which a comprehensive examination and analysis is made
of all aspects, including dynamics, morphology, sedimentology and meteo-
rology, it is more likely to reach well founded conclusions on the forma-
tion, morphology and dynamics of the longitudinal dunes.

1.3 Aim of the Present Work and Its Application

The aim of this project is to study all the dynamic processes at
work on longitudinal dunes. Research of this sort demands understanding
both of the morphology of the longitudinal dunes and of the mutual rela-
tions between the dune morphology and their dynamics. Study of the
mechanism of movement and advance of the longitudinal dunes, and inter-
pretation of the processes which build them, will validate or disprove
one of the existing theories on this subject (especially the theory of
helicoidal flow) or it will suggest a completely different mechanism.

The results of this study may be important for the understanding of
the dynamics of sand fields as a background to sand stabilization and
reclamation work, as well as to the understanding of other dune types,
especially mega-dunes (draa), which are built from segments with profiles
identical to those of longitudinal dunes, and upon which the same
processes are working as on longitudinal dunes.

With the aid of the data and the results of this work it will be
possible to define better fossilized aeolian deposits which originated
from longitudinal dunes, and to understand more fully the paleogeography
of the era when they were deposited.

The results of this work are important also to the understanding of
aeolian and meteorological %rogfggﬁs that take place on Mars. From the
pictures taken by Mariner 9 3 and Viking 1(36) it was shown that
large portions of the Martian surface are covered with sand dunes very

e e e o e——ow




similar to the dunes found upon earth. Before we come to any conclusions
about the aeolian processes which take place on the surface of Mars we
should know more about these same processes in the deserts of the earth.

The subject of this paper is composed of two parts, The first part

is concerned with the question: - how is the first shape of the longitudinal
| dune formed? The second part is concerned with the development and

preservation of longitudinal dunes after its formation. The answer to the
first question will have to be speculative, since there is no possibility,
in a short period in the field, of observing the formation of a longitu-
dinal one. Therefore, the results of this research will be concerned with
the mechanism of movement and advance of the longitudinal dune after the
typical elongated shape has formed. In any case, with the results of this
research, it will be possible to understand and study the factors that
created the first longitudinal form.

This research project does not intend to solve all the problems
relating to sand dunes in general or to longitudinal dunes in particular.
The subject is too complicated and too wide to be solved by one research
project. However, the results and conclusions of this work can give
partial answers, or can solve some of the central problems, and can be
used as a background and springboard for further work in the field.

1.4 Research Method and Approach ] i

The method used in this research project is to study one longitudinal
dune using a combination of meteorological, micrometeorological, dynamic,
geomorphological and sedimentological measurements. Each particular aspect
will be summarized independently, and finally on integration of all the
results will provide an overall picture that will make it possible to i
build a model of the advancing mechanism valid for the longitudinal dune. i

The research methods are the following, to be described in detail in f
each chapter.

a) Wind measurement. Both macro and micro-measurements were used; the
| former to study the prevailing wind regime in the research area, the
latter to record changes in wind direction and magnitude of eddies that
are formed as the result of the encounter of wind with the body of the
dune.

b) Grain size measurements. Characteristic parameters were determined
on samples of sand from different parts of the dunes, and their dynamic
significance was chacked.

c¢) Tracers. The sand movement was “traced with the aid of sand marked
[ with fluorescent dye, and the results were analysed with the help of the
general wind data.




d) Internal structure. The make-up of the internal structure was determined
by digging of sections and samplings of 'peels' with the aid of cementing
polymers. The results indicate locations where sand is deposited or eroded.

e) Rate of advance. Measurements were carried out in the field with the
help of pegs positioned at the beginning of the research project and also
by aerial photographs.

f) Cross section. A study of changes in the profile of the dune in
different seasons and of the declinations of the flanks was carried out
with the aid of a level and a staff.

1.5 Selection and Description of Research Area

The research was carried out on a typical longitudinal dune in the
south of Israel in the Negev. This particular dune was chosen for several
reasons:

a) This is a typical longitudinal dune (see Fig. 1.1) which we find in
abundance in the large sand seas of the world. The proof of the univer-
sality of this type of dune can be seen in its appearance in many places
in the world, such as: the 'Chech' erg in Algeria(37); the Simpson Desert
in Australia(38)(39); the Arabian Desert(Ao); the libyan Desert(17)(21);
the Tenérée Desert in §{§§S(41)(42). A similar type of dune is also found
on the planet Mars (36 .

b) The dune is situated on an alluvial plain and the interdune area is
bare of sand so that the aeolian action takes place on a longitudinal
strip of sand, and therefore complications are avoided which could other-
wise be caused by the formation of other structures in the interdune area.

c) The dune is short, its length is 1) kilometers. This facilitates the
continuing investigation of various sections of the dune from the beginning
to the end.

d) There is easy access to the dune for the vehicle carrying the research
equipment.

The amount of rain in the area averages about 60-70 millimeters a
year, with about ten days of rain yearly in general.

The meagre flora in the area, mostly of perennial shrubs, is limited
to the base of the dune and to the interdune areas, in which there are
thin sand strips lying on an alluvial plain.

1.6 Description of the Dune Selected for Investigation

The dune (Fig. 1.1) continues for 1500 meters and starts from a low,
flat, sandy strip, without any slip-faces. This strip, which is 3 kilo-
meters long, is built of bi-modal sand with a coarse mode that is not
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Fig. 1.1

An aerial photograph of the dune as of Nov. 27, 1970.
indicate the reference point along the dune.
(By courtesy of Survey of Israel, Tel Aviv).
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Fig. 1.2 Grain size distribution for the seif dune crest, zibar crest and
zibar flank.

found in dune sand (Fig. 1.2). Similar sand strigs are common on exiensive
plains in the sandy deserts of the world. Holm(40) described such sand
strips in Rub Al Khali in Arabia and he called them by their native name
"zibar'". He points out that the "zibars'" create hard sandy surfaces which
permit the passage of vehicles. The term "zibar" appears again in Warren(“!
and in Wilson(44) in a similar description of coarse bi-modal sand strips.
It can be assumed that the various descriptions of coarse bi-modal sand by
McKee and Tibbits (17) and Folk(45) refer to the "zibar". Also, the
undulating sand plain in Australia(6), and the 'Whaleback' in the Libvan
nesert(32§ are similar to the descriptions of the "zibar". Fig., 1.3 of

the Tenére Desert in Niger shows a longitudinal dune that begins from
"zibar" strips, similar to the dune under investigation (Fig. 1.1). Therc-
fore it is possible to conclude that the "zibar" is frequently a source of
origin of the longitudinal dune.

The dune begins from the "zibar" developing a sharp profile typical
of a longitudinal dune., It meanders at nearly equal intervals, and peaks
and saddles are found along its span; the peaks are always found on its
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Fig. 1.3 Aerial photograph of zibar and longitudinal dunes in the Tenére
desert (Niger).

Fig. 1.4 The '"tear drop" from of the longitudinal dune.
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convex section facing south, and the saddles on the concave section facing
south (see Figs. 1.1 & 1.5)., The dune is divided into asymmetrical sec-
tions, where each section stretches from one saddle to another. The peak
is found at the end of each section and there the deflection begins at the
crest line and continues in the direction of the nearest saddle. The
length of each section of the dune is 175 meters. This typical appearance
of the longitudinal dune, as seen from a side view (Fig, 1.4), is called
by Bagnold%7) (plate 12b) 'tear drop' and was also observed by Madigan(39)
in the Australian longitudinal dunes.

The "zibar" can reach a height of 4-5 meters above the interdune

plain. The dune peaks reach to 12-14 meters and the saddles to 5-8 meters.

Fig. 1.5 shows the dune in schematic form from an oblique view from above
and from the side. The "zibar', the crest line, the peaks and saddles and
all the deflection points, which exist where the crest line meanders, can
be distinguished. The deflection points are identified with the peaks and
saddles. Between the deflection point situated at the peak, and the de-
flection point situated at the saddle, we find the meandering area of the
dune which is characterized by a slope whose height decreases toward the
saddle.

At the beginning of the research project reference points were fixed
along the dunes and were marked by pegs. The reference points were placed
at the peaks and saddles of the dune sections as they existed at that
time. Each point was marked by 4 pegs placed in the interdune area, on
both sides of the dune and perpendicular to it. The dune is situated
along a line whose direction is 110°-290° and the pegs at a line whose
direction is 20°-200°, All in all, 19 points fixed (Fig. 1.1); point
No. 1 is situated in the "zibar'" area and point No. 19 at the point where
the dune ended at that time., The pegs permit cross-sectioning of the dune
profile along well-defined lines, study of various sections along the
dune, and a follow-up of the rate of advance in various sections of the
dune.
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Big. 1.5 Sketch of longitudinal dune drawn from an oblique and side

view.
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II. WIND REGIME IN THE RESEARCH AREA

2.1 Instrumentation

The wind regime in the research area was studied with the aid of an
automatic wind recorder of the Woelfle type, which registers the wind-run
per hour and its direction. The instrument is operated with cups and a
vane (see Fig, 2.1) and a chart strip (moved by a clock mechanism) for a
period of 31 consecutive days. The instrument is capable of recording
wind velocity at magnitudes from 0.5 to 60 meters/second. It cannot be
used for micrometeorological measurements. The data which it furnishes
gives an accurate picture only of the general wind regime. Therefore the
data was used as background material and as an aid in the analysis of the
results of the dynamic measurements, such as micrometeorological wind
measurements and tracing of sand shifts on the dune with fluorescent
markings.

The instrument is fixed on a pole at a height of 3% meters above
the crest of the dune at point No. 2, situated on the transition from the
zibar to the dune (Fig. 1.1). The instrument is at a height of about 11
meters above the interdune plane. It was assumed that at this height the
influence of the dune structure on the wind is at a minimum.

2,2 Processing of the Data

The wind chart recorder is
which transfers the data on the
processing, through a computer,
reading and direction for every
velocity reading per hour is up

interpreted with the aid of the digitizer,
chart directly to punch cards. A further
gives average values of the wind velocity
hour. The accuracy of the average wind

to 1/10 meter/second and the direction is
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within 10°. The results appear on tables that represent the percentage L
of wind frequency at an interval of 10° in direction and of 2 meters/ '
second in velocity, which starts from 6 meters/second (which is the
threshold velocity - see the following) and up to 16 meters/second (a
velocity that is very rare in the research area). The tables are
arranged in the following manner for a two year period (Appendix 1) and
for different seasons (Appendices 2, 3, 4, 5). A definition of the
seasons follows: Fall - the period between September 16th and November
30th; Winter, from December lst to March 15th; Spring, from March 16th to
June 15th; Summer, from June 16th to September 15th.

Calculations were made for each table for the following parameters:
(1) hourly vector mean wind velocity and direction; (2) degree of wind

constancy. The calculations are according to Brooks and Carruthers (46)
1 2 2
VR . [(ZVN) + (ZVE) ]




where:

VR = hourly vector mean wind velocity;

N = number of vectors;

VE : VN = north and east vector components of the wind.

These components are calculated:

VN = V cos o

VE = V sin a
where:

V = wind velncity

a = the direction (in degrees) from which the wind blows.

The hourly vector mean wind direction is calculated according to the
following formula:

tan§ = ZVE /i ZVN
6 = arctan IVp / DA
where:
8 = the hourly vector mean wind direction.

The degree of wind constancy is calculated according to the following
formula:

q = 100 VR/VS
where:
q = degree of constancy in percentage;
VS = sgcalar mean wind velocity. It is calculated: VS = % V.

Vg>Vp except when the wind blows all the time from the same direction.

. The level of constancy is zero when the wind blows at an equal frequency
and speed from all directions, and is 100% when the wind blows all the
time, from only one direction.

2.3 Threshold Velocity of the Dune Sand

The threshold velocity of the dune sand is important in the analysis
of the general wind regime. Wind velocities below the threshold must be
ignored and attention paid only to those velocities above the threshold.
The threshold velocity estimation cannot be unequivocable since each grain




-

e

size has its own threshold velocity and the threshold velocity changes with
the height of the dune. Another problem arises because of the fact that we
find a range of sand grains on the dune, so that a small grain, which 1is
moved directly by the wind, manages, by its movement, to move a lar§er grain
of sand, its threshold velocity not yet being reached by the wind (47),

The threshold velocity of the sand can be determined by two methods:

(a) A theoretical calculation according to Bagnold's(7) formula:

- ,’ Gosil) 2
Vt 5 754 p gd log £

where:

Vt = threshold velocity measured at height z
A = coefficient (=0.1)

o = density of sand grains (=2.65)

5 = density of the alr (=1.22 x 10°%)

d = diameter of the grains

k = degree of surface irregularity (=d/30)

The two unknown factors in the above formula, the diameter of the
grains and the height at which the wind is measured, are the two determining
factors that have already been mentioned. Fig. 2.2 presents the threshoid
velocity for the various grains and levels of the dune, as they were
calculated for the wind recorder. The common size group of the sand of
the dune is 1% = 3 ¢ so we can determine that the sand movement starts
at a velocity of 6 meters/second, especially at the crests, and absolute
movement of the sands will be at a velocity of 9 meters/second.

(b) Another possibility to determine the threshold velocity is based on
field observations during the beginning of sand storms. Sixteen observa-
tions that were carried out during the research period showed that sand
movement, on the highest crests of the dune, begins at a wind velocity of
6 meters/second. At wind velocity of 7 meters/second movement was notited
also at lower levels of the dune, and at a velocity of 9 meters/second
there was general movement at all levels of the dune.

From this aspect there is a complete correlation between the calculated
and the observed data. Fig. 2,2 shows that coarse grains have relatively
significant differences in the value of the threshold velocity between low
elevations close to the ground and above 6 meters in height. This pheno-
menon is caused by the quick rise with height of the velocity of the high
wind necessary to move large sand particles., We can understand, according
to the above, why sand dune made up of large sand grains such as the zibar
are always low and flat,
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‘Fig. 2.1 The wind recorder.
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Fig. 2.2 Values of threshold velocities (Vt) of different grain sizes

(in ¢ units) on different heights (Z) of a dune that is 10
meters high.
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In summation, the value of 6 meters/second can be considered the lower
limit of the threshold velocity of the wind which influences dune sand.
Therefore, consideration of the wind regime which influence dune sand will
be for velocities above 6 meters/second.

2.4 Effective Wind

The aim of the study of the wind in the present research is to get a
clear picture of the amount of energy exerted by winds from various direc-
tions on both sides of the dune. This can be expressed according to the
sand flow., Hsu(48) claims that the flow of aeolian sand increases according
to third power of wind velocity. Therefore we can learn the total effect
of the wind in its various velocities by calculating for each hourly wind
velocity the number of hours at a velocity of 6 meters/second that would
do the same amount of work.

For each wind direction, the calculation has been done according to
the equation:

fv3
Ty = Z[e’}
where:s
T(6) = The hours of the effective wind (equivalent to 6 meters/second)
in a certain direction.
\Y = Hourly mean wind velocity.

This calculation gives us the hypothetic wind regime at a megnitude
of 6 meters/second only that would do the same amount of work as the real
wind regime. The effective wind regime enables us to discern the wind
directions responsible for most of the work on the dune (Appendixes 1-5;
Tables 2.1, 2.2; Flgs. 2.3=2.7).

2,5 Results and Discussion

All results are contained in appendixes 1-5, Tables 2.1, 2.2, and
Figs. 2.3-2.7. The wind was above the threshold velocity only one quarter
of the time in all seasons and periods.

In the summer 857 of the effective winds come from sectors between
320° to 360°, where the most modal sector was 340°-350° (Appendix 3. Fig.
2,3). These were sea breezes which blow regularly every day during the
early afternoon to the evening. Since the synoptic situation is the summer
is uniform the degree of constancy of the summer winds is highest and
reaches 94%. The intensity of the winds in the summer is relatively lower
and only rarely rises above the velocity of 10 meters/second.
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Fig. 2.3 Circular diagram of the effective summer wind directions (per-
centage). Dashed line indicates the dune axis.

Fig. 2.4 Circular diagram of the effective Fig. 2.5 Circular diagram of the effective
winter wind directions (percentage). 'fall wind directions (percentage).
Dashed line indicates the dune axis. Dashed line indicates the dune axis.
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Table 2.2 Percentage of effective wind from various sectors

Sector (Southerly) |(Northerly) | (Easterly)
Period 180° to 290°(290° to 40° |40° to 180°
Two
years 1973 44,1 49.4 6.5
1974
Winter
1972/73
1973/74 77.9 25! 9.9
1974/75
Summer 1973
1974 250 97.9 0.1
1975
Spring 1973
1974 24,7 72 4 2.9
1975
Fall
1973
1974 31.4 56.8 150

In the winter 807 of the effective winds come fron the sector between
170°-260° when the modal sector is 190°-200° (Appendix 2, Fig. 2.4).
Winter winds are connected with the synoptic situation which brings
barometric depression to the Middle East. Southern Israel, in this
period, gets winds from S to W directions. Changes in the depressions
and their movement brings changes in wind direction. Therefore, the
degree of wind constancy in the winter is lower than in the summer and
reaches 577 (compare Fig. 2.3 with Fig. 2.4). 7% of the effective winds
in the winter come from the directions 320°-360°, which is the direction_
of the sea breezes, The magnitude of the wind in the winter is higher
than that in the summer and reaches 16 meters/second and more.

In the transitional seasons (Fall & Spring) the winds come from the
two sectors which typify summer and winter (Appendixes 4,5; Figs. 2.5.
2.6). The modal sector of the effective winds in these seasons is in the
direction 340°-350°, which is the dominant direction of sea breezes.
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Fig. 2.6

Fig. 2.7

Circular diagram of the effective spring wind directions (per-
centage). Dashed line indicates the dune axis.

\ \
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|

Circular diagram of the effective annual wind directions (per-
centage). Dashed line indicates the dune axis.
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A summary of the effective winds for the years 1973 and 1974 shows
that the longitudinal dune is under a bi-directional wind regime (Appendix
1; Fig. 2.7). The dune stretches between the two dominant wind directions,
where there is a deviation of 24° between the spread of the dune (290°)
and the hourly vector mean wind direction (Table 2.1). The effective
winds, which come from the northern sector of the dune (290°-40°) are of a
5% higher frequency than those which come from the southern sector (180°-
290°) (Table 2.2). The winds from the northern sector come from a narrow
range of directions (Fig. 2.7) relative to those from the southern sector.
This is expressed even in the high degree of constancy in the summer. 1In
addition the mode of the summer winds (340°-350°) is at an angle of 50°-60°
to the axis of the dune, and on the other hand the mode of the winter winds
(200°-190°) is at an angle of 90°-100° to the dune axis.

From the above data and facts one can come to the conclusion that the
winds which blow from the northern sector influence the dune more than
those from the southern sector. It is worth mentioning that the percentage
of the effective winds which blow in the direction of the spread of the
dune (290°-110°) is almost zero. Therefore it is clear that the longitu-
dinal dune is not a product of a uni-directional wind.
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I1II. MICROMETEOROLOGICAL WIND MEASUREMENTS
3.1 Introduction

The dune, as a structure situated in the path of wind advancement,
causes disturbances in the flow of the wind and the formation of eddies;
the eddies are important in the formation and shaping of sedimentary
structures

Measurements of changes in the magnitude and direction of the wind
in the leeward flank were done mostly on transverse dunes 50) . No work
has been done on longitudinal dunes. The wind recorder (Fig. 2.1) furnished
data on the general wind regime. In order to obtain data on the changes
in direction and magnitude of the wind near the dune ground level, where
the actual sand movement occurs, micrometeorological instrumentation is
necessary.

3.2 Instrumentation

The micrometeorological measurements of wind magnitude were done with
the aid of cup anemometers. The instrument used was the RIMCO Miniature
Cup Anemometer (product of Rauchfuss, Australia). This instrument contains
6 cups which are capable of measuring the wind run simultaneously. Fig. 3.1
represents the anemometers on one of the dune flanks. The five anemometers
in Fig. 3.1 are attached to a pole 8 centimeters above the ground (the cups
themselves are at a height of 16 centimeters above the ground) and they are
connected by cables (Fig. 3.2) to a junction box from which a multi-cord
cable leads to the control box where the recording meters are situated
(Fig. 3.1).

The instrument is operated on the Reed Switch Principle(SI) and it
has properties which fulfill the requirements of micrometeorological
measurements. The instrument was developed by E.F. Bradley of C.S.I.R.O.
in Canberra, Australia, as an anemometer system for use near the ground,
mostly for Agricultural meteorology. Bradley(z) gives technical details
and lists the advantages of this instrument.

An estimation of the wind direction, simultaneously with the measure-
ments of wind magnitude, was made by means of little flags that were set
on the measured area at the anemometer height. Observations of the changes
in wind direction and localization of the eddies were done with smoke
candles with a burning time of one to two minutes.

3.3 Results of Anemometer Measurements

3.3.1 Introduction

There are two types of measurements: those done across the dune,
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Fig. 3.1 The RIMCO Miniature-Cup Anemometers across the dune flank.
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Fig. 3.2 Close view of an anemometer.
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where changes in magnitude were measured across one flank or two flanks
together; and measurements that were done along the length of the dune on
one of the flanks. By these measurements it is possible to observe changes
in magnitude at various points along the dune.

All the results of the measurements appear in Appendixes 6-13, and
also in Table 3.2 and in Figs. 3.3-3.12 below. In the Figs. the anemometers
location and the flags are seen in a cross section, or on a map (where
there was measurement along the dune). The cross-sections in Figs. 3.3-
3.9 represent parts of the cross-sections that were done with the aid of
a level. The whole cross-sections from which the parts were taken appear
in Appendixes 14-17. Fig. 3.13 represents the average direction of the
wind on both dune flanks, for the measurements presented by Figs. 3.3-3.9.

Under the cross-section or the map are graphs which present the wind
magnitude at the various measurement points. Each measurement unit
covered a time of ten seconds to one minute. The average hourly wind
magnitude, measured by a wind-recorder at the time of measurement, is
also represented in this way. Beneath the wind magnitude graphs are graphs
of the wind direction, which was measured simultaneously by flags. The
general wind direction and the maximum interval of gusts are presented
here, as they were measured at the same time by the wind-recorder.

3.3.2 Cross Profile Measurements

These measurements were done on a number of cross-sections at various
points of the dune (Fig. 1.1) and during varied wind conditions and the
results can be divided accordingly.

Figs. 3.3, 3.4 show the measurement results on the lee flank. The
conspicuous phenomena in all these measurements are the sharp fall in
velocity from the crest to a distance of 2-3 meters down the lee flank,
and afterwards a slight rise in velocity for the remainder of the flank.

The rate of the drop in velocity on the lee flank, for a distance of
2-3 meters from the crest line, is not uniform and is dependent on a few
factors which we will discuss below, The average rates of drop of the
velocity are between 2.6-5.3 meters/second.

The rate of rise in wind magnitude, for the length of the lee slope
(after the drop at a distance of 2-3 meters from the crest) is much smaller
than the rate of decrease and amounts to an average of 1.2 meters/second
at a distance of 6.9 meters from the crest in Fig. 3.3, and to 0.7 meters/
second on the average at a distance of 6 meters from the crest in Fig. 3.4.

The results of the direction measurements, with the aid of the flags.
showed that in every case there are significant differences (on the level
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of 0.01) between the wind direction at the crest and at the lee flank.

The change in direction has one trand parallel to the crest line.

This

is demonstrated by Table 3.1 where in all cases represented there,

(A-D) > (B-D). On the lee flank there are no significant differences (on
the level of 0.05) between the directions measured on the upper part of
the flank.

Table 3.1 Wind Direction Data on the Crest and on the Lee Flank

Point [Average wind |Average wind|Difference be-|Distance be-{Angle between
direction on|direction at|tween average |tween mea- |crest line [D]
No. |[the crest a point on |[wind direction|surement and wind di-
(in degrees) |the lee on the crest point on the|rection (in
flank (in and at a point|lee €lank degrees)
degrees) on the lee flank and the dune lee
(in degrees) crest (in cres flank
[A] [B] [la-B[] meters) (fasnl1 | |B-pl)
18 17 260 17 5.3 87 30
5 210 290 80 5.0 70 10
5 245 285 40 6.0 35 5
5 214 290 76 5.0 66 10
5 " 215 282 67 5.0 65 2

Figs. 3.5, 3.6, show the changes in wind magnitude and direction along

the slope of the lee flank., A fall in the magnitude of the wind on the
slope of the lee flank is observed, compared to the magnitude that is
measured gt the crest. ® (The differences are significant at the level of
0.01) In spite of the fact that the averages point to a tendency to a
drop in the velocity on the slope of the lee flank, there is a variability
in the wind magnitude in the above measurements and in some cases the wind
magnitude on the lee flank is even higher than that at the crest.
cases there is a sharp drop in the wind magnitude. In all the cases there
are no differences (on the level of 0.01) between the various magnitudes
measured on the lee flank itself.

The wind directions, on the lee flank at a distance of 5 meters from
the crest, show a tendency to parallel the crest line that was observed
previously (Table 3.1). At further distances from the crest (7%, 10
meters), this tendency is less obvious and here there is a tendency to
try to return to the original wind direction as it was measured at the
crest. From this we can see that the deflection in the wind direction
on the lee flank is at its maximum at a distance of 5-7 meters from the
crest, and that further down the slope of the lee flank, the wind strives
to return to the general direction measured at the crest.

In other
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Fig. 3.7 presents a measurement done across the lee flank from the
crest to a distance of 8 meters, similar to the measurement done in Fig,
3.3. The results of the measurement are different from those in Fig. 3.3
and from other similar measurements (Figs. 3.4, 3.5, 3.6). These
differences are: 1in most cases and on the average, there is a rise in
the wind magnitude at a distance of 2 meters from the crest, compared with
the magnitude that was measured at the crest itself. On the lee flank

there are higher values of wind magnitude in contrast to the values at the
crest.,
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point No. 9.
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1f we compare the data of Fig. 3,7 with that given in Fig. 3.3, we
can perceive that the outstanding difference is in the direction from
which the wind comes (according to the direction of the wind on the crest).
In the case of Fig. 3.3, the winds on the crest come from the average
direction of 17° (310° to 50°), that is to say that the angle of encounter
is almost a right angle (87" average). In comparison to this, in the case
shown by Fig. 3.7, the winds come from an average direction of 315° (295°-
350°) and the average angle of encounter is 25°. We can conclude from
this that the phenomena of the drop in wind magnitude at 2-3 meters down
from the crest, and the rise that begins further down (Figs. 3.3, 3.4).
occur when the wind encounters the crest line at a right angle or almost
at a right angle. 1In cases where the wind encounters the crest line at an
acute angle the magnitude at the lee side is higher that at the crest.
The measurements, described in Fig., 3.7. show that in certain ciscumstances
there is a drop in magnitude at a distance of 2 meters from the crest, and
this happens when the wind is blowing almost perpendicular to the crest.
In most cases the wind blows almost parallel to the crest line and the
magnitude, at a distance of 2 meters from the crest, was higher than that
measured at the crest itself,

Measurements carried out with the aid of three anemometers,one on the
crest and the two others on the two flanks at a distance of 6% meters
from the crest, showed results similar to the results mentioned above
(Table 3.2). The results in Table 3.2 can be classified into two groups
according to the wind direction, In some of the cases the wind at the
lee flank (anemometer # 1) blew from 130°-160° (measurements # 1, 8-15)
and in the rest of the cases from the direction of 240°-290°, At the
crest there are no significant differences (at the level of 0.0l1) in the
directions of the above two cases., The magnitudes that were measured in
both cases at the lee flank (anemometer # 1) are significantly different
(level 0.01). At the crest (anemometer # 2) there are significant
differences at the level of 0.05 in the wind magnitude in both cases,
and not at level 0,01, At the winward flank (anemometer # 3) there are
significant differences (at the level of 0,05) between the magnitudes
in both cases. Accordingly, the data for both cases were presented
separately, Fig. 3.8 demonstrates the first case and Fig. 3.9 demonstrates
the second.

Here also the differences between the two cases are explained by the
change in the direction from which the wind blows towards the crest. In
the first case (Fig. 3.8) the average wind direction at the crest was 10°
and in the second case (Fig. 3.9), 357°., The change in the wind direction
at the lee flank is caused by the pronounced bend that exists at point {# 9
where the measurements were carried out (Fig. 3.14 and Fig. 1.1). This
bend causes the direction of the crest line to change substantially.

Three main directions can be observed here: on the western side of the
bend, the crest azimuth is from 315° to 135°. 1In the central portion
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Table 3.2 Results of Wind Velocity and Direction Measurements on the
Crest and on both Flanks (point # 9, Sep. 5, 1974)

Wind direction

Wind Velocity (m/sec) (degrees)
No. of 1 2 3
measurement Lee flank Crest Windward 1 2
flank
1 1L 4.5 5.5 160 360
2 3.1 5.1 4.6 240 340
3 6.7 6.7 4.8 250 360
4 4.9 5.8 3.7 250 350
5 4.7 5.6 4,2 260 350
6 4,7 6.1 4.0 250 360
- 7 2.4 6.6 7.6 260 10
8 1.4 5.9 S5l 160 10
9 2.0 5.6 6.3 150 20
10 1is 7 5.9 5.1 140 10
E 11 1.5 5.7 bob 140 10
12 1.7 5.5 4.3 130 360
13 1.4 5.4 5.2 150 30
14 L7 4.8 3.8 140 360
15 1.2 545 4.9 130 10
i 16 4.0 4o7 3.1 290 360
17 4,2 5.6 3.6 240 360
18 5.6 6.8 4.4 250 350
19 7l 7.6 4.8 250 330
20 1.7 6.5 4.5 290 20
21 5.3 6.5 3.4 280 10
Average of
measurements 1.6 5.4 5.0 140 10
] 1; 8-15
l Average of
measurements 5.0 6.1 4.4 260 35
2-7; 16-21

(where the wind was measured) the azimuth of the crest is from 290° to

3.14).

towards the center of the bend.

110° (parallel to the length of the dune).
in direction is greater and the crest continues from 250° to 70° (Fig.
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On the eastern side, the change

When the wind blows from 10°, it encounters the crest line at the
western side of the bend at an angle of 55° and the eastern side at an
angle of 60°. At each side there is a deflection in the wind direction
The winds come there from two opposite
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directions and the result is a marked drop in the wind magnitude at the
measurement point (anemometer # 1); these are all the cases presented in
Fig. 3.8. The most common case, during the measurement period, was of a
wind that came from the direction of 350°-360°. This wind encounters the
crest line on the western side of the bend at an angle of 35°-45° and at
the eastern side at an angle of 70°-80°. Accordingly the deflected wind
that blew from the western side was of a higher magnitude than that which
blew from the eastern side. These are all the cases presented in Fig. 3.9
where the average direction registered near anemometer # 1 is 260°.

The above explanation clarifies the average low magnitude measured
by anemometer # 1 in all the cases presented on Fig. 3.8, and the relative
higher magnitude in the cases presented on Fig. 3.9. A further phenomenon
worth noting is that in most of the cases presented by Fig. 3.9, the wind
magnitude that was measured on the lee flank (anemometer # 1) was higher
than that measured on the windward side (anemometer # 3).

3.3.3 Measurements Alongside the Dune

Wind measurements alongside the dune were done on the lee flank in
the area where the dune is bent.

Figs. 3.10, 3.11 and 3.12 present measurements that were made simul-
taneously on both sides of the deflection point of the saddle. The out-
standing phenomenon in the above Figs. is the minimum magnitude in the
area of the dune where the wind encounters it at a perpendicular, and the
gradual rise in magnitude, with the change in direction of the dune to
the east and west of this section.

In Figs. 3.10 a sharp fall in the magnitude can be observed between
anemometer # 2 and # 3, which are 6 meters apart. The maximum magnitude
is found between anemometers # 1 and # 2, The minimum magnitude is found
between anemometers # 3 and # 4, where at # 4 the magnitude starts to rise
gradually in the direction of anemometer # 6. Measurements of wind direc-
tions show a parallelism to the crest line, almost without exception.

Fig. 3.11 shows measurements that were done at the same point but
with a wider deployment of the anemometers on the two sides of the de-
flection point. Here also the maximum magnitude was registered close to
anemometer # 2, which is located close to its previous location in the
measurements presented in Fig. 3.10. From this point there is a sharp
drop in the magnitude at anemometer # 3, located at the deflection point.
Afterwards there is a gradual and successive rise in the wind magnitude )
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