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~‘Thc present research concentrated on a field study of the mechanism of
movement and advance of the longitudinal dune and on the mutual relationship
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Research methods included field measurements like macro and micro wind
direction and velocity, grain size analysis, tracing and the movement of sand
grains by marking them with a fluorescent dye, analysis of the internal
structure, measurement of the rate of advance and of profile changes during
several seasons.~
Results of the measurement show that when wind encounters the dune body
obliquely, the wind direction on the lee flank is deflected and blows along
that flank parallel to the crest line. The magnitude of the deflected wind
depends on the angle between the wind and the crest line. When the wind
meets the crest line at an acute angle of 300 or less (which is the common
case), the velocity of the deflected wind on the lee side is higher than on
the crest line or the windward flank. This fact brings about erosion on both
flanks of the dune. When the angle between the wind direction and the
crest line becomes less acute (500 to 900) the velocity of the deflected
wind drops on the lee flank. This occurs when the dune meanders, and as a
consequence, the angle becomes less acute. Further on, the dune returns to
its former position and the angle once more bc~omes acute with erosion takingplace again along the lee flank of the dune, and so on, resulting in the
sinuous outline of the crest line. 
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THE DYNAMICS OF LONGITUDINAL DUNES

by
Haim Tsoar

I. INTRODUCTION

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(~

-)
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 ‘self’ (a sword in Arabic),
which is common th 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). In 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 .

F Longitudinal dunes are the most widespread dunes in the large sand
F deserts of the world (3): Saharan Desert(4), 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
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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 quantitativeiy(~

)(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 ~o be found even along the sandy coastal plains of humid
c1imates~

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. Aufrère(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 (1~

-) 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 U.’) called this type of dune a “wind
drift dune ,” and they were created , according to his opin~on, by strong
winds which blew in a permanent direction. Verstappen~

13’, 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(1-4) believes that
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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 ~lains 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 Desert2 and also did not find
any sign of a fluvial core. Wopfner and Twidale(~

6) also doubted King ’s
findings(11) about the Australian Desert. The fact that we find longitu-
dinal dunes with an internal aeolian structure ( 1 7) 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(1-7) and
Smith US) about the ‘seif’ dunes in libya, and by Wopfner and TwidaleO-6)
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 (1-9) presents proof of
this from various sources and from all the sandy areas of the world.
FolkU4) 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.

Wilson(20) claims that a uni—directional wind creates both longitudi-
nal and transverse dunes. In his opinion t1~e type of dune is determined
by the secondary wind currents (2l). Warren”22~ 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
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. HannaU9), 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.(26)
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
F 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(28),

Wilson~
21
~ developed the view that sees seeondary flovs as the morpho-

logical shaping factor of the dune types. He sees longitudinal 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 watef done by Allen(29).
Wilson(3°) 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 (1) 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(3U 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.
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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 frequently formed after only a simple trip to one of the sandy
seas(32)(33)(2U), or were based only on aerial photographsO-9). The com-
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 aspect of the longitudinal dunes, for example, their
internal structure(’~~ or an analysis of their grain size

(14). 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 F
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 mare 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 proçç~~çs that take place on Mars. From the
pictures taken by Mariner ~~~~~~ / and Viking 1(36) it was shown that
large portions of the Martian surface are covered with sand dunes very
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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

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
build a model of the advancing mechanism valid for the longitud inal dune.

The research methods are the following , to be described in detail in
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.
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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 (40); the libyan Desert(17)(2l);
the Ten~r~ Desert in ~~~(4l)(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 1½ 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

•1
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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 strips are common on exten~ iv~
plains in the sandy deserts of the world . Holm (4U) 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 ~~~~~~~~~
.~3nd in wilson(44) in a similar description of coarse bi—modal sand stri t~~.
It can he assumed that the various descriptions of coarse b i—modal sand hr
McVee and Tibbits U7) and Folk(45) refer to the “zibar”. Also , the
indulat ing sand plain in Australia(6), and the ‘Whaleback’ in the Lfb ” ,in
r)eserr (32) are similar to the descriptions of the “zibar”. Fig. 1 . 1 ~~
the Ten~r~ Desert in Niger shows a longitudinal dune that begins fr~ri
“zibar ” strips, similar to the dune under investigation (Fig. 1 .1).
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 ‘. vri. .~~1
of a longitudinal dune , It meanders at nearly equal intervals , and p~a~ s
and saddles are found along its span ; the peaks are always found on its
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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 Mad igan(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 llO °—290° and the pegs at a line whose
direction is 200_2000, 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.

—



~~~~~~~~~

- - - -

~~~~~~

-_ .-—- --

~~

-

~~~~~~~~~

---—--- 

~~~~~~~~~~ T~~

~¼ ‘ IU, ~ — 4 , • \\ II I

~\\ \ J /1
‘
/• • 

~~ \\ \~\ J

~~ 
—e-—--$’

~s~
,(
~U, ... 

a
. 

~*\ \‘~ 1/
tk~ ~“
~\\\
\
\

I
I 

~~\~~/~/
~\

“
I,
,

0.

- -•S
S 

¶*
1 0

S
S 

• 4 0
(n ‘ .

~~ •
0 ,

•
..

S s. .-
‘ 5 . - ’

. •
•

•
I

26

-i



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 accura te 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 microtneteorological wind
measurements and tracing of sand shifts on the dune with fluorescent
markings.

The instrumen,t is fixed on a pole at a height of 3½ 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 interpreted with the aid of the digitizer,
which transfers the data on the chart directly to punch cards, A further
processing, through a computer, gives average values of the wind velocity
reading and direction for every hour. The accuracy of the average wind
velocity reading per hour is up to 1/10 meter/second and the direction is
within 10°. The results appear on tables that represent the percentage
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
thr eshold 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
foi 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 1st 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 r EV 2 2 
-

VR 
= ~~~~~ N~ 

÷ ~ E~
V

/
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where

= hourly vector mean wind velocity ;
N = number of vectors;

S1~ ‘1N 
= north and east vector components of the wind ,

These components are calculated :

V = V cos ci

VE V sin cz

where:

V = wind velocity

a the di rection (in degrees) from which the wind blows ,

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

tanG = EV
E 

/ EV
N

0 = arctan EVE / EV
N

where:

0 = the hourly vector mean wind direction,

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

q = 100 VR/V S
where:

q = degree of constancy in percentage ;

VS 
= scalar mean wind velocity , It is calculated : VS = TV.

VS>VR 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
t ime , 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
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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 is
moved directly by the wind , manages, by its movement, to move a larger grain
of sa nd , its threshold velocity not yet being reached by the wind (4~~ ,

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

(a) A theoretical calculation according to Bagnold ’s~
7
~ formulae

V~ = 5 .75A ~f ~~~
—

~~
---

~~~ gd log ~
where :

= threshold velocity measured at height z

A coefficient (=0,1)

a = density of sand grains ( 2 ,65 )

p = density of the air (=1,22 x l0’~~)

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 thr esho id
velocity for the various grains and levels of the dune, as they were
calc ulated for the wind recorder ,  The common size group of the sand of
the dune is l’.~ 

— 3 4 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
f i e ld  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 noticed
also at lower levels of the dune , and at a velocity of 9 me ters/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,

2~
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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 (

~8) claims that the flow of aeolian sand increases according
to third power of wind veloci ty,  Therefore  we can learn the to ta l  e f f e c t
of the wind itt i ts var ious ve loc i t ies  by calculating fo r 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~

~~
3

T (6) =

where:
T(6) = The hours ot the effective wind (equivalent to 6 meters/second)

in a certain direction,
V = Hourl y 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 effectii~ae 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; Figs, 2 ,3— 2 , 7 ) ,

2.5 Results and Discussion

All results are contained in append ixes 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 85% of the erfective 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~ Sinc e 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 /sec ond
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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 12,1 9,9
1974/75

Summer
1974 2,0 97,9 0,1
1975

Spr ing 1973
1974 24,7 72,4 2,9
1975

Fall
31,4 56,8 11,7

In the winter 80% of the e f fec t ive  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
baromet ric 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 57% (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 t yp i fy  summer and winter  (Appendixes 4 ,5; Figs0 2 ,5 .
2,6), The modal sector of the effective winds in these seasons is in the
di rec t ion  340 °—350° , which is the domina nt direction of sea breezes, 
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Fig . 2.6 Circular diagram of the effective spring wind directions (pt~r--
centage). Dashed line indicates the dune axis.
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Fig. 2.7 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 (l80~’--
290°) (Table 2.2). The winds from the northern sector come from a nar row
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, In
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°—l90°) is at an angle of 90°—l00° to the dune axis,

From the above data and facts one can come to the conclusion that the
winds whiLh blow from the northern sector influence the dune more than
those from the southern sector, It is wor th men tioning that the percen tage
of the effective winds which blow in the direction of the spread of the
dune (290°—llO°) is almost zero. Therefore it is clear that the longitu—
dinal dune is not a product of a uni—directional wind . 

~~-- .--- -------- - ----- --- - ~~~~~~~ - -



— --—--- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -

III, MICROMETEOROLOGICAL WIND MEASUREMENT S

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 (49) .

Measurements of changes in the magnitude and direction of the wind
in the leeward flank were done mostly on transverse dunes(9~~~

0
~ , 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 direc tion 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 mea~~iremen ts 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 f ive 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 fr6m 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~
51
~ and it

has prope rties which f u l f i l l  the requirements of micrometeorological
measurements, The instrument was developed by E,F. Bradley of C,S,I.R,O .
in Canberra , Aust ralia , as an anemometer system fo r use near the ground ,
mos tly for Agricultural meteorology, Bradley (2) gives techn ical de tails
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 l i t t le 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 f lank.
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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 tlauks
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 gr aphs
of the wind direc tion, which was measured simultaneously by flags, The
general wind direc t ion 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
consp icuous phenomena in all these measurements are the sharp f a l l  in
velocity from the crest to a distance of 2—3 meters down the lee flank ,
and af terwards 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 ar~d 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 f lank.
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 f lank 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 ED]

No. the crest a point on wind direction surement tand wind di—
(in degrees) the lee on the crest point on the rection (in -

flank (in and at a point lee clank degree~)_
degrees) on the lee flani and the dune lee

(in degrees) crest (in cresf f lank
____ 

[A] [B] [IA—B I] meters) [ I A — D H  [IB— DI ]
18 17 260 117 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 f lank,  A fall  in the magnitude of the wind on the
slope of the lee flank is observed , compared to the magnitude that is
measured a,t the crest,  0 (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 variabil i ty
in the wind magnitude in the above measurements and in some cases the wind
magnitude on the lee flank is even hi gher than that at the crest.  In other
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 i t se l f .

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 (7½, 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  fur ther  down the slope of the lee flank , the wind strives
to return to the general direction measured at the crest.
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Fig. 3.5 Results of wind measurements taken across the dune lee flank
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Fig. 3.6 Results of wind measurements taken across the dune lee flank
at point no. 5.
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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. 3.3and from other similar measurements (Figs. 3.4, 3.5, 3.6). These
differences are: in most cases and on the average, there is a rise inthe wind magnitude at a distance of 2 meters from the crest, compared withthe 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 thecrest.
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Fig. 3.7. Results of wind measurements taken across the dune lee flank at
point Mo. 9.
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Ii we c ompare the data of Fig , 3,7 with that given in Fig5 3,3 we
can perceive that the outstanding difference is in the direction from
wh ich 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. 3,1 , the winds come from an average direction of 31Y (2950~
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, in cases where the wind encounters the crest line at an
acute angle the magn itude 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 dr-op 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
magn itude , at a distance of 2 meters from the crest , was higher than that
measured at the c res t  i t s e l f ,

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 6½ meters
f rom the crest , showed resu l t s  s imi lar  to the resul ts  mentioned above
(Table 3 . 2 ) .  The r e su l t s  in Table 3,2  can be classified in to  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 2400_2900 , At the
crest the re are no significant differences (at the level of 0,01) in the
directions of the above two cases, The magnitudes that werc measured in
both cases at the lee flank (anemometer # 1) are significantly different
(level 0.01), At the crest (anemometer # 2) there are significant
d i f f e r e n c e s  at the  level of 0,05 in the wind magnitude in both cases~
and not at level 0,01, At the winward flank (anemometer It 3) there are
significant differences (at the level of 0,05) between the magnitudes
in both  cases. According ly ,  the data  fo r  both cases were presented
separately. Fig. 3,8 demonstrates the first case and Fig, 3,9 demonstra tes
th e second ,

Here also the differences between the two cases are explained by the
change in the d irection from which the wind blows towards the crest , In
the f i r s t  case (F ig.  3 . 8 )  the average wind direction at the crest was 10~
and in the second case (Fig5 3,9), 357 0

, The change in the wind direction
at  the lee flank is caused by the pronounced bend that exists at point ~ 9
when 5- the measurements were carried out (Fig, 3,14 and Fig 1,1). This
bend causes the  d i r e c t i o n  of the crest line to change substantially ,
T h r e e  main d i r e c t i o n s  can be observed h e r e -~ on the  wes te rn  s ide of the
bend , the c r e s t  az imu th  is f r o m  3150 to 135° , In the centr al portion



Table 3.2 Results of Wind Velocity and Direction Measurements on the
Crest and on both Flanks (point 11 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 1.7 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 5.7 160 10
9 2.0 5.6 6.3 150 20
10 1.7 5.9 5.1 140 10
11 1.5 5.7 4.4 140 10
12 1.7 5.5 4.3 130 360
13 1.4 5.4 5.2 150 30
14 1.7 4.8 3.8 140 360
15 1.2 5.5 4.9 130 10
16 4.0 4.7 3.1 290 360
17 4.2 5.6 3.6 240 360
18 5.6 6.8 4.4 250 350
19 7.1 7.6 4.8 250 330
20 7.7 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 

___________ ______- __________ ___________ _________

Average of
measurements 5.0 6.1 4.4 260 357
2—7; 16—21 

____________ _______ __________ ____________ _________

(where the wind was measured) the azimuth of the crest is from 290° to
110° (parallel to the length of the dune). On the eastern side, the change
in direction is greater and the crest continues from 250° to 70° (Fig.
3.14).

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

- towards the center of the bend . 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 It 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 3500_3600. 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 ang le 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 notin’g 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 II 2 and # 3, which are 6 meters apart. The maximum magnitude
is found between anemometers II 1 and # 2. The minimum magnitude is found
between anemometers II 3 and 11 4, where at II 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 It 3, located at the deflection point.
Afterwards there is a gradual and successive rise in the wind magnitude
in the direction of anemometer 1! 6. Measurements of wind direction show
a parallelism to the crest line with no exceptions.
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Fig. 3.8 Results of wind measurements taken across the dune flanks atpoint no. 9.
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Fig. 3.12 is similar to its two predecessors in that eastwards from
the deflection point the magnitude rises, but here the rise is only untli
anemometer # 5, and from there to anemometer II 6 ther e is a sharp drop ir’i
magnitude. The reason for this is the change of 20” in the direction of
the crest line in the area located between anemometers 11 4 and 11 5, and
the area lo~~ted between # S and # 6. in previous cases we found that
the wind magnitude is In inverse proportion to the angle between the wind
direction and the crest line, in the area between anemometers # 4 and
# 5, the ang le is more acute than that of the area between #5 and II 6,
and therefore in the latter section there was a reduction in the magnitude.
The results of the wind direction measurements indicate here also the
tendency to parallel the crest line,

The rise in the wind magnitude , in the area where anemometer II 5 IS
located , in Fig. 3,12 is more noticeable than in the cases presented in
Fig. 3.10, 3,11, and it is close to the wind magnitude measured by the
wind recorder at a height of 3½ meters above the dune level, [he rat C

of fall of the wind intensity . in the section situated to the left of the
deflection point itt Fig . 3.10, 3,11 is greater than the rate of tiSt ifl

the wind magnitude in the section to the rig ht. In Fig. 3.10 tht drop in
the wind magnitude in the left section is on the ~ verdg e 0.35 meters i’
second for each distance of one meter , and the rise in the right se,5tion
is on the average at the rate of 0.09 meters/second to each distance cf
one meter. In Fig~ 3,11 the rate of drop of the average wind magnitude
is 0,18 meters/second for each meter , and the average rise i~~ 0.09
meters/second ,

3.4 Tracing Edd ies w it h  Smoke Candles

Smoke candles have been used by a number of resear cher s to t i ,-i~~e th~
eddies created on the leeward flank(9)(50), They have also been used ~is
a means of distinguishing directional changes in the vd riou s se~ t i; n- - of
the dune (53) ,

There are two marked disadvantages t c  s tud y ing w i n d  f b i..- w i t h t h e
aid of smoke candles:

1) The obtained results can ri ct be de term ined  q u a n t i t a t i v e l y .

2) Smoke can only be t raced by pnotogr -aphy. the results are 1ncomp Iett-~
since there is n- third dimension and the quality is dependent on the
angle of photography .

On the other hand , the observation point is on a c o n t t r i t . c u s  I e v ~~I
and at a distance abo -,-e the ground.

Smoke candies were used during the present research in otdti Ic
distinguish and to trace the changes in the wind direction on the lee
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P ig . 3.11 Results of wind measurements taken along the dune lee flank
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flank (as already observed above at single points~. with the aid of the
anemometers and the flags), and to study the behaviour of the wind at the
place where the magnitude drops and increases near the deflection points,

When any flow moves quickly above sharp edges, for example the crest
of a long itud inal dune , it is separated from the ground level and enter s
the mainstream of the flow as a free shear layer. This layer returns and
reattaches to the ground at a distance down flow (Fig. 3.15). This
phenomenon is called “separa tion of f low”, At the separation area t~ o
levels can be distinguished (54): the higher is the separated boundary
layer , the lower is a flow in the opposite direction to the mainstream
(reverse flow region) and between the two there is an area of a marked
shear (zero velocity surface) that separated the above flows (Fig. 3.16),

Fig. 3,17 demonstrates the formation of eddies above the slip--face
of a barchan, The flow line, wh ich ascends on the windward side of the
barchan , does not turn or follow the sharp turn of the dune brink to the
slip—face, but tends to persist and continue its previous path~ so that
it rises above the ground and returns to it at the slope of the slip—face.
In the “vacuum” that is produced at the stream line, an eddy develops
that causes a flow in the opposite direction up the slip—face.

There have been disagreements since the beginning of the present
century as to the importance of the eddies in the determination of the
morphology of dunes and ripples, Cornish (55) maintained that there is
a fixed lee side eddy, which has a marked influence on the form and
development of the dune , Several field studies contradicted his assump—
tion ( f o r  examp le , King (56) ) and others supported it ( fo r  example ,
Landsberg (57) ) ,  Bagnol d(7 ) (58 )  did not have an unequivocal opinion on
the subject. Cooper(9~ conducted experiments with smoke candles, and
came to the conclusion tha t  eddies exist , but tha t  they do not have
enough strength to influence the shape or movement of the transverse
dune.  Sharp ”50) had a similar opinion . A f t e r  experiments  with smoke
he concluded that on the lee side of the transverse dune ther9 ~-s no
fixed eddy of the type described by Cornish(55-~, inman et al’~

8’ measured
wind ve loc i ty  on the  lee side of barchan dunes and found that the flow
existing there was in the opposite direction to the general wind direc-
t ion, The magnitude of the flow was too weak to move sand grains, but
the i r  opinion was that  this  f low in f luences  the se t t l ing  of the grains
which come from the windward flank on the upper part of the lee flank.
Hoyt(59) found (when the wind velocity was 18—22 meters/second ) eddies
which raised sand , on the lee side , to a height of a few dozen cen t ime te r s.
Allen (29) claims that the eddy on the lee side is a factor basically
inherent to flow mechanics. Storm winds in sand dunes have high Reynolds
numbers, which cause instability in the free shear layer. The result of
th i s  is that the eddies created do not stay in one position , so tha t  it
is difficult to study them with the aid of smoke candles, However , on
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the average, eddies do exist and under certain circumstances they have a
constructive function in the formation of dunes and ripples.

In longitudinal dunes, the situation is different from that in
barchans , transverse dunes and ripples , since there the  wind encounters
the crest line at an acute ang le. Allen~

49
~ claims that when a flow

encounters a step at an angle between 4 50 _ 9 0G
, a separated flow is formed

on the lee side , which he calls “rollers”, described and demonstrated
above (Fig. 3.15 , 3,17). When a flow encounters the crest line at an
angle of Ø0~~~450 , a vortex is formed which has stream lines in the shape
of a helix which brings about movement of the f low down the axis of the
eddy .

The last phenomenon was no t i ced  several  times during observations of
smoke which arrives at the  c res t  line obliquely, as well as at ang les
greater than 45~~. Fig. 3,18 demonstrates a vortex in the shape of a
helix which is moving along the lee flank of the dune as a consequence of
a wind which meets the  crest line at an ang le of 50 ° , S ince the addies
do not stay in one position , as was mentioned previously, in most cases
it is generally possible to dis t inguish the wind de f l ec t i on  on the  lee
side , which paral lels  the c res t  line at a d is tance of 5— 7 meters  from the
crest (Fig , 3.19),  a phenomenon which was previously mentioned in the
measurements done with the anemometers.

When the smoke issues from the candle it is very dense, and after a
while , through movement, , it  gradual ly  disperses, Smoke which travels
with a wind with a steady magnitude and direction will disperse gradually
through movement (Fig. 3,20). When the magnitude decreases, we expect to
f ind a wide dispersion of the smoke in the same p lace.

Fig. 3,21 demonstrates the wind movement , according to a smoke
candle located 3 meters to the left of anemometer # 1 in Fig. 3,11, The
smoke moves at first almost parallel to the crest line and afterwards
changes its direction and moves in an arc up the flank and descends in
the direction of anemometer II 2, This movement is not steady and a few
seconds later it changes to parallel the crest line (Fig. 3,22).

Figs. 3.23, 3.24, show successive photographs of smoke issuing from
a candle located one meter to the left of anemometer # 2 in Fig. 3,11,
Fig. 3,23 demonstrated the turbulence of the wind and therefore the
widespread dispersal which took place during its movement , as a result of
a sharp drop in the magnitude of the wind , As a result of this , part of
the smoke ascends, leaves the sphere of influence of the lee flank and
enters the sphere of the pr eva il ing winds , whose directions are almost
perpendicular  to the crest l ine , Fig , 3 ,24 shows wind movement in the
shape of an arc similar to that in Fig,. 3,21. Here also a widespread
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Fig . 3.17 A separation flow above a slip Fig. 3.18 A helix vortex on the lee flank
face of a barchan demonstrated of a long itudinal dune de—
by smoke. nonstrated by smoke . Dashed

line designates the smoke move—
rnent .
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Fig. 3.19 The wind deflection on the lee Fig . 3.20 Smoke movement on the windward
side of the l o n g i t u d i n a l  dune f l a n k  of the  dune .
demonstrated by smoke.
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Fig. 3.21 Fig. 3.22

Wind movement along the lee flank in the deflection area de-
monstrated by smoke.

‘—. - - - , — -~--~ . -. -. ‘ -.5-- - .

Fig. 3.23 Fig . 3.24

W ind r~’vvni , -n t  along the lee flank in the deflection area de—
n-c~nstrated by sr~oki- .
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dispersal of the smoke can be seen close to anemometer II 3 in Fig. 311 ,
which demonstrates a drop in wind magnitude at the same place.

3.5 Summary

The following is a summary of the phenomena observed and measured
with the micrometeorological wind instruments.

1) When wind encounters the crest line at a perpendicular or obtuse
angle, wind magnitude at the lee side, at a distance of 2—3 meters from
the crest, decreases on the average by 20% to 70%, When wind encounters
the crest line at an acute angle (20°—30°), the wind magnitude at a dis—
tance of 2—3 meters from the crest increases on the average by 5% to 20%.
Because of the wind gusts , it is difficult to ascertain exactly and em-
pirically the range of the impact angles where the wind magnitude increases
at a distance of 2—3 meters from the crest, or the range within which it
falls. It was found with the measurements that were performed , that when
the wind encounters the crest line at an angle of l0°—25° (Fig. 3.7), the
magnitude of the wind on the lee side increases, However, when the wind
meets the crest line at an angle of 40° and above, the wind magnitude
decreases on the lee side, Figs. 3.12, 3.25 clearly demonstrate the
relation between the wind magnitude on the lee side and the angle formed
by the wind and the crest line.

2) The wind magnitude, after droping at a distance of 2—3 meters from
the crest line, increases again until a distance of 5—7 meters from the
crest line, and from there down the lee slope, it decreases.

3) In many cases (for example Figs. 3.7, 3.9) the wind on the lee side
was of higher magnitude than the wind on the windward flank. This
phenomenon was sometimes observed during isolated measurements (Figs.
3.5, 3.6) or during most of the measurements and on the average (Fig. 3.7).

4) In wind directions there is a conspicuous phenomenon of a deflec-
t ion at the lee side to a direction parallel to the crest. This pheno—
menon is evident up to a distance of 5—7 meters from the crest line , in
the area where the increase in magnitude s tarts  on the lee f lank (Fig.
3.3 , 3.4 and Table 3.1). At further distances from the crest line , the
wind direction changes and it attempts to return to the general wind
direction as measured at the crest (Figs. 3.5 , 3.6). These results are
summarized in Fig. 3,26.

5) In the area where the wind magnitude decreases on the lee side (at
a distance of 2—3 meters from the crest)  there are o f t en  weak flows up
the lee flank towards the crest (Figs. 3.21 , 3.24 ) .

6) The phenomenon of changes in the direction or magnitude of the wind

58

a 

- - -

~~~~~

- - - 5--- - -

~~~~~~~~ ~~~~~~~~

- -

~~~~

-- - - -

~~~~ A



- 

~~~~-~~ r— -- ——--—-- —
~~~~~

---—----- 

~~ --~-~~~~~~~~~TTi~~

- ii.
X- MTA FROM FIG ill

E ~~~ .~~: 
‘ 

s-DATA FROM FIS 312

~ ..s~~ I ~~~

$0

‘S
—i I

1~ 70
I-

- 
, 

X X X

~ SO ~~~~~~~~
z
I-

0

~~~s0
I •s.. — • •

I-

~~ 40

B X X X X

0
Z 30

‘S

20

10

~~ 0 - ,

0 1 2 3 4 5 S 7 S
VELOCITY MEASURED ON THE LEE FLANK (N / S E C )

Fig . 3.25 Angle between the wind direction and the crest line versus
velocity measured on the lee flank.

~ S O -  - -

so A X - DATA FROM FIG3S31~
40 A Xl X - DAT A FROM FIG 3.3

- DATA FROM FIG 34
~ 3D A - DATA FROM FIG 3 7

20

‘1• ..
— 0- . . .sz A. 8 —

~ -10 .~~~X 4: 
..

~~~~ - 2Q
-311 - -: .;.

~~~
-501 

~~~

~ 60
z
~ I C

~ SO
; - ,~~~

-
‘

~ 100*

~~ -I30~

0 I 2 3 4 5 S 7 $ 9 00 Il 12 13 04 15
DISTANCE OF THE MEASURING POINT IN THE LEE FLANK FROM THE CREST-LINE (METERS)

Fig. 3.26 Angle between the wind direction and the crest line versus
dista nce of the measuring point in the lee f lank from the crest
line .

59

~~IIIi.. j
~ ~



r 
-

~~~~~

-- -

~~~~~~~

--.5----- - -5 -

~~~~~~~~~~~~~~~~~~~~~~

-- 
-,

is limited to the lee flank and does not happen at the crest ox on the
windward flank.

7) In the area of the deflection ot the dune there is a sharp drop in
the wind magni tude  un t i l  near - the dailec tics point of the saddle.  F r o m
there , there i’~ an increase in the wind magnitude , at a r a t e  w h i th  is
relatively slower than the rate of - the previous decrease , unti l the point
where the crest direction changes, and - this is close to the deflection
point of the adjacent peak (Figs. 3.10, 3,11 , 3.12),

3.6 Interpretation and Discussion

The phenomenon of the wind sep.aration after encountering the body of
the dune should be considered in order to explain the results of the
measur ements of wind magnitude and direction (Fig . 3.15). This pheno-
menon of separation also occurs when the wind meets the crest line at an
acute angle. In this case the wind also has a horizontal component which
is parallel - to the crest line. As a result of this , we do not get a
c l osed edd y like those that appeared in Fig. 3 15 and in Fig . 3.17 , but
a helix will be formed which will cause helicoidal flow along the lee
t iank (Fig. 3 18). At the attachment area , the separated wind meets the
ground level obliquely to the contour lines. M mentioned , this wind has
two horizontal components: one perpendicular to the crest line and the
o ther  paral le l  to it (Fig . 3.27). The component perpendicular to the
cres t  line has a ve loci ty  of zero or close to zero at the point  of
attachment (Fig. 3,15-). Therefore we are left only with the component
parallel to the crest line (Fig. 3.27 no. 3). A cording ly it is
possible to understand the detlection in the wind direct ion and in the
flow parallel to the crest line at a distance of 5—7 meter s, when this
di stance is actually the distance of the line of attachment from the crest —

line . This phenomenon happens only at the area of attachment . Down the
slope of the lee flank beyond the line of attachment , the wind grad ually
returns to the general direction as measured at the crest (Figs. 3.5 , 3 6 ,
& 3.27 no. 4 & 5 ) .

Every wind which encounters the crest line at an angle other than
90 C will cause l o n g i t u d i n a l  movement  whose magn i tude  will be dep enden t
among other things on the  angle between the wind and the  -~r e st  l i n e .
ihe  more acute the angle , the  g r e a t e r  the horizontal component of the
wind — which parallels the crest line . The trigonometric relation
between the magnitude ot the wind component parallel to the crest line
and that of the ang le between the wind and the crest line can be found
according to the equation:

Cp ( )  Vw ( z )  cot. i (3-1)
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Fig. 3.27: Plan of the changes in the horizontal wind component that is
perpend icular to the crest line. White arrows indicate wind
horizontal components and black the actual wind direction.
(1) —The situation before the separation . (2) — The situation
in the reverse flow region. (3)—The situation on the line
of attachment. (4) & (5) — The situation outside the separa-
tion area.
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Whereas:

Cp () — the magnitude of the wind component parallel to the crest line
at altitude z.

Vw(z)  the magnitude of the general wind at the crest line at altitude

a — the angle between the wind and the crest line.

z = the altitude where the wind is measured above the level of the
dune (found at the bottom section of the atmospheric boundary
layer).

Therefore it is clear that when the wind blows parallel to the crest
line (a — 0°) C~ — Vw, and when the wind is perpendicular to the crest
(a = 90°) C~, — b.

The size of the eddy formed at the separation area is the factor
which determines the place of the attachment line (Fig. 3.15). The size
is dependent on the wind magnitude, or more precisely, on the component
perpendicular to the crest line. Therefore, when the wind magnitude is
high, or when the angle of the wind with the crest line is at right
angle, we get an attachment line at a great distance from the crest line.
When the velocity is low, or when the angle of the wind to the crest is
acute , we get an attachment line which is closer to the crest line. Both
of these factors, the wind magnitude and the angle of the wind direction
with the crest line , are subject to quick changes over a relatively wide
range, as a result of the gusts of the wind , which are expressed -by large
oscillations in the wind magnitude and direction. Therefore when the
degree of gustiness is larger, the line of attachment area will be wider.
This is why the whole lee flank is covered with ripples up to a distance
of 1/2 meter from the crest (Fig, 3.28). On the upper section of the
lee flank at a distance of 2—3 meters from the crest line, there is sand
movement only in cases when the wind (because of the gustiness) meets
the crest line at an acute angle. In the rest of the cases there is no
movement there, or there is only a weak movement towards the crest line.
However, the ripples that were formed by the same gusts that were men-
t ioned above remain . Only in cases where the wind blows parallel to the
crest line, are there ripples on both flanks up to the crest line itself. - -

In the section between the line of separation and the line of
attachment where the eddy is formed , the ground level wind has a weak
flow which moves up the lee flank (Fig. 3. 16). This movement is
noticeable in Fig . 3.17 , 3.21, 3 .24 .  Fig. 3.3 , 3.4 show the drop in
wind magnitude at a distance of 2—3 meters from the crest line, in the
area where the separation takes place. This section is a depositional
area and a slip face begins to form there. The size of the slip face
depends on the width of the separation vortex and the drop there in the
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wind magnitude. It reaches its maximum size in areas where the wind is
perpendicular  to the crest line , that  is to say, in the areas where the
dunes meander, It is minimal in areas where the wind is at art acute
angle to the crest , that is to say, the areas between the saddles and the
peaks (Fig. 3 ,2 9 ) ,

Similarly we can understand the rise in wind magnitude which takes
place at a distance of 5—7 meters from the crest line (Fig. 3,3, 3.4),
This is actually the distance of the line of attachment from the crest
line, where the flow of separation returns to ground level, As a result
of this, the speed of the wind rises. Therefore, in the measurements
performed , an increase in the wind magnitude was observed on the lee
f lank at the area where the wind is deflected to a direction parallel to
the crest line,

As a result of the process of separation that is described above
(Fig. 3.27), the stream lines assemble at the lee flanl along the area
of the line of attachment , after deflection of their direction , A con-
centration of streamlines at the line of attachment necessitates,
according to the law of conservation of mass , an increase in the velocity
of horizontal and vertical wind components. We know that the horizontal
velocity component , which is perpendicular to the crest line , at the
attachment line , approaches zero. The vertical component is directed
downwards as a result of the separation process (Fig, 3.15), therefore ,
we are lef t  only with the horizontal  component parallel to the crest
line , which must increase in magnitude because of the concentration of
the streamlines at the line of attachment, This is the reason for the
gradual increase in wind magnitude which starts at the deflection point
of the saddle, as was observed in Fig, 3.10, 3.11 and 3,12. The greater
the  distance from the def lec t ion  point , the more streamlines assemble
and the more wind magnitude increases , The increase in wind magnitude
will continue as long as there is no change in the angle between the H
wind direction and the crest line. If the angle becomes less acute ,
because of the meandering of the dune , there will be a drop in the wind
magnitude (Fig. 3,12), An increase in the magnitude wil l  occur if the
angle becomes more acute (Figs, 3.10, 3,11),

The explanation fo r  the higher values of the wind velocity on the
lee flank than on the windward one , and on the crest (Figs , 3,5 , 3.6 , 3 , 7 )
is also derived from the phenomenon of separation . Air that was on the
ground rises to a greater altitude (Fig, 3.15, 3,16) and cuts off contact
with the ground level, In this way , the ground surface resistance to the
a i r  movement is el iminated on one hand , and the separated f low gains
momentum from the faster layers of air above on the o ther .  Therefore
equation 3.1 should be expressed as follows:

C p ( )  = Vw (+~~) 
cos a (3.2)
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Where:

= the addition of altitude to the wind flow as a result of the
separation.

Wl~en the wind returns to the ground level (altitude z) on the line
of attachment, it has a velocity typical of a higher altitude (z+&)
which originated from the additional momentum gained when it was above
the separation vortex.

We know that Vw (÷~~) 
> ~~~~~ Therefore, in cases where angle a

is small and the value of cosa approaches 1, it is possible that
Cp () > Vw(z). Experimentally (Fig. 3,5, 3.7), it was found that the

value of Cp () — Vw () in cases where a ~ 40° is between 1½ — 2 . 0

meters/second . This value was obtained in wind measurements at an
altitude of z = 16 centimeters, and the magnitudes Vw(z) were between
4—6 meters/second.

There is no doubt that there is a relationship between iz and
angle a. The less acute angle a, the larger the wind component perpen-
dicular to the crest (which determines the separation vortex) and the
larger ~lz. When angle a approaches zero , the separation v4rtex is very
small , and ~z is small, and the above phenomenon is weak, Accoridngly,
and as a result of the wind measurements, we can assume that angle
a 30°±lO° is the optimal impact angle which causes the maximum increase
in magnitude of the deflected wind on the lee flank.

The latter phenomena described above explain the high values of the
wind magnitude on the lee flank of the dune sections, where the crest
line is situated at an acute angle to the wind direction , In these
sections there will be transport and removal of the, sand, which will
settle in the deflection area, where there is a sharp drop in the wind
magnitude because of a change in the angle between the wind direction
and the crest line.

It is worth noting, that in all the micrometeorological measurements
there was no evidence of the existence of large helicoidal flows. When
there were helical vortexes on the lee side, as a result of the separa-
tion phenomenon of the oblique wind , the diameter of their rotation was
only up to 5—7 meters (Fig. 3.18), Thus they differ in their origin , in
their essence and in their size from the helicoidal flows that were
mentioned by HannaV~

9), FolkO-4) and others.
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Fig. 3.28 The lee flank of the longitudinal dune covered with ripples
indicating flow parallel to the crest line up to a distance
of half a meter from the crest.
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Fig. 3.29 Different rates of slip face developmen t on various sect ions
of the lee flank.

65

_- - - - —i __i_ _1



IV, GRAIN SIZE CHARACTERISTICS

4~ 1, Introduction -

The grain size characteristics of the dune sand furnish important
information for understanding the dynamic processes, In Chapter One and
Two it was pointed out that the size of the grains determines the morpho-
logy. i.e., whether a high dune or a flat zibar is formed , Chapter Two -

describes the necessity for information about the-size of the grains in
order to calculate the threshold velocity of the wind. Folk(]4) is cer-
t a m  that it is possil~le to deduce the direction of the sand movement of
the dune by the sizes of the grains in various sections , -

Relatively little work has been done on analyzing the grain sizes
in desert dunes in- general , and on longitudinal dunes in particular . Most
of the work done was on coastal dunes In order to learn the changes taking
place in sand grains moving from a coastal to an aeolian area (6u) (6 )
Among the few granulometric studies published -on longitudinal dunes , tho-
se of McKee and Tibbitts (17) and Folk (i4) should be mentioned ,

4.2, Sampling and Sieving Methods.

Sampling is the first important step in any granulometric analysis.
Even so, most researchers do not pay attention to this , The body of the
dune is built up of laminae whose thickness is less than one or two milli—
meters. On the dune surface we find ripples built of both coarse sediment.
which is concentrated near the crest of the ripple and on its windward
f lank , and of finer sediment which is In the ripple trough. (62), The usual
sampling is taken from the body of the dune itself and is done after remo~—
ving the surface ripples seen as lag sediments, This kind of sampling ta--
kes sand from many laminae, Here there is also a chance that some of the
sand from the removed ripples may be mixed in with the samples, while a
true sampling must,~~ taken from a single layer deposited under fixed and
uniform conditions” 

) . -

Most of the granulometric studies done till now were for the purpose
of definition and discrimination of sediments in the area of deposition ,
In dynamics, research, it is more important to study and analyze the char—
acteristics of the various grain size which are directly subjected to wind
activity and are found on the surface, i.e., to analyze the top layer of
sand which builds up the ripples, and the slip face, A~sampling of this la-
yer is done with the aid of a glue spray by a method proposed by Tsoar(64~
The surface is sprayed and after the glue has been absorbed and dried , the
top layer of sand is successfully peeled off. The sample is taken at various
points along the length of the dune, at each point 5 different samplings
are taken at different levels (Fig. 4,~).Sample No. 1 at the base 

of the lee
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flank; No. 2 in the middle of the lee flank; No. 3 at the crest; No. 4 in the
middle of the windward flank and No. 5 at the base - of the windward flank The
sand from the crest of the ripple and from the trough are collected separately with
each sampling. In this way it is possible to study the differences in the
grain characteristics in these parts of the ripple and to distinguish their
influence on its morphometric characteristics, The samples were collected
during the middle of the summer (July, August) and refleLt the situation at —
ter three months of constant winds, blowing from the N—NW,

The weight of the sand in each sampling was from 5 to 10 grams. The
sieving was done by means of standard sieves (3 Inches in diameter) suspen-
ded on a shaker. The apertures in the sieve were as follows

— 1,0 ~ > 
— 2,000 mrs

0 4) — 1,000 mm
0,5 

~ 
— 0.710 flUfl

1,0 — 0.500 nun
1.5 

~ 
— 0,35 1 nun

2.0 
~ 

— 0.250 mrs
2,5 ~ — 0,177 mm
3,0 4) — 0,125 mm
3,5 4) — 0,088 nun
4.0 4) — 0.062 nun

Calculation of the 4 moment statistics of the sieve results was done
arithmetlcally, (65) with the aid of a computer :

- ~fm1) Mean, x
4) 

=

2) Standard deviation, o~

Ef(m—x4))
3) Skewness, Sk =

lOOa
4)

4) Kurtosis, Kg
4) 

—

lOOa
cp

Where : f = frequency percentage of each grain size grade

m = midpoint of each grain size grade in 4) values

n = 100 percent
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4,3, Results and Conclusions

4,3,1. Introduction

A total of 92 samples were collected from various points along the du--
me where, as indica ted , at each point 5 x 2 samples were taken (Fig 4.1 ).
For each sample , calculation of moment was done on a computer and the re— -‘

sults appear in Appendixes 18—20,
Appendix 18 gives the moment values for all the samples from the ripple
trough and its crest separately. Appendix 19 gives the moment values cal-
culated for the ripple trough and its crest together, Appendix 20 gives
the moment values of the three top layers in three different areas, Table
4 , 1.  presents the average moment of the five sampling- points of each point
sampled on the dune (not including the zibar).

Table 4.1. : The mean moments at the 5 sampling poin ts on the dune
(not including the zibar),

Point
Moment 1 2 3 4 5

1.18 2,05 1.87 1,70 1,41

0.75 0,47 0,42 0,47 0.70
Sk4) 0.52 0,32 0.80 0,31 0,68

Kg4) 4.00 3,24 5.28 7.32 3.79

On the dune , we find , in addition to the regular ripples , larger rip—
pl
1çs 

composed of coarse sand. These ripples are called “ridges” by Bagnolds
‘ , and “pebble ripples” by Sharp(62). In the present work they are termed

“mega — ripples” . They are found only near the dune base and therefor  they
are sampled only at points 1 and 5 (Fig 4.1)

The salient characteristics which differentiate the mega ripples from other 4ripples are their wave length and grain size . The usual ripples reach a
length of 20 cm. and the mega—ripples are 25 cm, and longer (Fig 4,2) -
The ripple grain size is smaller than that of the mega—ripples. According
to Fig. 4,2. it can be seen that there is no gradual transition on the du—
ne from mega—ripples to the regular ripples and that they are two separate
types,

4,3,2. Means of Troughs and Crests in Ripples and Mega—Ripples

In all the samples (except one) it was found that the mean grain
size of the ripple crest was larger than that of the rippl e trough .
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Fig . 4.1 Location of sampling points on a cross section of the dune.
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Fig . 4.2  Mean ~~ ) versus rippl e wavelength.
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The spread is more obvious in the mega—ripples. FIg. 4.3. presents the dif-
ferences in the mean grain size between the ripples trough and crest compa--
red to the wavelength. A significant correlation can be noticed here (a pos--
sibility of less than 1% that the correlation is random).

Fig, 4 ,4 .  represents the same di f ferences  compared to the mean value,
Here it can be noticed that when the average grain size of the ripple is
lower , the d i f fe rence  between the crest and the trough of the ripple is
smaller, There is a significant correlation (a possibility of less than
1 % that the correlation is random).

4 , 3 .3 ,  Mean (irp)

The mean values of the various samples shown in Appendix 19 appear in
a wide range from 0,41 4) (0 ,75mm) to 2 ,2 2  4) (0,22 mm) and the mean is 1,624)
(0.33 mm). The separate samp les from the crest and the trough give more ex-
treme values (Appendix 18) whereas in all cases (except one) the crest has
coaser sand than the trough. The large range of values results from the fac t
that the samplings were taken in various sections of the dune and included
samplings from ripples and mega — ripples. Therefore it is desirable to
show the results in agreement with the different sampling sites (Table 4,2).

According to Table 4,2, the mega ripples appear only at the base of
the dune and the mean size there is the highest, In the rest of the loca--
tions, where mega — ripples are not found , the smallest mean is found at
the center of the lee flank, where the smallest values of the wave are also
found ,

Table 4,2 Distribution of wave lengths of ripples in various samp ling sites
(according to Fig. 4.1,), mean values and size range including 90 ‘i~ of the
sampl ing.

Sampling sit The number of ripples according to the Size Range
according various w~~~~l~ngths._ Mean ~~1’~ :) in-
to F ig .  Ripples Ripp les Mega—Ripp les  c l u d i ng  90~’
4-1 wavelength —— ____ ____ 4) of the sam-

(cm) 0—10 11—15 16—20 21—25 31—35 36—40 46—50 phjmg.

1 3 1 1 1 1 1.18 O.O6—2 .-~2
2 4 2 1 2 .05  1 . 2 7 — 2  83
3 1 6 1.87 1 . 1 8 — 2 . 50
3 1 6 1.70 0 . 9 2 — 2 40
5 j 3 2 1 1 1 .41 0. 25-2.57
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Fig. 4.3 Difference in mean grain size between the ripple crest and
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Fig . 4.4 Difference in mean grain size between the ripple crest and
the trough versus the mean grain size of both together.
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The average grain sizes that were sampled at the dune are larger than
the known grain sizes taken from various other dunes. Folk(14) found that
the average grain size of the Australian dunes in the Simpson Desert was
2.7 4 ) . He pointed out that the sand there was relatively finer than the
sand in other places. Mabesoone(66) found an average of 2—2½4) in the coas-
tal dunes in North—East Brazil. On the Barrier Coast of N.S.W. in Austra—
h a , Hails(67) found an average grain size between 1.6—2.44). At the i,nter—
nal dunes of Sinai, the average grain size close to the crest is 2.214)(68).
In most cases known from literature , 90% of the grains in the dunes are in
the range of 2—34). The reason for the different values found in our pre-
sent research, is a different method of sampling. The sampling here was
done on the topmost layer of the ground , which build the ripples. In other
studies , the sampling was done of the sand under the ripples, which build
the laminae, which are from the area of deposition of the dune .

In order to learn about the differences in average characteristics in
the various different sampling sites the average data (5E 4)) was tested wi th
F—tests for differences in variance, and t—tests for differences in means,
whereas the variance in both sampling sites is equal. The t—tests were also
performed where there was an assumption (from the results of the F—tests)
that the variance was not equai(69). The results are summarized in Table
4.3,

From Table 4.3 we can see that with the exception of the d i f ferences
between sites 1—5 and 4—5 , there are significant differen9~~~in the charac-
teristics of the grain size. In the Simpson Desert, Fo1k~ 

/ found that the
sand grains at the crests were larger than at the flanks. In many other
cases, fine sand was found at the crests and coarse sand was concentrated
at the base of the dune. Bagnold(7) believes that coarse sand collects at
the base of the dune because ~f its Inability to move onto the flank slope .
Sharp(SO), in California, found fewer coarse grains at the crest of the
dunes than at the base, whereas the finest grains were more common on the
flanks than on the crest. In the present research , the finest grains were
found on the- lee flank,- th~n- ’on the crest , and finally on the windward flank.
The -coarsest were found at the base of the dune , with the maximum on the lee
flank.

In general it can be assumed- that coarse grains will concentrate at the
base of the dune because -of the nearness to the source of coarse sand — the
zibar , due to inability to climb up the dune flank and also due to the sea-
sonal changes of wind direction and the slow movement (a form of surface
creep) typical of coarse sand.

4.3.4. Standard Deviation (sorting) (a 4))

The values of the standard deviation (sorting) are related to the size
of the grain and the type of ripple . The mega—ripples have a wide range
of sand , from very coarse to very fine, and therefore have a high standard
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deviation , above 14), which shows bad sorting. The ripple sand is be t te r
sorted; its standard deviation averages between 0.424) and 0.474). This
value is similar to the standard deviation values that Folk~

l4) found for
ripples sampled on flat surfaces (and not on dune flanks) and also fo r  dune
sand in the Simpson desert and other places (66)~

Fig. 4.5 presents the relationship between the average and the stan-
dard deviation of the samplings taken at various places on the dune . The
results of the sampling are concentrated separately where in sites 1—5
there is an overlap , and in sites between 4 to 1+5, 2 to 3 and 3 to 4 there
is a partial overlap. The results are understandable in light of the re-
sults of the t—tests for the values of the averages (Table 4.3) and in light
of the fact that there is a significant correlation (at a level of 1%) be—
tween the values of the average (~ 4)) and the values of the standard devia-
tion (04)).

According to the averages (marked in Fig. 4.5 by a circle) it can be
seen that at point no. 1 the largest sand grains and the worst sorting are
found and the next point is no. 5. At the time the sampling was done , in
the summe r , point no. 5 was at the base of the windward flank and no. 1 at
the base of the lee flank . The coarse sediment that comes from the windward
side during the summer collects at the base of the lee flank and is not
carried away from there because of the weak winds which exist at this sea-
son. The sand at point no. 4, at the middle of the windward fl ank , is
coarser than the sand at point no ,  2 which is found at the same level on the
lee flank, since it gets additional coarse sand from poing no. 5 (this ex— - 

-plains the lack of significant defference between the averages of points 4
and 5 in Table 4.3). Mostly finer material gets to point no. 2 and the
coarse material which succeeds in crossing the crest tends to slide and
roll to the base (point no. 1). Point no. 2 is similar to point no. 3,
although the former has finer sand. Point no. 2 has ripples with the shor-
test wavelengths (Table 4.2). The sizes of the sand grains there are within
the range of sizes found in the body of the dune (2—34)). This indicates that
point no. 2 is found in the depos’itional area of the dune or close to it.
Coarser material does not succeed in crossing the crest; or if it does , it
does ont move with the direction of the flow along the dune. Because of
its relatively greater weight and the steepness of the lee side , it falls
to the base of the flank. We know from data on the wind regime (Chapter 2)
that  the magnitude of the wind in the summer is relatively lower. There—
tore , less sand succeeds in crossing the crest to sink to the lee side .

4.3.5. Skewness (Sk4))

Skewness is considered one of the more delicate parameters for distin-
guishing between the various depositional layers(7O). In all cases , in
dunes, positive skewness is found , which indicates a “tail” of fine—grained
sediments in a distribution curve (Fig. 4.6). The source of these fine sedi—
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ments is dust which settles on the dune after storms. In separate samplings
of the crest and troughs of the ripple (Appendix 18), 84 % had a positive
skewness, Among the 13 cases where the skewness was negative, 11 were sam-
plings of the ripple trough, where most of the sand is fine and the “tail”
is of coarse sand (Fig.4.7). In 90 % of the results, the skewness of the
crest and trough together had positive values(appendix 19). Four cases of
negative skewness were found at sampling points no.2 and 4 on the dune (Fig,
4.1 ).

Averages of skewness(Table 4.1,) show that the lowest values are found
at the two flanks and that the crest has the highest skewness. Folk (14)

obtained an identical result using a different sampling method. He points
out that the differences are not meaningful because of the great overlap-
ping between all the sublayers of the dune.

The skewness values of each sampling on the dune have a wide distri-
bution along the scale of results. T—tests that were done on the results of
the various sampling sites show ‘that there are no significant differences
between the results of the various layers. In view of this, it seems that
the skewness values have no dynamic or sedimentological importance in the
environments of the longitudinal dune.

4.3.6. Kurtosis (Kg4’)

Kurtosis measures the amount of peakedness of the distribution curve.
On its own, it has no importance and few conclusions can be drawn from the
kurtosis values. Its importance lies mainly in integrated analysis(7 1-) .

All the kurtosis values (Appendixes 18,19) are above 1; that is to
say, they are all of the leptokurtic type.

Fig 4.8. presents the relationship between the average and the
kurtosis of the various subenvironments samplings on the dune. The discri—
mination between the subenvironments (except for nos.,l and 5) is made possi— -

ble due to the significant differences that exist in the average values (Ta-
ble 4.3), and also due to differences in the kurtosis values between the
windward flank (no.4) and the rest of the subenvironments. No reason is
seen for the high values on the windward flank. There is no significant cor-
relation between the mean values and the kurtosis values(r = 0.19; d.f. 33).

4.3.7. Grain Size Distribution Curves,

Fig 4.6, 4.7, and 4.9—4.15 present distribution curves of some of the
results of the sieving at various points. In the presentation of distribu—
tion curves of this sort there is an error in the fact that we are taking
the midpoint of each class interval as being representative of the average
of each class. However , the purpose of the presentation of these curves is
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to distinguish between the various modes. Their presentation on the same
scale with the same size groups permits a visual comparison of the dis t r i -
bution at the various sampling points .

Fig. 4 .9  presents a large distribution of regular ripple grains , and
F igs~ 4.6 and 4.7, the distribution of the crests and troughs respective-
ly of the same ripple. The distribution of the grain size of the ripp le
is almost symmetrical . The distribution of the ripple crest is coarser ,
wi th positive skewness , and the distribution of the trough is finer, with
negative skewness.

Fig. 4.10 presents the dis t r ibut ion of the mega—ripple , and Figs . 4.11
and 4 , 12 show the distr ibution of the crest and trough , respectively, of
that mega—ripple . The mega—ripple has a distinctly asymmetrical distri-
bution , which is even more pronounced at the crest of the mega—ripple  (Fig .
4.11), where the coarse fraction is marked. In the mega—rippie trough
(Fig. 4.12) we f ind two major  components — coarse and fine , where the
coarse is the lesser component and the major part  is medium and f ine .

4 .3 .8 .  Grain Size Characterist ics in Laminae Below the Top Surface .

During three samplings , two additional layers were taken in addition
to the upper layer of sand grains , in order to check the variation in size
of the grains between the grain layer subjected directly to wind action and
the two layers beneath it. The results appear in Appendix 20. In all three
examples there is a marked difference between the upper layer and the two
layers below it in all 4 moments . The two layers are almost exactly iden-
tical in the characteris tics of gra in  size and d is t r ibut ion. This f ac t  .l us—
tifies the method of sampling the upper layer of grains without any mixing
in of the lower layers.

Fig. 4.13 presents the mega—ripple (similar to the distribution ot the
mega—ripple in Fig. 4.10). Figs . 4.14 and 4.15 present the distribution ot
the two layers found underneath that particular mega—ripple . Here the acute
decrease of the component of coarse sand is marked; that is to say coarse
sand is the modal size only on the surface . Under the surface , the medium
and fine sand are the modal size. It is clear that the very coarse compo—
nent appearing in Fig. 4.13 is in fact the lag sediments typical of ripples
and mega—ripples .

It is to be noted that  the distribution of the two layers under the
mega— ripple (Figs . 4.14 , 4.15) is identical  to that of the grains in the
trough of the mega—ripple (Fig. 4 . 1 2 ) .  From this we can conclude that
the character is t ics  and d is t r ibut ion  of the two layers underneath the our—
f ace of the ripple are identical to those of the grains on the su r f ace  olE
the ri pple trough .
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V. TRACING SAND MOVEMENT BY FLUORESCENT DYE

5,1 Introduction

During the last few years , the use of tracers in dynamic geomorphology
and sedimentology has become more common. This method was devised in
response to the problems arising from attempts to reconstruct processes
with the aid of natural models. The use of tracers was introduced into
the measurements of the course of sediments in streams and rivers(~

2) and
also on beaches (73).

The data, techniques and results of the use of tracers in aeolian
sediments has not yet appeared in the literature. Therefore, the technique
of using tracers for dune research was utilized by relying on the knowledge
and experience gained by ya~so(74) in his summary of fluvial and marine
environments.

It is much easier and simpler to use tracers for aeolian sand dunes ,
since the marked sand and its sampling were introduced both before and
a f t e r- a  storm . In this way , we are able to avoid technical problems and
those errors relating to the introduc tion of material and samp ling during
actual movement , as in streams and beaches.

Of the two methods of marking sand — radioactive and fluorescent — the
latter was chosen because it is cheaper , entails no danger to humans , and
also because various colors can be used , thus~providing more information ineach experiment.

5.2 Techniques Used

The technique includes: dyeing fhe sand , releasing it on the dune ,
sampling, and counting the grains.

a) Dyeing: The dyeing is done with the aid of fluorescent pigments (manu-
factured by the Dayglo Co., Ohio, U.S.A., Series A) containing 10 different
colors. The solvent used w~s “Supercryl” — a white acrulic exterior-
emulsion paint (manufactured by the Tambour Co., Haifa, Israel). The sand
which was dyed was taken from the dune itself , in order to maintain the ¶
sand characteristics (shape , density, roundness and size). A quan tity of
25—30 kilograms of sand was dyed , equivalent to a medium—sized sand storm
lasting from 7 to 15 hours. The necessary quantities .for dyeing 25—30
kilos of sand are: 250 grams of fluorescent pigment and 500—600 cubic
centimeters of Supercryl paint diluted in 80—100% water. The dyeing is
effected by mixing all the above materials in a receptacle and by drying
them . The dry colored sand is very fragile to the touch and is easily
crumbled . It contains some aggregates created by5’insufficient mixing of
the sand, and therefore the colored sand , after c-rumbling, is put through
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a ½ mm sieve in order to remove the aggregates. Sieving the sand through
a ½ mm sieve does not change its granulometric characteristics because it
has been foun d that on the average , only 0 .2% of dune sand is larger than
½ mm.

Examination of the dyed sand showed that it maintained the same
characteristics as before dyeing . From the granulometric point of view,
the size distribution of the sand before and a f te r  dyeing was almost iden-
tical (Fig. 5.1). Examination by means of a microscope revealed that the
fluorescent color tended mostly to concentrate in concavities on the
surface of the grains and therefore had almost no ef fec t  on its aerodynamic
qualities. Nevertheless, the specific weight of undyéd sand in bulk is 1.44
grams/cm3, and that of dyed sand is 1.26 grams/cm 3. The difference in the
bulk weight of the sand reveals that during the dyeing , the shape of the
grains changes somewhat , and that in a lump of dyed sand there are more
spaces between the grains than in a lump of undyed sand.

b) Release of the fluorescent sand: The fluorescent sand is released on
the surface of the dune in places where its movement on the surrounding
area is of interest. The release of the sand can be in an elongated narrow
strip or around a particular point. The depth of the fluorescent sand
released is not more than 2—3 cm , in order not to make obvious changes in
the morphology of the dune. It is important to make every effort to prevent
obvious changes on the dune while releasing the sand , in order to re—
construct  the natural  conditions in the best possible manner. Reference
pegs are sunk at p laces where the sand is released , and their height and
azimuth are measured in relation to a central reference point . They are
used after sampling as the basis for mapping the dune in the area under
investigation.

c) Sampling method: Sand sampling is done starting from the area next to
the sand release area and in the direction of the movement of the last sand
storm . It has been found that in most cases , the general direction of the
movement of the sand is towards the east (except for  western sand movement
in small amounts in d i f f e r en t  cases).  The sampling is systematic and is
done in strips across the dunes; the distance between one strip and another
is between 3—5 meters. Sampling is taken along the entire strip at
intervals of 1—3 meters , according to the height of the dune. Every strip
sampled is marked for mapping.

The sampling method is according to Ingle (7 3) . A sampling card (3 by
3 inches), one side of which is s.~ieared with a ligh t coa ting of vaseline ,
is then attached to the sampling post by means of two rubber bands (Figs.
5.2, 5.3). The sampling cards are kept , before and after sampling , on a
board and are attached to it by clips (Fig. 5.4). Each sampling is marked
according to the sampling s t r ip,  the face of the slope , and its location
on the  st r ip. At the end of each sampling, the cards are placed in a
plastic bag .
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-- “ w ‘ i s  tached . card system.

82



_ _

During the entire sampling activities, care must be taken to avoid the
int roduction of errors which can arise from scattering of sand by the
samplers’ shoes (while the samplers are walking on the dunes), and by sand
avalanches on slopes whose ang les are near the angle of response of the
sand . Also to be avoided are errors caused by lack of a t tent ion  to the
cleanliness of the sampling posts , the sampling system board and the
samplers ’ hands . [n order to prevent this , roftg posts mus t be used (Fig .
5.3);  the sampling post should be cleaned a f te r  each sampling , and the
rubber bands holding the sampling cards in place on the post should not be
used more than once. It is also impossible to take samp lings during a
sand storm — even the sligh t e s t  — because the cards become f i l led  up with
the sand blowing around the dune . A f t e r  the sampling, an accurate mapping
of the entire sampling area is carried out , using a level.

d) Counting procedure: The samp ling cards were checked under an ultra-
violet lamp (UVL—56—Black—Ray), which , on one hand , illuminates each colored
grain , and on the other hand , presents np hazard to the human body. All
the colored grains were counted and were used as a basis for a map showing
the grains movement .

5.3 Releasing the Fluorescent Dyed Sand

The data obtained from tracing the dyed sand can be tested both
qual itatively and quantitatively. Qualitatively, it is possible to learn
about the movement and the major deposition areas of the sediments , and
quantitatively, data can be obtained on the sediment yield in the same
directions of movement . Most of the research done up to now on this subject ,
mostly orc coasts, shows the changes in the dispersal of the t racers  in
cond itions of various surroundings(~~ ). The few quantitative research
works that have been done have stressed that the accuracy of the quantitative
data is dependent upon mart y factors , among which is the method of col lec t ing
sand or samp ling (75 ) . In addit ion to th is, informat ion  on the veloci ty  and
direction of the flow moving the sediment is necessary. Any change in
veloc i ty  or d i rec t ion  is likely to introduce an error into the ca lcu la t ion .
Any transfer of the sediment from one place to another (as from the wind-
ward to the lee flank of the dune) changes the characteristic s of its
transportation .

In spite of the existence of data on the general direction and velo—
c i ty  of the wind , in all tracers work of dyed sand done in the presen t
research there were also micro—changes  in the wind d i rec t ion  and velocity
of the dune i t s e l f .  In a few sectibns there is increased erosion of sand ,
and in other sections , deposition. Therefore we should disregard a priori
all attempts at quantitativ e measurement of colored sand movement on the
sand dune , and the results are limited to the qualitative results of the
direc tions of movement and areas of deposition .
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Mov ement of the colored sand , in all the cases sampled , was in a s t r ip
with a width of 2—6 meters. In uni-directiona].. sand movement with a steady
rate , the concen tra tion of colored grains was found to fall gradually with
the  increasing distance.  In instances where the sand movement stopped or
decreased , for  any reason whatsoever , we f ind a dispersion of sand over a
wid e area , and from there onwards a sharp decrease in the sand concentra-
tion . Therefore the shape of the sand dispersion and its concentration ,
as found a f t e r  sampling , can indicate the following data: a) direction of
the sand movemen t and changes in the di rect ion of this movement; b) cessa-
tion or slowing—up in the rate of the sand movement (in the deposition
area).

5,4 Graphical Representation of Dyed ~~nd Movement

The number of colored grains found in each sample was recorded on the -

map of the sampling area. With the help of interpolation, isolines of the
number of grains were drawn on a map with the following values: 4 , 10 , 20 ,
25,50,100,250,500,750,1000,1500. Each number indicates the amount of dyed
grains found in an area of 9 square inches (the area of the sampling card).
Values of less than four  were not counted in order to prevent errors that
might arise from a r t i f ic ia l  dispersal of the sand by the samplers ’ shoes ,
and sticking of the sand to the samp ling pole or - to the samplers’ fingers.
Onl y in one instance (Fig . 5.10), were various values smaller than four
taken , and thi s was a f t e r  a storm which lasted for seven days , which
dispersed and buried most of the sand and the highest number of colored
grains sampled was 8. Isolines of dyed grains show the direct ion of the
sand movement , the width of the moving sand strip , the shape of the sand
dispersal , and the deposition areas. Measurements of dyed sand movement
were done in various areas of the dune , mainl y in places where the dune
meanders , in order to ascertain the course of the sand movement there.
The wind recorder supplied the general data on the wind reg ime fo r  the
period between the release of the sand and its sampling. All the measure-
ments except one were done in a period when the wind blew north or north-
west — that is to say, in a typ ical summer wind regime , where there are
weak and medium sand storms at fixed hours during the day. All the experi—
rnent s  done in the winter , during a stormier wind regime , fai led because of
the almost total  disappearance of the colored sand . Only in one instance
(Fi g. 5.10) was there a successful sampling a f t e r  a winter storm , but , as
already mentioned , we obtained a sample with a very low number of dyed
grains.

In all the measurements, two different colored sands were released on
the  dune , one on the  lee side and the  other  on the windward side. In
order to distinguish between the dispersal of the two colors of sand , the
isolines were drawn with dashes f o r  the windward f lank  and with cont inuous
lines for the leeward flank. -
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5.5 Results and Discussion

5.5.1 Grain Movement Under Northern Wind s (Summer Condition)

Summer winds, which have a velocity above the threshold velocity, are
actually sea breezes which blow every day from noon un t i l  evening . These
breezes have a northerly component and a high degree of constancy.

Fig.  5.5 presents the sand movement a f te r  a windstorm of magnitudes up
to 10 meters/second from two main directions, 360° and 340° . The sand
released on the windward f lank moves parallel to the wind blowing from 340°,
This is because the storm started with wind from 360° and ended with wind
from 340°, which left the final impression in the course of the sand . On
the lee side , there was a change in the sand direction which was a result
of the change in the wind direction . At a distance of 2 meters from the
crest, the direction of the sand movement gradually changed to parallel to
the crest line. This movement took place in a belt with a width of 8
me ters, whose center is at a distance of 5 meters from the crest. The
sand released on the lee flank also moved in this direction , which is at
an angle of 70° —90° from the general wind direction . It is interesting
that the sand coming from the windward flank moved a grea ter dis tance than
the sand released on the lee flank. This phenomenon repea ted itself in
most of the similar instances. This results from the fact that on the
wind~ ard flank removal of sand only takes p lace while on the lee f lank
there is deposition as well as movement, Therefore, the sand coming f r om
the windward flank buries a portion of the sand moving on the lee flank.

An additional phenomenon is a secondary concentration of sand (50
grains) downwind on the lee flank. This kind of concentration could in-
dica te sand depos ition , possibly stemming from a change in the orientation
of the continuation of the dune, because of its meander. This can be seen
in Fig. 5.6, which describes a section in the meander area which is found
to the east of the sect ion appearing in Fig. 5.5. In Fig. 5.6, we can
distinguish a change of 20° in the direction of the crest line. Because
of this, the relationship between the wind direction and the direction of
the crest changes. The sand starts to move in a manner similar to the
aforementioned case (Fig. 5.5), that is to say, parallel to the crest line
on the leeside , where most of the movement happens also at a distance of
5—6 meters from the crest . When the sand approaches the area where the
dune changes its d irec t ion , it spreads out along a very wide area that
includes almost the whole southern flank of the dune. Smoke candles
showed (Figs. 3.21 — 3.24) that in this area eddies are found which are
caused by a decrease there in the wind magnitude and from wind flows to
the west (upwind), since the general winds from N—NNE get a western de-
flec tion. On the western part of the lee flank, the same wind tends to
blow to the east (Fig. 5.5). In the area where the crest line direction
changes, these two opposite wind directions (which are from the same source)
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meet , and as a result , vortices develop, whose magnitude and directions are
dependent on the winds ’ gusts and changes in direction . When the direction
is NNW—N , the eastern moving wind component will be stronger , and the result
will be a greater movement of sand to the east . When the direction is NNE ,
a stronger moving wind component will develop to the west. In this example ,
the storm started with a wind with a NNE direction and ended with a wind in
a NNW direction wi th  a greater magnitude. Accordingly, there was therefore
a dispersal of sand on the lee flank , but also a movement to the east.

Another outstanding phenomenon here is the low concentration of dyed
sand on the lee f lank relative to the dyed sand which came from the wind-
ward flank (100 to 1500). This is in spite of the fact that the amount of
sand released on both flanks was identical. The sand released on the lee
flank was buried by the sand (dyed and undyed) from the windward flank.
The phenomenon of sand deposition is typical of the two uppermost meters of
the lee flank (as we have already seen in the wind measurements).  In this
case , the dyed sand was released along a strip on the 5 uppermost meters of
the lee f lank;  therefore, mo~~t of it was covered. This phenomenon did not
happen in the previous case (Fig. 5.5) since the sand ~there was released on
the lee flank- 4 to 6 meters  from the crest — that is, outside of the main
depositional area .

A similar case can be seen in Fig . 5.7 , where there is a dif ference
of 40° in the orientation of the crest line (from the direction 130°—3l0°
to the direction 90°—270°). The wind blew at a direction of only 360°,
and moved the sand on the windward side straight to the south. On the lee
side , the movement changed to parallel the crest line , although this t ime
it concentrated itself at a distance of 2½ meters from the crest (as a
resu lt of the relatively acute angle between the crest line and wind di-
rection). The predominant phenomenon in the direction of the sand released
on both flanks is the movement up to the area where the dune changes course.
There is a stoppage there in the sand direction , which is expressed by a
sharp gradient of isolines. In addition , there is a dispersal of sand
along the whole width of the lee flank in an almost homogeneous pattern :
in two opposite directions of movement, to the west and to the east. From
this we can learn tha t in the area where the dune changes course, there
is a stoppage of sand movement due to the opposite wind direction there.
In th is  same place , the sand disperses and is deposited along the whole
width  of the f lank as a result  of vort ices in this area , as was seen in
the previous cases. The dispersal area is limited to an area of a length
of 10—15 meters  and the width  of the lee flank.

Samples of dyed sand that  were taken at the base of the lee flank in
the interdune area (Fig. 5 .7 )  indicate that in spite of turbulence and
dispersal of sand on the lee flank , sand grains do not tend to leave the
bod y of the dune , and there fore , in fac t , the dune does not lose sand.
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Fig. 5.8 describes an additional case of colored sand movement in the
dune deflection area, between- points 9 and 10 (Fig. 1.1). The sand released
on the windward flank moves parallel to the wind and is deflected in its
direction at the lee flank at a distance of 5 meters from the crest, as we
have already seen in previous cases (Figs . 5.5, 5.6). The deflection is to
the east , according to the wind direction in relation to the crest line.
The crest line here is deflected 20 ° in direction (from 90°— 27 0° to 70° —25 0° ) .
In this area , the western component of the wind is weakened and the sand
beg ins to settle and scatter over the whole lee flank. Proof of this can
be found also in the movement of the sand released on the lee flank it self.
This sand was par t ly  scattered and par t ly buried and covered . On the other
hand , it concentrated itself in the same p lace where the sand from the wind—
ward flank was scattered. The storm, which blew here for 15 hours and
reached a magnitude of 10 meters/second , caused dispersal and burial of most
of the dyed sand that  had been released on the lee f lank.  The sand remained
only where we found a deflect ion in the crest line which resulted in a
deposition and concentration of sand .

Fig . 5.6 and 5.8 show two similar cases of sand movement in the deflec-
tion area. The result in both cases is identical, namely deposition of
sand in the deflect ion area . However , in Fig . 5.6 , the sand deposition is
concentra ted in the part near the deflect ion point of the dun e peak , and in
Fig. 5.8 — in the center of the deflect ion area . The d i f fe rences  in the
positioning of the deposition area derive from d i f ferences  in the wind
direct ions.  In Fig. 5.6 , the winds were from NNE and NNW directions , and
in Fig. 5.8 , from the NNW only, at higher magnitudes. Therefore the  east-
ward directional component was stronger in the case presented in Fig. 5.8
and as a result of this, the deposition was concentrated more to the east
than in the case described in Fig. 5 .6 .

Fig. 5.9 describes the sand direction in the section found in the area
where the sand is concentrated (in Fig. 5 .8) .  The crest line changes i ts
course here by 75° ( f rom 70° —25 0° in the west to 145 ° —3 25 ° in the eas t ) .
The wind tha t was blowing was northerly (360°),  and therefore  encountered
the length of the crest line at various angles. The expected result in
this case is sand movement at the lee flank in a western direction at the
western side of the section. Though sampling results  show the sand movement
in a westerly direction , it seems that this movement was mainly in the
central area of the section examined. In the western area there is a
scat tering of sand over the whole lee f l ank , with some easterly movement.

In general , the lengthwise movement of the sand in this  section is
very short , relative to the magnitude of the wind which blew there (see the I ’
wind rose case in Fig. 5.9 and compare with other cases where the magnitude
was lower, as in Figs. 5.6, 5.7). Therefore, it seems that th is  is an
area where there is mainly sand deposition . The sand released on the lee
f lank moved mainly to the west . The shorter  movemen t was to the east ,
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where there are si gns to show that  sand in th i s  area crosses the crest and
set t les  on the windward f lank , in a movement whose direction is almost
opposite to the general wind movement .

The se p henomena are to be seen as a result  of eddies which form at
the lee f lank and which are derived from the def lection here of the wind
direct ion to two opposing direct-4~~ns-  In the area being examined , the
wind has a western tendency when there are winds blowing from a general
northern direct ion.  This western tendency takes place at a limited section
of the dun e located in the def lect ion area . In a longer section located to
the west of th is  area (on the section presented in Fig. 5,8)  on the lee
f lank , according to the ang le between the crest line and the northern wind ,
there is def lec t ion  and movement- to the eas t .  When the wind , def lected to
the east , encounters the def lec t ion  point  of the  peak , it has a greater
magnitud e since it has come a relat ively lotig distance from where there
was a concentration of flow lines. Therefore , at the deflection point of
the peak , two opposite wind direct ions meet , and the eastward wind di rect ion
is the s t ronger.  At the encounter area , eddie’s are f ormed whose direction
and magni tude  are dependent upon and change according to the  gusts of the
wind , However , they have a stronger eastward component.. The longer the
wind moves to the east , the more the westward component gains s t rength  and
the eastward component weakens , The result , as we see it , is that the sand
on the western side scat ters  over the width of the lee f lank  and tends to
move somewhat to the east , while the - sand released on the eastern side
tends to move to the west .

5 5 .2  Grain Movement Under Western and Southern Winds (Winter  Condit ion )

The r e su l t s  presented in the  previous section relate to nor the rn
wind condi t ions  typical  of summer In the winter , the conditions are
d i f f e r e n t ;  the storms are l imi ted  fo r  the most part  to the invasion by
baromet r i c  depressions of the eastern Mediterranean , The passing of a
barometr ic  depression is accompanied by circl ing winds from a S—SW to
W—NW d i rec t ion , where the  S— SW has the higher magnitudes (Appendix 2 ) .

Fig .. 5l 0 gives the results of such wind condition on the movement of
dyed sand. Wind d i rec t ions  during the passing of the  depression ranged
f rom SW to NW , where the s t rongest  magnitudes were in the SW and W , The
dyed sand was released on the dune on May 11, and the sampling was taken
on May 18. For seven days the area had been a f f e c t e d  by winds of medium
to high magnitudes (Fig . 5 10), wi th  the sand movement beg inning during a
r e l a t ive ly li ght  wind (a magni tude  of 6— 8 mete rs/ second)  f rom the nor th  —

act ually a sea breeze .  Later , wi th  the  invasion by barometr ic  depression
of the area, strong westerly and south—westerly wind s began to flow (14
meters/second).

The movement that began with the northern winds caused a scattering
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of the sand , as in the summer cases already discussed (Figs. 5 . 5 — 5 . 8 ) .  The
sand released on the southern f lank  was scattered in the area where it was
released and completely covered . Further on, it concentrated in the area
where the crest line changes course at 20 ° (from 290° to 2 7 0 ° ) .  As a
result , there was a slowing down in the wind magnitude and the sand was
sca t tered  along the whole width of the lee f lank . We assume tha t  during
the blowing of the nor thern  wind (16 hours) before the beginning of the
winter storm wi th  the SW and W wind , most of the sand released on the
southern f lank was scat tered and buried . For this reason , we do not f ind
any of this  sand contr ibut ing to the northern f lank.  On the other hand ,
the sand released on the nor thern  flank was scat tered by both the nor thern
and sou thern winds and in bo th cases , show signs of concentrating in p laces
where there is a change in the crest line which results in the weakening of
the magnitude of the wind parallel to the crest line of the dune .

The d i s t r ibu t ion  of the wind directions and magni tude during the  t ime
in which the sand is scattered (Fig. 5.10) is similar in general to the
wind rose of the yearly winds (Fig. 2 . 7 ) .  This examp le shows the average
state of sand movement throughout the year. The outstanding phenomenon is
the sand movement parallel to the dune line and its concentration in the
areas where the dune meanders .  Lengthwise sand movement takes place in
strips at a distance of 5—7 meters  f rom the cres t .  The nature of the
movement is determined by the relation between the general wind direction
and the direction of the crest line. This relationship also determines
the magnitude of the sand movement , as we have seen in Chapter III.

5.5.3 Grain Movement on the Zibar

The z ibar , as described in the previous chapters , is a sandy bod y
d ifferent from the dune in its morphology, which is flat and wider (Fig ,
1.1), and also in its grain size (Fig. 1.2).

Trac ing of the sand movemen t on the zibar , done at point no. 1 (Fig.
5.11), showed tha t the sand crosses the crest  line (which has no sharp
morp hological expression) and continues without any change in the same -
direc t ion  on the lee f l ank , in comp lete accord wi th  the wind direct ion ,
The width of the moving sand s t r ip grew wi th  the distance from the sand
release area. However, th is is an expe cted phenomenon of sand sca ttering
by a gusty wind and no importance should be attached to it. In the lower
par t  of the lee f lank we f ind  a concentrat ion of sand which indicates
deposition . There is also some change in the direction of the movement of
the dyed sand released on the lee flank~ It is d i f f i c u l t  to a t t ach  any
special importance to these two phenomena , espec ially because of the f a c t
that in the lower parts of the zibar we find a high concentration of f lora
which traps the sand and causes unexpected deposition . It is possible
also that the change in the direction of the movement of the sand released
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Fig. 5.11 Samp ling map of released fluorescent dyed sand on both flanks
of the zibar at point no. 1. For key see Fig. 5.5.
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on the lee flank may be local, since there is no similar change in the
direction of the sand released on the windward flank.

5.6 Summary

The outstanding and important phenomenon in the movement of sand upon
the longitudinal dune is that the movement on the lee flank is always
parallel to the crest line, irrespective of the direction of the wind.
This phenomenon is caused by the change in the~-wind direction at the lee
flank, according to the laws explained in Chapter Three. In this way the
dune continues to grow longitudinally in one direction and any real lateral
movement of the dune body is prevented.

On the windward flank, the wind movement is parallel to the wind di-
rection while the longitudinal movement on th& lee flank is at a distance
of 5—7 meters from the crest line. At a distance of 2—3 meters from the
crest line, on the lee flank, there is deposition of sand coming from the
windward flank. This deposition brings about the beginning of a creation
of a slip face at the head of the flank. In certain cases, this will grow
with the addition of sand at the head of the flank and its avalanche on
the slope, until the entire flank has a steepness of 340, typical of a
slip face. This phenomena is limited only to those sections where the
wind encounters the crest line at almost a right angle, which are the de-
flection areas of the dune.

The phenomenon which is related to the changes in wind direction on
the lee flank, parallel to the crest line, only takes place in cases where
the dune has a typical sharp crest. On the other hand, where there is a
flat low dune such as a zibar, which has no sharp outstanding crest line ,
this phenomenon does not take place, and the sand on the lee flank moves
parallel to the general wind direction.

We saw in Chapter Three that there are changes in the deflected wind
magnitude on the lee flank which are related to the impact angles of the
wind. When the angle is right or nearly right, the wind magnitude on the
lee flank is relatively low and it increases when the angle becomes acute.
Accordingly , changes occur in the wind magnitude and as a consequence ,
changes in the rate of the sand movement according to the deflection of
the dune. When the impact angle is acute, but changes to almost a right
angle because of the deflection of the dune, there is a slowing of the
wind at the deflection point , and consequently a stoppage of the sand
mc,vement — or in other words, deposition (FIg. 5.7). Where the impact
angle is close to a right angle and becomes acute, we find an acceleration
of the wind speed in the transition area, and consequently a faster sand
speed (erosion) up until the next deflection of the dune. In that area,
the angle between the wind and the crest line again changes to a less
acute angle and there is sand deposition , etc., etc. An example of this
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can be seen in the sand distribution on the northern flank in Fig. 5.10,
where on the western part of the flank the angle of the storm wind from
the SW was relatively less acute , and became more aci.tte because of the
deflection of the crest line.

When the angle between the crest line and wind in the deflection area
is greater than 90°, sand movement in an opposite direction begins on the
lee flank. As a result of this there is an encounter on the lee flank
between two opposite stream lines, which leads to the formation of eddies
and to a drastic decrease in speed (as we have already seen in Chapter
Three). The two wind directions constitute two vectors in different direc-
tions. During summer the vector of the wind coming from the west in the
direction of the dune movement is greater because this part of the dune ,
situated at an acute angle to the wind, is longer than the section of the
deflection area (Fig. 1.5). Therefore , we do not find a change in the
direction of the sand movement immediately at the sharp change in the crest
line, but rather at some distance to the east — as shown in Fig. 5.9.
However, because of the marked gustiness of the wind , it is possible to
“feel” a change in the crest before the deflection, as in Fig. 5.5.

Eddies formed on the lee flank where the deflected windspeed is
slowed down and in places where two opposite wind directions meet tend to
scatter the sand and to deposit it in a uniform manner over the whole
flank of the dune. In most cases, examined , it was found that deposition
of sand takes place only on the lee flank, and there is no contribution
from that flank to the interdune area. We can assume that every grain of
sand that arrives at the dune — either from the zibar or from the inter—
dune area — remains on the dune and does not leave it.

5.7 A Model of grain Movement on a Longitudinal Dune

The model prepared as a sutmuary of the measurement of the dyed sand
movement (Fig. 5.12) is of a typical longitudinal dune , which stretches
in a direction of llO°—290° (similar to the longitudinal dune upon which
the research was carried out), and is influenced by a wind from the N,
which Is a common summer wind direction . The course of the sand movement
is demonstrated with the aid of arrows indicating the direction of the
movement and its changes. The directions of the arrows were determined
by the results of the measurements of the dyed sand carried out at various
points along the dune . There are two kinds of arrows: a wide arrow
indicating the dominant movement of the grains and a thin arrow indicating
the secondary grain movement. These directions are derived from the wind
gusts, which, according to the data of the wind recorder , move on the
average between 20—30° around the average direction .

This hypothetical longitudinal dune is divided into 4 parts: it starts
from a wide flat section which forms the zibar , after which there is a
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Fig. 5.12 Model of sand direction movement on a longitudinal dune.

short section which constitutes the transitional area to the developed dune.
The central section, in which the developed longitudinal dune is found , has
two meanders — one (western), moderate, and the other, sharper. The last
section constitutes the end of the dune.

The movement on the zibar Is parallel to the wind , and there is no
real Influence of the morphology on the wind direction. S*all changes in
direction, which are caused by wind gusts,bring about a wider scattering of
the lee side of- the sibar. On the narrow transitional area, the dune is
beginning to form and to change from a wide flat zibar to a longitudinal
dune with a narrow steep profile. Here we begin to notice the morpholo-
gical influence on the wind that encounters the crest at an angle of 70°
changes its direction on the lee flank and causes sand movement parallel
to the dune axis. This movement along the lee flank progresses along a
strip 5—7 meters from the crest line, and continues until the area where
the first meander begins (next to the 9 meter elevation point) . Here ,
because of the change In the direction of the crest line, the winds encounter
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the dune at almost-a right angle. The longitudinal movement on the lee
flank naturally continues the same tendency, but the magnitude is much
lower. Secondary sand movement begins to form, because of the wind gusts
and the changes up to 30° in direction because of them. Here eddies begin
to form, which scatter the sand deposited on the whole lee flank. Further
on, the dune again changes direction (after the 6 meter elevation point)
and an acute angle (450) is formed between the wind and the crest line ,
which brings about longitudinal sand movement on the lee flank, increasing
up until the next meander (found after the 13 meter elevation point).
There is a sharper meander and a change of 50° in the course of the crest
line. The wind encounters the crest line after the meander at a less
acute angle, which also causes a deflection of the wind to an opposite di-
rection. Sizeable eddies are again formed , which cause a lessening in the
wind velocity, sand deposition and scattering over the whole flank. Here
also there is considerable secondary movement caused by the wind gusts.
Further on (after the 4—meter elevation point), the dune is again deflected
and sand movement toward east is formed again on the lee flank until the
end of the dune.
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VI. DEPOSITIONAL SURFACE AND INTERNAL STRUCTURE OF ThE DUNE

6.1 Introduction

The body of the dune is built of sand laminae deposited by different
wind regimes. The laminae are found on the slopes which were the deposi—
tional surfaces at the time sand was deposited. They cannot be seen on
the surface and are covered by ripples. Begnold (7) differentiated two
types of laminae:

1) those deposited as a result of sand avalanches on the slip—face , which
generally have a dip of more than 30° — which he termed “avalanche laminae”;
2) laminae deposited as a result of the usual sand movement when in
addition to the movement there was also deposition of the sand — termed
“accretion laminae”. This deposition i~~characterized by slopes much
smaller than 30°. Yaalon and Laronne~

7 ‘ also discern low angle lee sets
smaller than 20°.

The internal structure of the sand dune serves as a means of identifying
and describing fossil aeolian sand bodies and therefore furnishes informa-
tion about the wind direction at the time the sand body was deposited .
For this reason, a number of studies have been conducted on the internal
structures of recent dunes and the subject has been recently summarized by
Bigarella(77).

6.2 Previous Work on the Internal Structure of Longitudinal Dunes

There is very little information on the internal structure c’f these
dunes, especially in view of the fact that developed longitudina l dunes
are widespread only in deserts. Most of the various dynamic th~- . - 

~s
assume that the slip—face of the longitudinal dune is produced alternately
on both flanks of the dune . Therefore it appears to most researchers that
the ideal internal structure must be avalanching beds at an angle of 30°
found alternately on both flanks (Fig. 6.1). Bagnold(7), who described
this characteristic , indicates however that the depositional stages are
very irregular , but his investigations confirm this order of layers.
Glennie(2~~ sees this ideal internal structure as an expression of
processes related to helicoidal flow which affect the longitudinal dune.
He admits however that lamination on fossil dunes is often ver~’ rare , and
he merely offers it as an ideal example. Yaalon aod Laronne(7b) are
certain that the lowest percent of avalanche laininae is found on self
dunes exposed to winds from different directions.

The only comprehensive research on this subject has been done by
McKee and Tibbetts0-7), who worked in Libya on seif dunes which have
morphological characteristics very similar to those we have investigated
in this present inquiry. Their results have shown that all the laininae
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Fig. 6.1 Cross section showing the ideal in;qnal structure of a longi-
tudinal dune (according to Ragnold”7’, Glennie~25~ and McKee &
TibbittsO7)).

slope at a direct angle to the crest line at a dip of 10° to 330 , except
next to the dune base, where the dip is less. Their conclusion is that
the seif dune which they examined was created by dominant hi-directional
winds , each one at 450 from the dune axis. The dune laminae are slip—
face depositions at an opposing direction of 180°, determined by the
state of the dune crest. These conclusions in fact support the ideal
structure described above.

6.3 Research - Method

Works dealing with studies of internal dune structure are faced with
the problem of active dunes , covered by ripples or by avalanche beds which
hide the internal structure. In order to uncover the internal structure,
it is necessary to dig deeply, to locate the laininae and to measure the
dip and its direction. This is very difficult , especially in arid areas
where the sand is dry to a great depth and a great deal of water is needed
to wet it in order to preserve the vertical walls. This activity has its
limitations and it is not possible to dig down deeper than one or two
meters , especially in the steep sections of the dune, beca use of the danger
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- of the walls caving in. Digging of deep pits is possible in stabilized or -
half—stabilized dunes, which are very rare in the desert. Therefore , most
of the work done on this subject in desertsO7)(50) suffers from meagre
information on depths of one or two meters and from the inability to dig
at every place on the dune surface,

The main study of the internal structure in the present research was
not achieved by digging pits. Because of the limitation mentioned , we
were not able to dig more deeply than a meter and a half , and not at all -
in the steep sections of the dune. A rare opportunity to discern the
contact of the laminae with the surface occurred on February 21, 1975. On
that day and the two preceding days , there was a very heavy rainfall in
the Negev, which caused severe flooding in the wadis. During the rain and
afterwards, there were winds blowing in the area from the S and W at a
velocity of more than 10 meters/second , which caused masses of wet sand to
erode from the dune surface, uncovering the laininae which composed the
internal structure along the entire southern flank of the dune, from the
crestline to near the base. The differential drying of the various laminae
and the differential erosion of sand from the same laminae made the struc— -
tures very evident ~F~gs. 6.2, 6.4). A similar phenomenon was also
described by McKee( 8i and sharp(50), although they did not attribute much
importance to it.

This exposure allowed us to obtain a good evaluation only on the
azimuths of the laminae, but in addition , gave a comprehensive picture of
the extent of the latninae along the length of the southern flank and
enabled us to distinguish the depositional systems which belong to the
different periods. However, the knowledge gained from these exposures was
compounded by information gained from the pit diggings at the various
points on the dune and we were thus able to arrive at a better evaluation
of the internal structure.

The pit diggings were done after a rainfall of several scores of
millimeters which wet the dune to a depth of a meter to a meter and a
half. After the true dip was located , it was measured by a Branton compasF-
In a few instances, peels were taking according to Yasso and Hartman(79),

6.4 Results and Discussion

Figs. 6.3 and 6.5 were prepared according to Figs. 6.2 and 6.4. The
figures show the contact of the laminae with the surface of the southern
flank of the dune at points 5 and 7. In both cases, the picture is the
same and , along the entire length of the flank, we obtain the contact
lines of the laminae with the surface , arched and concave in the directio n
of the dune ’s advance. Close to the dune crest there is a sharp uncon—

• formity line with laminae , whose contact lines are parallel to the crest
line. It is possible to discern this phenomenon clearly in Fig. 6.6
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Fig. 6.2 Contact lines on the laminae with the surface (on the southern
flank of point no. 5), as exposed after a severe rainstorm
accompanied by strong winds from the S and W.
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Fig. 6.3 Contact lines of the laminae with the surface (on the southern
flank of point no. 5) according to Fig. 6.2.
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Fig . 6.4 Contact lines of the laminae with the surface (on the southern
flank of point no. 7), as exposed after a severe rainstorm
accompanied by strong winds from S and W.
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Fig. 6.5 Contact lines of the larnlnae with the surface ( e r .  the -~~~thern
flank of point no. 7), according to  Fig. ~~~~~~
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taken at the crest line. From here , the laminae are arranged in both
systems: one, the main one, found all along the length of the dune flanks ;
and the second , close to the crest line . In both examples (Figs. 6.3 and
65), we find along the flank about 4 separate systems of contact lines of
the main laminae with the surface , all with the same appearance , although
they relate to each other in ur~— - orformity. These contact lines, whose
appearances were determined by the eroding angle of the laminae with the
surface, show clearly that they were all deposited obliquely to the
longitudinal axis of the dune, That is, the deposition was in places where
the dune meanders and as a result , the wind velocity there - decreased (as
we have already seen in the smoke candle measurements, measurement of the
wind velocity and tracing the dyed sand). Fig . 6.7 presents the situation
in 3 dimensions. Because of the stormy winds which accompanied the rain ,
considerable erosion began at the top part of the windward flank and the
entire flank was convex (Fig. 6.6). The laminae deposited in earlier
seasons at the deflection area are oblique to the longitudinal axis of the
dune and were bared as a result of it in an arched form on the flank
surface, At the cross section all the laminae (except those connected to
the crest line) are in the apparent dip . Each laminae system underwent
erosion after its deposition . In every case , we find that the laminae which
were deposited first in the same system were relatively less eroded than
those deposited after them . This phenomenon occurs in the following way :
the laminae which we see in Figs, 6.3, 6.5 were deposited in the summer
season by NW—N winds, which transported the sand along the southern flank
of the dune , and deposited it in places where the dune meanders. After
constant deposition in the summer , the wind regime changed to SW—S winter
winds. These winds directly affected the southern flank including the
deflection area facing southward , where the laminae of the previous summer
had been deposited and caused erosion of these laminae. The lamina
deposited last , unprotected by other laminae , was the most eroded , with
most of the erosion close to the crest, The one deposited first during
the summer and protected by the many laminae above it was relativel y less
eroded . Af ter the winter , and with the beginning of another summer season ,
another deposition cycle starts in the same area , however , in marked
erosional unconformity on the eroded laminae. For this reason we find
that the entire laminae system lies one on top of the other in erosional
unconformity, and in each area there is a maximal erosion of the lamina
nearest to the direction of the advance of the dune , and minimal eros ion
t o the further lamina. In this way it is possible to come to some kind
of evaluation of the rate of advance of the dune each summer ,

The laminae parallel to the crest line were deposited in a belt 2
meters from the crest line , where we found a sharp decrease in the wind
speed (Fig . 3.3, 3.4). This is a secondary deposition on the dune , and
is limited to sections close to the crest line , in the summer when there
are NW , N winds , there is a deposition on the southern flank , and in the
winter , with W , SW, S winds, there is deposition on the northern flank •
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Fig . 6.6 Contact between the main lamin ao dud t h e  L im i n a e  p ar ~il1e1  to
the crest line (potht no. 7). 
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Fig. 6.7 Model of Fig. 6.~ in three dim ensio ns.
i
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Fig~ 6,8 shows the se:ondary dep osit ~on near the crest at point S (at the
same place as Fig 6~ 2)~ In Fig . 6.8 we can also see the area where the
dune meanders , where the main area of deposition is found . In this sec—
tlcn , the azimuth of the iaminae deposited close to the crest line is
iden tcc al with the azimuth of the main laminae deposited on the area.

The magnitude of the depcs~ t i on , which is par allel to the crest line ,
is dependent upon the angle between the crest line and the wind . When the
angle is acute , the depositi on is minimal , and it is maximal when the
angle is a right angle (Fig . 3~ 29). Therefore this deposition is not
unif :rm along the whole length ci the dune , Even these laminae are prone —

r.o ero sion , as we have already seen in Fig . 6 6.

A number of measurements of the dip ot the var Lous iaminae and their
azimtchs , obtained by means of digging pits , give some quantitative data
on the dip of the di fferent laminac. In these also one can always dis-
t inguish the iamlnae depos . r ed parallel to- the cre st cine and limited to
the upper parts of the flank , frcm the basic laminae deposited in the de-
flect ion area~ In a number of pit s dug at the- upper part of the flank one
can discern the contact line between two kinds of laminae (Fig . 6.9).

The results of the laminae dip measurement s appear in rable 6.1 and
in Fig 6.10. Most of these were taken on the northern flank cf the dune
because the dampness of the ver y deep sand is better preserved there.
The sand on the southern flank , r acing the sun , is dryer and this makes
it difficult to dig ~ it5 w i th  cert~~cal walls. The resuits of dip measure-
ments done at a depth c- f a meter and a hart show that on each flank there
ar e two basic groups of lam -m ae One was deposited on the deflection
area and was uncovered malnl y in the m~ddie and lower sectlons of the
flank; these are the mea sursmenrs from tics I to 7 incl usive (on Fig 610
they appear as a point). The second group are laminae parallel to the
crest l ine and they are found near it ; these are from nos. 8 to 12 on the
Table (on Fig . 6.10 they appear ai a point within a circle) In the fir st
group we obtain slopes from l5~ ~o- 32 . From th :s we can deduce tha t ms’st
of the laminae from the deflec tu:n points are deposited as a result of the
dec r ease in wind velocity, and are ther e fore “lee s-ide accretion laminae ”.
At some stages Lt is al5o possible to :btain there “avalanche laminae ”,
when a slide begins from the crest to the base of the dune The azimuth
of the basic dip of the laminac (from no. I t o  7) on the northern flank
fac es a direction of 4O~ to 90 , and on the southern tiank 160° and l~ 0~
On both these flanks , the surta :e deposition i s  found at an oblique to
th e dune axi 5 , cont inuing in the direction of 110

The laminae whr:h were deposited par.~Ike~ to the cre st line (Irom
Nos 8—12 in Table 6 1) are ~r d i ife r enr dips f~~:m 11 to 30 It must
be noted that in all cases the dips were ident ical to the surface slopes 

- 
-

and perpend i cu tar to the cre ’t floe Ft:m ‘:his i t  is possible to deduce
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Fig. 6.8 Slip face development aext to the crest line which represent
the secondary deposition which creates the laminae parallel to
the crest line (point no. 5).
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Fig. 6.9 Contact between the main laminae and the laminae parallel to
the crest line , In a 1-meter pit on the upper part of the
flank . The upper laminae (in an apparent dip) are part of
th e laminae deposited parallel to the crest line . The lower
ones (In a true dip of 28°) are part of the main laminae.
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that these laminae were deposited during the season when the measuremen ts
were taken. Measurements Nos. 4&8 in the Table were taken from the same
pit (Fig. 6.9) where the upper dip sets (on the picture with the apparent
dip) are the laminae deposited parallel to the crest line , and the lower
ones are related to deposition in the deflection area .

The dip of the laminae parallel to the crest line was measured only
on the northern flank of the dune. It was impossible to dig pits on the
upper southern flank for the reasons already mentioned , but one can discern
these laminae on the southern flank in Fig . 6.6.

6.5 A Model for the Internal Structure of a Longitudinal Dune

On a longitudinal dune there are 4 stratified units , the two basic
ones being found in the deflection area on both sides of the dune , and the
two secondaries on both sides of the crest line and parallel to it. These
deposition units are seasonal; in each season there is deposition on the
lee flank.

Near the crest line, sand is deposited in a section with a width of
one to two meters , where a considerable fall in the wind velocity begins
(Figs. 3.3—3.4). The existence of this section depends on the impact
angle of the wind with the crest line. In cases where the wind comes
almost parallel to the crest line , there is no decrease in the wind velo-
city on the lee flank ; on the contrary , it increases, When the crest
line is perpendicular to the wind , the decrease in wind velocity is very
evident . Therefore , the deposition units parallel to the crest line will
be very thick and extensive at the place where the dune meanders and
where the crest line is found perpendicular to the prevailing seasonal
wind . At the same place, there occurs also the main deposition , follow ing
the quick abatement of the wind , which moves along the lee flank (as we
have alredy seen in Chapter Three). As a result , “lee side accretion
laminae” deposition begins there. Over a period of time the secondary
deposition spreads out there , beginning near the crest line, and towards
the end of the season it covers the entire lee flank in the deflection
area . Then the deposition is froni both directions ; from the crest of the
avalanching sand — the “avalanche latninae”, mixing with the “lee accretion
laminae” of the sand moving along the lee flank .

Since the laminae deposited on the dune are of both types , the “lee
side accretion laminae” and the “avalanche laminae”, one expec ts to f ind
Iaminae at various dips. The “lee accretion laminae” take on the decli-
nation of the surface on which they are deposited . At the beginning of
each season, the deposition is on the erosional surtace , sloping mostly
at an angle of 10° to 20°. The deposition occurring near the crest line
becomes thicker and steeper over a period of time and turns into
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Fig . 6.10 Distribution of the condition of the dip and the azimuth of
the investigated laminae. A dot indicates the main laminae;
a circled dot , laminae deposited parallel to the crest line.
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advance direction

Fig . ó.l]. Model of the internal structure of a longitudinal dune . The
lines represent the contact of the laminae with the surface,
and the dots, the depositional areas.
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“avalanche laminae” especially at those sectors where the crest line is
perpendicular to the prevailing seasonal wind . Main depositional layers
will be found at angles of 200 to 700 on both sides of the dune axis and
the secondary deposition will parallel the crest line and change its di-
rection in accordance with the tendency of the situation of the dune .

Figure 6.11 is a hypothetical model of the stratified layers of a
longitudinal dune, as they would appear if we took off all the lag deposits
and could discern the contact on the erosional surface on both flanks.
The model does not show the erosional unconformities which exist between
the various seasonal depositions . The dotted sectors denote the present
depositional areas of the deflection areas on both sides of the dune. It
is possible here to distinguish two main depositional systems on both
sides of the dune and two secondary depositional systems on both sides of
the crest line, and their relationships.

The appearance of the laminar systems , as they are seen in Figs 6 2
and 6.4, characterizes the wind regime in the research area , with its
seasonal changes in the wind direction on both sides of the dune - In
places where the changes in the wind direction are not seasonal but
daily(~-7) or without order , the relationships between the systems would
be different. The same processes would have an effect on the dune , but
because of changes in the regularity of the erosion and deposition on
both flanks of the dune , it would have a much more complex structure than
the present one.

The cross section in Fig . 6.7 shows the characteristic structure of
cross—bedding which is identical in appearance to -similar cross—sections
made by Bagnold(7), McKee and Tibbitts O-7) and others (Fig 6.1). There
is an important essential difference between the cross section in Fig .
6.7 and that in Fig. 6.1. In the latter, all the dips are true dips and
in Fig. 6.7, all the dips are apparent , except for the laminae near the
crest line, found in the true dip. One can discern the true dip only in
a cross section done perpendicular to the strike line, which is parallel
to the crest line of the dune in the deflection area. It may ~~ that the
reason for the conclusions of Bagnold (7), McKee and Tibbitts ’~ and
Glennie(25) is that in cross—section they saw the same situation as in
Fig. 6.7, but did not succeed in noticing that the strike of the laminae
is not parallel to the crest line, but strays from it by a few degrees.
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VII. MEASUREMENTS OF ELONGATION AND MOVEMENT OF THE DUNE

7.1 Introduction

The actual movement of longitudinal dunes is not sufficiently clear .
Accord ing to its appearance and the usual assumption that longitudinal
dunes are a depositional form of sand , it is clear that the dunes become
elongated and this is the reason for finding dunes of various lengths .
Bagnold (7) found three different kinds of movement of longitudinal dunes:
a) extension of the dune itself; b) longitudinal displacement of the
summits; c) transverse shift as a result of the directional component
(lateral) of the crosswinds.

Measurements were made to determine the rate of the three above forms
of movement; the data on the transverse shift appe�r in Chapter Eight.

Measurements of a longitudinal dune were done through mapping the end
of the dune at different periods by level and staff , with the pegs at
point II 19 (Fig. 1.1) used as points of reference. With the aid of
reference points denoting the sites where peaks, and saddles were found in
the beginning of the research , it was possible to measure the rate of
longitudinal disp lacement of sections of the dune. Additional measure-
ments made with two sets of aerial photographs taken 4 years apart
furnished additional data on the rate of displacement of the peaks and
saddles.

7.2 Results

7.2.1. Elongation at the Far End of the Dune

Fig. 7.1 summarizes the changes at the far end of the dune and the
elongation measured at different times. Table 7.1 summarizes the values
of the dune elongation starting from January 19, 1973. The far end
becomes elongated at different rates in the winter and summer . It also
moves laterally with the direction of the wind . The lateral movement is
limited only to the segments where the slip—face is found ; where the slip-’
face disappears , there is only dune elongation .

7 2.2 Longitudinal Movement of Dune Segments

The rate of longitudinal movement of the dune segments, as measured
according to the changes in the sites of the peaks and saddles , is
presented in Table 7.2.
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Fig. 7.1 Elongation at the far end of the dune.

Table 7.1 Dune Elongation (in meters)

Periodic Accumulated Mcnthl.
Elongation Elongation Average

Period Season -Elongat a on
(in mett~rs) (in meters) (in metec~ )

1.19,73— 7.23 ,73 Winter &
Summer 11.5 11.5 1.88

7.23 ,73— 9.13 ,73 Summer 1.5 13.0 0.89
9.13 ,73— 5.3 ,74 Winter 7.5 20.5 0.98
5.3,74— 8.9,74 Summer 5.5 26.0 1.72
8.9,74—11.8,74 Summer 2.0 28.0 0.67
11.8,74— 5.9 ,75 Winter 4.5 32.5 0.75
5.9,75— 8.25,75 Summer 6.5 39.0 1.85

Total for period -

of 1.19 ,73 to 
Winter & 

39.0 39.0 l.2~
8.25 ,75 

Summer
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Table 7.2 Longitudinal Displacement of the Peaks and Saddles (in meters)

Point No. Total displacement for the Average monthly
period 1.19,73—8.25 ,75 displacement

____________ (in meters) (in meters)

3 21.60 .67
4 21.80 .68
5 27.20 .85
6 17.40 .54
7 20.80 .65
8 24.50 .76
9 25.00 .78
11 - 25.00 .78
13 21.90 .68
15 18.30 .57

Mean 22.35 .70 -

The displacement rate is not equal at all points. This phenomenon
does not necessarily arise only from the different rates of movement of
the various segments , but also from changes in the relative sites of the
peaks or the saddles on the segment itself. -

Measurements of the elongation of the peaks and saddles , made with
the aid of two sets of aerial photographs taken on November 27, 1970 and
January 9, 1975 at points # 4, 7, 8 and 12, showed an elongation of 30
meters for this period , i.e. an average monthly elongation of 0.61 meters ,
slightly lower than the average measured elongation .

7,3 Discussion and Summary -

It is clear that in most cases, elongation during the summer was
greater than during the winter . In summer , a slip—face is created on
the lee flank of the far end of the dune . This is evidence of the fact
that summer winds do more total work than winter winds and that they are
more constant in their directions and therefore make possible the creation
of the slip—face at the end .

The elongation rate of the dune is faster than the rate of movement
of the segments comprising it. Therefore ne~ segments are created ; on
one side of the advancing section at the end of the dune, and on the
other side, at the area where the dune begins from the zibar . The elon-
gation rate is alomst uniform , as the monthly maximum is less than three
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times the mohthly minimum and the average is 1.2 meters (Table 7.1).

It is not clear if the zibar also becomes longer at the expense of
the dune. It is assumed that the zibar must become longer (although at
a much slower rate), because the coarse sand in it moves at periods when
there are storms with high wind-velocities. On the other hand , it is
possible to assume that the supply of fine sand (1/8 — 1/4 mm) from the
zibar to the dune does not amount to the rate of transport along the
length of the dune. Therefore it must remain stable after the longitudinal
dune is created from it.
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VIII. LATERAL MOVEMENT AND CROSS SECTION DECLINATIONS

8,1 Methods

At various points along the dune (peaks and saddles), cross sections
were made with the aid of a staff and level at different times , mostly at
the end of the summer and winter seasons. The section line was determined
by means of a cord connecting the 4 pegs marking each point on both sides
of the dune (Fig. 1.1), and continuing perpendicular to the dune axis —

that is, from the 2000 to the 20~ direction .

Each reading of the level gave three values, the middle one of which
gave the height, and the difference between the upper and lower ones
giving the horizontal distance of the staff from the level. In a true
reading, there is an equal difference between the middle reading and the
outer ones. In this way, one can check the correctness of the reading .
The reading is accurate up to 1 mm. In the horizontal distance reading ,
1 mm = 10 cm , so that in a true reading, an error of 10 cm can occur in
the horizontal reading . An additional error can occur as a result of the
staff settling in the sand . It is difficult to prevent settling of up to
5 cm in the sand , which caused an error of 5 cm in the height reading ,
but does not affect the horizontal reading .

The horizontal error is more of a problem than the vertical because
it can accumulate during the entire read ing taken along the length of the
section. In each section , an average of 20—30 readings were taken and
theoreticall y, there can be an accumulated horizontal error of up to 3
meters. The sections were made along a line, with 4 fixed pegs so that it
was possible to determine the amount of the accumulated horizontal error .
In 68 sections done at 13 points , an accumulated horizontal error was
found , ranging from 0.2% to 1%, and in an absolute evaluation, from 40 cm
to 210 cm.

Presentation of the results was made with the aid of a plotter which
originally drew the cross—section in a scale of 1:500 (Appendixes 14—17).
The plot ter has an accuracy of ½ mm , and on the scale of the original
cross—section , it can cause a deviation of up to 25 cm in the horizontal
and ver tical readings. The accuracy of the vertical reading can be
improved by exaggerating the vertical scale of section 3 times. Vertical
error will then be up to 8.3 cm (Appendixes 21—26).

The lateral dune movement begins at the crests and changes in
accordance with the seasons of the year. In summer with the northern and
north—western winds, the lateral movement is in the 200° direction , and
in winter , mostly 20°.
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8.2 Results

The cross—sections appearing in Appendixes 14—17 and 21—26 present
the dune profile at various points during different periods. Towards the
end of the summer , we obtain mostly evident asymmetry in the cross—see—
tions (Fig. 1. .1 and Appendixes 24,26) which is mostly evident in the
saddles , whera the slip tace reaches its highest development (Fig. 3 29).
Asymmetry also develops in the reverse direction in the winter (Appen-
dixes 24,27). During the change of seasons — mainly from winter to
summer — a symmetrical profile is developed (Append ix 22).

From the cross section we can study the lateral movement of the dune .
Du~ to the sinuous pattern of the dune , the longitudinal movement of the
various secti3ris also causes lateral changes. For this reason , it is

difficult to evaluate measurements of the lateral movement which arises
in l y from the cross—winds on the crest line that deposit sand near it.

In extreme cases , the measurement shows profile changes at the fixed
point arising from a considerable add ition of volume , or a reduction in
volume , as a result of the longitud inal movement . Fig . 8.1 presents 2
cr oss—sections made at the saddle of point # 4 ten months apart As a
re sult of the lengthening of the dune , the cross section which was made
lat er is closer to the nearby peak . The saddles are found near the
peaks (Fig . 1.5), theref ore in the cross section made in the saddles ,
there were rapid changes found with time , as in Fig. 8 1, but slower
changes with time in cross sections made at the peaks . Therefore , in
order to follow up the lateral movement , it  is desirable to compare only
short periods , such as the beginning and the end of a season and then to
pi~ attent ion mainly to cross sections made in peaks .

Fig. 8.2 shows 9 cross sections (on one scale) made during a period
of 27 months at point # 1. This point is situated at the end of the
zibar section of the dune . The results show that there is no significant
change in the profile during the measured period . This result is evident
in the light of the changes investigated at the sections of the dune
itself (Fig. 8.3—8.5). It appears that the grain size and the surface
morphology bring about stability of the zibar structure.

The lat eral movement of the dune is in agreement with the winds at
the var ious seasons. In summer , with winds from N and NW , the movement
is in the 200° direction , and in winter , the main movement is in the 20
d irection. Fig. 8.3—8.5 show that the principal lateral movement takes
place in the upper par ts of the dune , but in the lower parts there is
very little change and they resemble the zibar in Fig. 8.2 from this
point of view .
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Fig. 8.1 2 cross sections at different periods at point no. 4. Note
changes in dune volume.
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Fig . 8.2 9 cross sections at different periods at point no. 1 (zibar).
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Fig. 8.3 11 cross sections at different periods at point no. 3.

120

-
, 

~~~~--~~~~~~~~~~~~~ -
-
-•



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - ~~~~~~~~~~~~~~~~~~~ 

Fig, 8.6—8.9 present the profile changes of the dune from the end of
winter to the end of summer, In all the above cases , it is possible to
discern in the crest movement to the 200’ direction of about 5—9 meters ,
which began as a result of sand erosion on the flank facing 20° and deposi-
tion on the flank facing 200 , Therefore , the flank facing 200° became
steeper at the end of the summer. In Fig . 8.6, for example, it is
possible to distinguish between the steepness of 18° in the slope facing
200° at the end of the winter (May 3rd) and 30° at the end of the summer
(Sept. 30). Any such change is limited to the top section of the dune
at a height of 4 meters and over .

Fig . 8.10 shows the profile changes which occurred at point no. 6
over a period of 2 months . The summer slip face which began to develop
from the crest line can be discerned . The flank facing 20° became more
gentle (l3°—24°) in contrast to its situation at the end of the winter
(27°) but received additional material. On the flank facing 200° the de-
clinations at the end of the winter (April 27th) were 11° and 2 months
later —28°. At this point , rapid changes began in the profile during the
change of seasons , since it is found in the saddle.

in the same manner , there is a change in the profile from the end
of summer to the end of winter . Fig . 8.11—8.12 show the changes from the
summer to winter profiles , accompanied by movement of the crest in a 20’
direction ,

8 3  Declination of the Flanks

The declination in degrees of the dune flanks was calculated according
to the data from the cross sections. Appendix 27 resents the distribution
in degrees of the declination values all along the flanks (northern and
southern) and of both together , at a number of measured points.

Just as there is a possibility of a certain error in the measured
hor izontal and vertical values of the cross section , so there is a
possibility of error in the slope values. According to the percentage of
probable error of the measurement , these errors can reach a value of ±3 .
If the calculations give slopes of values over 34° — this signifies an
error- , because dry loose sand cannot create a slope at an angle greater H
than 34°, Only in 3 cases, out of all the cross sections made , were
values of higher than 34° obtained , where the maximum value came to 37° —

and this is within the area of probable error .

8.3.1 Declination of the Zibar Flanks

Figure 8.13 shows the frequency distribution in percentages of the
slope decl inations for both zibar flanks and separately, for the southern
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flank in Fig. 8.14, and the northern flank in Fig. 8.15. The data are
from the end of summer . All slopes of the zibar are less than 10°.
There is an evident phenomenon of a greater percentage of steep slopes
on the southern flank. This phenomenon, which generally takes place in
the summer , is the result of northern winds with a high degree of
constancy . The gentler slopes of the zibar arise from the medium and
coarse sand which composes it and which cannot create a slip face.

8.3.2 Declination of the Dune Flanks

The dune declination (Appendix 27) changes from point to point and
from season to season. In most cases, the lee flank is found at a de-
clination of 26°—30° and the windward flank, at 1l 0 _25 0 . Declinations
with values above 30° (the slope of the slip faces) are rarer in longi-
tudinal dunes, and in most cases measured , do not come to 10% of the
flanks, on the average.

Fig. 8.16 shows the frequency distribution in percentages of the
slope declinations , of both flanks of point # 3, and separately, for the
southern flank, in Fig . 8.17 and the northern flank, in Fig . 8.18, at the
end of summer. Fig . 8.16 shows bi—modal distribution when one mode is
found between ll°—l5° and the second between 26°—30°. The first mode
belongs to the northern flank (Fig. 8.18) and the second to the southern
(Fig. 8.17). The evident difference in the slopes is the result of the
constant summer breeze which causes obvious asymmetry of the dune near
the end of summer (Appendixes 24, 26, and Fig. 1.1).

Fig. 8.19 shows the frequency distribution in percentages of the
slope declinations , along both f lanks of point  # 3; and separately, for
the southern flank in Fig . 8.20, and in Fig . 8.21 for the northern flank,
at the end of winter . There are no differences in the modal size of the
declinations of the northern flank at the end of winter (Fig. 8.21) and
summer (Fig. 8.18). On the southern flank (Fig. 8.20) there is a con—
siderable decrease of the slope values vs. the situation existing in the
summer (Fig. 8.17). The mode found is in the delcinations range of 16°—
25°. The bi—modality, which characterizes the slope values on both
flanks at the end of summer (Fig. 8.16) and was the result of asymmetry
— evident at this season — does not exist at the end of winter (Fig.
8.19). The profile of the longitudinal dunes tends more to asymmetry
during winter and at its end (Appendix 22). The relatively steeper
slopes of the shouthern flank of the dunes during the different seasons
of the year (Appendix 27) are evidence of more work done by the northern
winds (especially in summer) compared to the southern and the south-
western winds.
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8.4 Summary

The results of the measurements of the cross sections, done in a
systematic manner , verify some conclusions of the previous chapters:

a) The dunes undergo seasonal lateral changes, which are emphasized
towards the end of each season (winter and summer);

b) The main lateral changes begin near the crest, at a range of up to
5—7 meters from the crest line where the separation phenomenon
occurs. The dune base does not move laterally.

c) The slopes of the dune flanks are very rarely more than above 25° on
the windward flanks, and above 30° on the leeward. These results
resemble the slope values of the measured laminae (Table 6.1, Fig.
6.10).

d) Because of the high degree of constancy of the summer winds from the
N—NW , the asymmetry towards the end of this season is much more
obvious than at the end of winter.
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IX. SUNMARY

9.1 Genesis of Longitudinal Dunes

The data and results presented in this paper are based on measure-
ments and observations which took place over a period of 2 to 3 years.
The measurements provide us with information about the processes affecting
the dune and the mutual relationships which exist between the typ ical
morphology of the longitudinal dune and its dynamics. From the results
it is not possible to make direct deductions about the reasons for the
formation of the initial typical longitudinal formation. In order to
follow up the factors and reasons for the initial formation of the longi-
tudinal dune , it would be necessary to measure and observe them for a
much longer time period or to study the subject with the aid of a simula-
tion model . In the framuwork of the present research , is was not poss ible
to carry this out, therefore this step in the research is in part
speculative. It was pos~ ible to evaluate the reasons and the factors for
the initial creation of the longitudinal dune by means of aerial photo-
graphs of the dunes in the area of their formation , by various examples
from the literature, and also with the aid of some of the data presented
in this research.

Bagnold~
7
~ considers that strong winds cause concentration of sand

in longitudinal strips above the initial random sandy spots. He assumes
that under the influence of favorable conditions such as storms passing
in succession form the same direction , strips of several relatively thick
strips are built up, so that they even outlast subsequent periods of
opposite wind direction , and finally develop into a chain of long dunes~
In the Libyan desert , he observed long narrow strips , 1—3 meters and 1—2
cm thick, found parallel to each other at spaces of 40—60 meters , and
half a kilometer long .

Gorycki (80), who explained the formation of the beach cusp by means
of the sheet—flood mechanism , tries to attribute this also to the forma—
tion of the longitudinal aeolian sand strips , even though it does not seem
that wind has a sheetflood structure such as the swash of sea waves in
contact with the shore line .

From our research results it is clear that for a dune to develop and
function as a longitudinal dune, two basic things are necessary : a) a bi-
direc tional wind regime , where the two wind direc tions do not create an
angle larger than l50~ _l8O0 (and the dune stretches between them), b) a
dune with a sharp profile , i.e., the declination of each flank is at
least l6°—20°, so that the flow of separation can be developed on the
lee flank.
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The bi— or multi—directional wind regime is the most widespread on the
face of the earth(81) and therefore in a considerable area of the world ’s
deserts there are suitable wind conditions for the formation of such
longitudinal dunes. The sharp dune profile is created at the “horns” of
barchans and transverse dunes. In cases where the wind regime existing
in barchan fields answers the above requirements, the “horn” of the
barchan will elongate at a faster rate than the barchan body advances,
and will finally change to a linear longitudinal dune. For this reason,
it was found that in most of the barchan fields and the transverse dunes
of the world there exists an elongation of one of the horns(l)(2)(82)(83 ).
This consideration brought Bagnold (7) to the assumption that the origin
of the longitudinal dune is from a barchan exposed to a bi—directional
wind regime, one of whose horns (found on the side exposed to the storm)
is elon~ated by- a non—constant stormy wind . In a research carried out in
Arabia(~°) and in northern Sinai(2), the same phenomenon was discerned ,
although the elongated horn was the one opposite the direction the wind
was blowing . Therefore, one may regard barchans and transverse dunes as
the origin of the longitudinal dune.

An additional and probably more important source of the longitud inal
dune is the zibar (Fig. 1.1, 1.3). As noted in Chapter One, the zibar is
built from bi—modal sand (Fig. 1.2). With time, there takes place
winnowing of the fine mode of the sand (2—3 0) and concentration at the
end of the zibar. The bi—directional wind regime creates a sharp profile
there, upon which work all the processes which bring about its elongation .

Even so, the problem of the genesis of the longitudinal dune has not
yet been solved, because ther e still remains the question: how are the
sand strips of the zibar formed , and what determines the definite spacing
between them? It may be that the explanation for this can be found in
Bagnold ’s(7) hypothesis or in Groycki (80), both of whom noted the above .
From all this, it appears that the longitudinal dune is a secondary for—
mation of a barchan, a transverse dune , or a zibar .

9.2 The Zibar as a Source for Longitudinal Dunes

According to aerial photos of the Sahara(4]~
)(42) (Fig. 1.3), it is

possible to see that the source of most longitudinal dunes is from the
zibar strip. The fact that transverse dunes and barchans are rare in
deserts (4) supports the assumption that the zibar form is the source of
most of the longitudinal dunes of the world .

Folk(~
-4)US) sees the source of the bi—modal sand which characterizes

the zibar as the creator of the sand sheet which undergoes deflation by
the wind , which selectively removes the fine grains (2—2k 0) and piles
them on the dune , warren(41) is certain that among the grains which
move by saltation on the zibar are also grains fine enough to suit
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the inter—grain spaces between the very coarse grains which move by creep .
In this way these f ine particles are protected from the impact of the
med ium particles which move quickly by saltation and finally concentrate
at the end of the zibar and form the longitudinal dune. He bases his
claim on the fact that the longitudinal dune sand has the mode found in
the gaps between the two modes of zibar sand (-U . A similar discovery
was made by Wilson~~~~~

The zibar which s~ rves as a source of the dune in this present work
has a coarse mode (l—l~ 0) and a fine mode (2—2k 0) which is also the
mode of the sand found in the body of the longitudinal dune (Fig. 1.2?.
This zibar is different from the zibars that Warren (4’-~ and Wilson

(44
~

sampled , in that it has a potential of a great amount of fine dune sand .
It appears that this zibar furnishes sand to the dunes for a relatively
short per iod ,

The morphology of the zibar arises from the fac t that a considerable
part of the sand which builds it is medium to coarse , as contrasted to
the fine sand which characterizes the dune . Warren (in his lecture at
the International Symposium on Geomorphic Processes-in Arid Environments
held in Jerusalem , March 1974) is certain that the coarse size of the
zibar grains has a longer saltation path and as a result , cannot form a
slip face on a zibar whose height is less than 13 meters. In Chapter Two
we explained , acc ording to Fig . 2.2, why a dune built of coarse sand , has
a lower and flatter morphology . From this we can understand that the
flat morphology , which cannot create a slip face , prevents the formation
of separation flow and development of the dynamic processes as those
which work on the longitudinal or transverse dunes. From this , one can
perceive why the zibar does not change its profile - during the differ ent
seasons (Fig. 8.2).

In a few places like the Sahara~
84
~ we find that longitudinal dunes

formed from zibars change in their general direction from the zibar ’s
direction - One should not see this as evidence of a climatic change , as
Bagnold (7) thought , but rather as a fact that the threshold wind velocity
needed to carry the medium and coarse zibar sand is higher than that
carrying the f-m e dune sand (Fig . 22). Therefore the zibar sand moves
only under a wind regime which is above the threshold velocity needed to
carry the medium and co-~rse sand . In cer tain cases , this wind regime is
different from that needed to carry the fine sand , The result would be
a different direction of movement to the zibar and to the longitud inal
dune built from it.

From Fig. 1.1 it can be seen that in places where the longitudinal
dune became fully developed , the interdune area between them is free of
all signs and r emain~ of the zibar . The reason arises from the fact
that when the developed dunes were formed , they served as traps for sand
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moving obliquely or perpendicularly in the interdune area. The longitudina l
dune, as we have alredy seen (Figs. 5.5, 5.7) does not furnish sand to the
interdune area because of the deflection in the direction of the wind on
the lee flank. The fact that the zibars in the interdune area furnish
sand to the longitudinal dune, although without receiving sand from them ,
finally brings about their disappearance. This is the secondary contri-
bution of the zibar to the longitudinal dune. The coarse sand fur-
nished in this manner is concentrated along the base of the dune and
there forms mega—ripples, as we saw in Chapter Four.

9.3 The Morphodynamic Model of - a Longitudinal Dune

The basis of the dynamics of the longitudinal dune is the phenomenon
that the path of the wind flow, when crossing the crest line at any angle
whatsoever, is deflected on the lee flank in the direction parallel to the
crest line. As a result of this process, all the winds which arrive at
the dune from a sector of 180°, whose center is at the place where the
dune begins, cause a longitudinal movement of the sand and an elongation
of the dune . Because of the separation process, we get , with wind which
meets the crest line at an acute angle, high velocities of the deflected
wind on the lee flank, higher than those of the windward flank and the
crest. In these cases, the sand eroded from the windward flank ~s not
deposited on the lee flank but continues to move along the dune with the
deflected wind . Because of the increase in the deflected wind magnitude ,
it also erodes sand from the lee flank and carries it along its path.
This process exists as long as the wind magnitude continues to increase.
Deposition begins only when the wind magnitude drops. This occurs only
when the angle between the wind direction to the crest becomes less acute
(Equation 3.2).

In each section of the dune there exist processes of erosion and de-
position-- (fig. 9.1). With N—NW winds (summer), erosion is from the long
part of the section (from the saddle to the peak) and deposition is in
the deflection area (short part). With wind from the SW (winter), erosion
is from the short part and deposition at the long one. The cycle of sand
movement on a longitudinal dune occurs in this manner resulting in trans-
portation—deposition—burying by additional deposition, and subsequent
exposure. The sectors undergoing erosion in the longitudinal dune are
equivalent to the windward slope of the transverse dune and the barchans .
The sectors where depositions occur in the longitudinal dunes , to the
slip face of the transverse dunes. Deposition on the longitudinal dune
differs from that on the transverse dune in that it is essentially a “lee
side accretion”, in contrast to the “avalanche type” which characterizes
transverse dunes and barchans. For this reason, the slip face is not
a widespread form on longitudinal dunes , and the flanks there are not so
steep as the lee flanks of transverse dunes. Slip faces on longitudinal
dunes develop only on the upper segments of the sloped sections undergoing
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erosion, and also cover considerable parts of the slopes in the sector
where the sand deposition starts ~Fig. 3.29).

Fig. 9.2 is an example of the erosion on the long part of the dune
segment , which undergoes considerable erosion during the summer . One can
distinguish the lack of ripples on the surface and the exposure of the
contact lines on the laminam with the surface (as we saw in Chapter Six).
This phenomenon can be notic ed only at the beginning of the summer (the
case presented in the above Fig.) when the dune sand is still wet at
shallow depth. In summer , when the sand is dryer , it is hard to recognize
thi s phenomenon on the surface.

Figs. 6.8 and 9.3 (close—up of Fig . 6.8) are examples of the deposi—
tional phenomenon of the “lee side accretion” type at the deflection point.
The deposition here is demonstrated by a concentration of lightweight
‘chips ’, created by decompos ition of the branches and leaves of the shrubs
in the dune area. One can distinguish them by the dark color in the center
of the flank . Fig. 9.4 is a close—up o these chips , which appear in
FIgs. 6.8 and 9.3. Attenttion should be paid to the chip concentration in
the trough of the ripples and also to the surprising symmetry of the
ripples — evidence of the uniform flow from both directions. From the
wind data it is clear that the sector where the chips began to be deposited
is perpendicular to the direction of the last storm wind . As a result ,
the winds at that same segment blew alternately from both directions , their
velocity abated , the chips (and therefore also the sand which they carried)
were deposited and the ripp les became symmetrical . Tb-is- phenomenon
resembles the case shown in Figs. 3.8 and 3.9.

The initial linear longitudinal dune is subjected to a gradual rise
in the magnitude of the wind deflec ted along the lee flank as a result of
the concentration of the stream lines , as explained in Section 3.6. The
rLse in wind velocity brings about a gradual increase of erosion of sand
on the lee flank. The increasing erosion of the sand causes a “gnawing
away ” in the linearity of the dune and formation of the first meander at
the crest line (Fig. 9.5). The distance from the beginning of the dune
to the place where the “gnawing” begins depends upon the wind magnitude at
the lee flank , which is also dependen t upon the angle between the wind and
the crest line. At the place where the first meander is created , the
angle between the wind and the crest line is made less acute. After a
certain distance , which is related to the reaction time between the change
in morphology and the corresponding drop in the wind velocity (Figs.
3.10, 3.11), the erosion s tops, the sand deposition starts and the si—
tua tion returns to the previous stage. Afterwards , the process repeats
itself , and actually it forms at the same time the lengthening of the
initial longitudinal dune starts.
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To summarize , we see that the rise in wind velocity along the lee
flank brings about a morphological response(85) of the dune. This is
expressed in the continually increasing erosion of the lee flank, which
brings about a change in-the direction of the crest line. This change
checks the acceleration of the wind and lowers its velocity. As a
result , erosion stops and deposition begins . The crest line, af terwards ,

— returns to its former state and the entire process begins anew.

The reason for the formation of peaks and saddles along the sinuated
dune is related to the fact that there is no uniformity in the velocity
and the direction of the winds on both sides of the dune. The summer
winds are from the N and NW , with a high degree of constancy, high fre—
quency (winds above the threshold velocity occur daily), and low velocity .
In winter , the winds are generally from the 5, SW and W, with a low
degree of constancy, low f r e q uency, and higher velocity. We have seen (in
Chapter Two, Table 2.2) that there is more total work done by the summer
winds of high frequency and low magnitude (86). In winter , the rain is
often accompanied by storms and the sand movement is these cases is
drastically reduced(2). The lee flank in winter is the northern slope ,
which retains its moisture for a long time, since there is less sun and
the slope is shaded . Thus an additional factor makes sand movement
difficult during this season.

The lack of uniformity in the effects of the wind on both sides of
the dune brings about a lack of uniformity in the rate of erosion and
deposition. A model developed to illustrate this phenomenon is presented
in Fig. 9.6. In this figure , one can distinguish the sinuated longitu—
dinal dune, where the pair of no. 1 lines marks its parallel limits. The
dr awing describes the state of the dune (line no. 3) after 2 phases of
deposition (sym bol no. 4) and erosion (symbol no. 5) on each flank (a
total of two years ’ activity). In order to simplify the schematic model
of Fig . 9.6, erosion and deposition are designated on it as taking place
c-n the lee flank only . Not shown is the continuous erosion on the wind-
ward flank (especially on the upper part), as can be seen in Figs. 8.6 —

8.9 and 8.11, 8.12. Because of the seasonal changes in wind direction ,
this erosion occurs almost equally on both sides of the dune; therefore
in this case, it may be disregarded . It is shown that in each phase the
rate of erosion and deposition on the southern flank is greater than
that on the northern flank, because the erosional processes and deposi-
t ion on the southern flank are related to summer winds, whereas on the
northern flank to winter winds. Line no. 2 in Fig . 9.6 marks the limits
of the dune after the first phase, and line 3, after the second one . It
can be seen that the pair of lines (no. 3) are not parallel (unlike that
of the pair of lines no. 1). As a result of the greater deposition on
the southern flank in proportion to the lesser erosion on the opposite
northern flank , the dune becomes wider in that place. In another segment ,
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FIg. 9.5 Model of the formation of a meander in an initial linear longi-
tudinal dune . 1. Crest line. 2. Base of dune. 3. Streamline.
4. Line of attachment.
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Fig. 9.6 Model showing the formation of peaks and saddles along the dune.
1. Line limiting the dune before the formation of the peaks and
saddles. 2. Line limiting the dune after one phase of erosion
and deposition. 3. Line limiting the dune after additi cal phase
of erosion and deposition. 4. Deposition . 5. Erosion. 6. Wind
direction.
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the dune is made narrower as a result of greater erosion on the southern
flank and lesser deposition on the opposite northern flank. The wide
area in Fig. 9.6 characterizes the sector found between the convex and
concave parts facing south. On the surface of the dune, this widening
is expressed also in greater height , which forms the peaks along the
dune. The part which is made narrower is found between the concave and
convex parts facing south and forms the saddles along the dune. In this
manner , one can explain the typical morphology of the dune with peaks
and saddles, which is characteristic of all meandering longitudinal dunes.

According to the above rule this process should continue and cause
a widening of one part of the dune and a narrowing of the other . In
prac tice, the wide part becomes higher and the narrow one lower . Inas-
much as the wide part becomes higher , the sand which reaches there by a
longitudinal movement must disperse and be deposited on a wider surface ,
and the total addition after deposition becomes less per unit area.
However , at the lower part, the sand which is deposited disperses on a
smaller area, and the total addition , after deposition, is greater per
unit area. Finally, the rise in one part and the lowering of the other
is checked by the increase and decrease of the depositional area , res-
pectively . The process of lowering on one side and rising on the other
continues until the dune reaches dynamic equilibrium , where the additional
sand per unit area in the high depositional section equals the additional
sand per unit area on the lower depositional section.

The sections of the dune which reach full development and are found
in a state of dynamic equilibrium will always be of uniform height , which
is the height they reached at the time the dynamic equilibrium was
achieved . This is the reason why the peaks of the longitudinal dune in
the research area range from 12—14 meters in height , and the saddles ,
from 5—8 meters (Fig. 1.4). However , only in the central part of the
longitudinal dune , where the measurements were taken (Fig. 1.1), are
there peaks and saddles of maximum height . This section is found in the
center of the dune and it is the earliest segment of the dune, which has
already reached dynamic equilibrium . In order to reach this stage, a
certain time is necessary for the processes described in Figs. 9.5 and
9.6 to take place. Together with these processes , the dune , on one side
— (the end) becomes longer , and the other — (the beginning) the sectors
advance, and a new sector is formed from the zibar . As we have seen in
Chapter Eight , the advancement rate is greater than the rate of movement
of the dune segment. Therefore on the end of the dune there are many
segments which are not in dynamic equilibrium , starting from point no.
11 (Fig. 1.1), which has a peak at a height of 7 meters. Point no. 3
at the beginning of the dune Is closer to dynamic equilibr ium and it s
height is about 10 mete r s .
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in agreement with the above model , the heights reached by the peaks
and saddles of longitudinal dunes found in a state of dynamic equilibrium ,
are a func tion of a degree of lack of uniformity between the 2 dominant
wind directions. References to this can be found in places where two
sets of longitudinal dunes can be found , where each one continues in a
different direction (1-). In such a case , the relationship between the
wind directions on both sides of the dune wotild be different for each
situation. As a result , the heights of the dunes , the length of the
sinuated sections and the size of the meanders will be changed from one
set to the other.

In this way, we can understand the reason for the formation of the
“tear—drop ” which characterizes many longitudinal dunes of the world~

7
~~

Each “drop” is an asymmetrical section of the dune which begins in the
saddle and ends in the next saddle in the direction of the dune trend
(Figs . 1.4 and 1.5). In agreement with the process described above (Fig.
9.6), the high point of each sector is found at its end in the direction
of the dune end (deflection point) and here there is a structure which
resembles a “tear drop” when viewed from the side.

In order to obtain dune meanders in a regular form and at equal
d istances, a high degree of constancy of wind direction and velocity is
necessary . This type of wind regime exists in the summer (sea breeze)
and therefore , the meanders of the dune are evident and clearer on the
southern flank, which is on the lee flank to the sea breeze winds (Fig.
1.1). The summer wind in fact determines the trend of the dune which
is in an angle of 50° with the dominant wind . The meander of the dune
lessens this angle to 20°—30~ ; this is the optimal impact angle which
brings about maximum erosion on the lee flank (see Section 3.6).

The strong and variable winter wind in fact preserves the symmetrical
pr ofile which is necessary for the dynamic mechanism of the longitudinal
dune . This wind also causes transportation along the dune , together with
depos.ition parallel to the crest line , but the direction of this wind
does not have to be at the optimal Impact angle.

Therefore , if on the longitudinal dune there appear saddles and
peaks, the direction opposite the place where the peak is convex and the
saddles concave is the direction from which the uniform dominant wind
c omes , with a constant dir ection . In theory, we do not get peaks and
saddles only in places where two wind directions and velocities from
both sides of the dune are uniform and fixed at an angle between the
wind direction and the dune axis.
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9.4 Spacing Between the Dunes

The uniform spacing between the parallel belts of the longitudinal
dunes is one of the most outstanding phenomena of the characteristics
common to the longitudinal dunes of the world ’s deserts0~4)(19)(3l.).

There are some who see the appearance of the spaces as irregular
statistical occurrences~

38)(87) and others 
~~~~~ ~ried to attribute to it

dynamic significance. HannaU~
-9) and Folk~

1 / see the spaces between
one dune and the other as related to the diameter of the two helicoidal
eddies, which according to them , create the longitudinal dune. Not in
every case where the helicoidal eddies are considered as the origin of
the dune is it clear whether these determine the size of the spaces or if
the size of the eddies are determined by the existing spaces(2~

).
Twidale (31-) lists several theoretical reasons for the equal spaces , not
all of which stand up to the test of reality . The data he presents point
to the correlation between the height of the dune and the interdune space.

In the present research , no proof was found that the longitudinal
dune is formed by the helicoidal flow or by a uni—directional wind , Since
the oblique cross winds are the main factor required for its dynamics and
mo rphology, one must see in them also the reasons for the interdune
spaces.

The space between one dune and the other in the research area was
from 200—300 meters (Fig. 1.1). This is not the space existing between
teh zibar beds from which the dune is formed . A glance at the aerial
photograph of the research area reveals that “initiations” of longitu-
dinal dunes develop in an irregular form on the surface covered by
zibars (Fig. 1.1). However , the full development of the dune exists
only in the spaces noted . From this it is possible to deduce that a
fully developed longitudinal dune , which reaches a height of 12—15 meters
acts as a wind—break for the surf~~~~ found on both sides. In the litera-
ture dealing with wind_breaks(88)k ‘

, it is usual to consider the length
of the protected area as 12—15 times the height of the wind—break (in-
cluding wind—breaks built of earthen banks). This size fits the Inter—
dune spaces existing in the research area and also the spacing data which
Twidale(31) found in the Simpson desert of Australia . Therefore it is
possible to assume that the dune height determines the size of the space
between one dune and the other.

The spaces begin to be determined from the initial developed longi-
tud inal dune , which does not permit other longitudinal dunes to develop
in a space less than 12—15 times its height. The next developed dune
will therefore develop at a distance of 12—15 times of the height and
therefore the uniform space will spread out laterally on the sand field
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Fig . 1.1 permits us to see that in places where the dune reaches full
d evelopment , the spaces are 200—250 meters  in size. in the southern  p a r t
of the photo (Fig. 1.1) in the place where the dunes do nor reach the
t i n a l  development stage (d ynamic equil ibr ium) , the  spaces r ea~ h a bt u t  150
m e t e r s .  After- one of the  dunes t h e r e  reaches i t s  maximum h e i g h t , an
add i t ional dune will develop at a distance of 200—2 50 m e t e r s , and the dune
exis t ing today at a distance of 150 me te r s  wil l  then decline and d i s a p p e a r .
Evidence of this process is given in several signs which can be found in
Fig . 1.L

9.5 Dynamic Implications of the Distribution of Longitud inal Dunes 10

Deserts

The longitudinal dunes and other dune types in the world have similar
profiles — i.e., mega—dunes (draa) are the most widespread forms in the
great sand desert of the world (Sahara, Arabia , Australia)

The longitudinal dunes are not the creation of the initial respon~ t-
of the sand to the wind the first forms of the initial contact are
barchans , transverse dunes , parabol ic dunes , foredunes and zibars. The
longitudinal dunes develop from these initial aeolian bedforms , mostly
f r om z ibar s, barchans , and transverse dunes.

Longitudinal dunes are formed and developed only in cases where the
b u l k  ~f the sand piles up with a sharp profile — which is the one capable
of elongation in response to oblique winds , thr ough processes described
in the preced ing chapters The initial contact between the wind and the sand ,
t cms rounded sand piles which in deserts turn into barchans or transverse
dunes(7), and into parabol ic dunes in more humid places . In places whe.e
the sand is not sor ted , we get the zibar . A longitudinal dune will be
formed only after these aeolian forms are developed , at a later stage.

in the case where the development of the longitudinal dune is from
the zib ar , we saw in Section 9.2 and in Figs- 1.1 and 1,3 that after the
zibar has lengthened and the wind winnowed the f ine sand from it , a lon-
gitud inal dune begins to be formed at its end , as a secondary produc t-
En cases where the longitudinal dunes develop from transverse dunes or
hd rchans , their development is dependent on the crescent—like structure
1 the barchan and the transverse dune , whose horns have a sharp profile ,

able to elongate under dynamic processes into longitudinal dunes .

When a longitudinal dune is formed from a barchan or a transverse
dune , we have in one system two aeolian bedforms , each of which has a
di fferent movement mechanism . The volume of the transverse dune (or
barchan) advances by means of erosion on the windward flanks and its de-
position , through slides and avalanching , on the slip face. Therefo re
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the movement rate of the transverse dune is found in a direct relation to
the wind and in reverse relation to its height (7). The long itudina l dune
does not advance , but elongates , its elongation dependent only on the wind
velocity and the angle that the wind makes with the crest line. From the
dynamic point of view , the longitudinal  dune has an advantage  over  t h e
transverse in that any wind direction from a sector of 1800 , whose center
is at the beg inning of the dune, brings about its elongation . On the
con trary ,  in transverse dunes , only winds whose direction coincides with
the direction of the dune movement can bring about an optimal advance rate.
Cross winds cause most of the morphological changes and considerable abate-
ment in the advance rate(2). Therefore one can say that the longitudinal
dune “utilizes” winds from all directions much better and elongates in any
wind direction at all.

When a transverse dune receives a considerable add ition of sand , it

becomes higher and the advance rate is correspondingly smaller . The longi-
tudinal dune, on the- contrary , does not become higher as a result of addi-
tional sand ; it only elongates .

The result of the above process is that the longitudinal dune, after
its forma tion , (from a transverse dune or barchan) elongates faster than
the advance rate of the part of the transverse dune connected to it,
Therefore, if a barchan field or transverse dunes begin to develop longi-
tudinal dunes, it is because of the faster relative elongation rate of
the longitudinal dunes; their dominance in the sand dune fields will be
only a question of time . From this , we understand that dominance of the
transverse dunes in coastal areas comes about because they are younger.
Goldsmith (90) is certain that coastal dunes of the world are only from
3000 to 4000 years old , since the end of the last rapid rise in sea leve l .
In the deserts, on the contrary, the age of the dunes can be and is grea-
ter , and the longitudinal dunes are thus widespread .
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Appendix 1: Frequency table of wind direction and velocity (percentage) for
the period: 1973 , 1974.
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Appendix 2: Frequency table of wind direction and velocity (percentage) for
the period : Winter 1972/73 ; 1973/74.
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(4 I 1*4 —I .41 I Ia  5
I *4 0 I — I S I 0 I C

Sn U I t  1 * 4 1 1  0 a o l
I~~ - a I~~ 1 . 1 1 4  I . —I N IC 1. I 0 I 4. 41 0 0 14
1 . 4  *4 1* I a .  I S  C 0 0 *4
I I
• 1.t .4 — I p. 9 *4 0 0. 1.1 (‘4
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App CfldiX 3: Frequency table of wind direction and velocity (percentage) for
the period: Summer 1973, 1974. 1975.

FP,.(IJFP4 C110. 0 01jt_ E 0U P IA II!A1.f . ~Iu D t R 0

P’/SOC I 0—4. 1 4..I  I ~— t0 I 10—12 I 1 2 — I l .  I OI. 16 1 1.16 I 0(00*0 0
OZfr:cf 1 1 1 I I I 1 1 1

2. 1 0. I 0. 1 0. I 0. 1 0. 1 0. 0 h. I

10— 20 I 2. I 0. 1 0. 1 0. 1 0. I 0. 1 0. I 2. 0

20—30 I 1. I 0. I 0. I 0. 1 0. 0 0. 1 0. 3 1. I

90—4 .0 3 
— 

1. 1 0.  1 0. I 0. I 0. I 0. I 0. I 1. 1

4.0:50 7 0. 1 1. 1 0. 1 0. I 0. I 0. I 0. 1 1. 1

00— 60 I 5. 1 0. I 0. I 0. I 0. I 0. I 0. 1 0. 2

6 0 — 7 0  1 C I I .  I 0.  1 0. 0 0. 1 0. 1 0. I 0. I

70—63  1 2. 1 1. 1 0. 1 0. I 0. 1 I. 1 0. I 0. 1

a O— q o I t. o a . I a. ! fl . I 0. 1 I .  C C .  1 1. 0

a ~~. 1. I ~~. I ~~. : a. • : ~ . I

100— 100 0 1. I C . I 0. 1 0. 1 C. 1 0. 3 0. 3 0. I

110—1101 0. I 0. 1 u .  I 0. 1 0. I 0. I 0. 1 5. I

3 C : I 

1 30—toOl 1. I 0. I C. I I. I I. I 0. 0 2
• ~ ~~

140 150I 1. I 0. 1 0. I 0 .  I C .  I 0.  1 0.  I 
—— 

1 . 1

250—16 03 2. 3 0. 1 0. I 0. I 0. I C . I 0. 1 2. 0

1 0 0 - 1 7 0 3  2 .  1 0 .  1 0. 1 2 .  C. 1 0. 0 0. 7 ?. I

1 1 0 — 0 8 0 !  3 .  1 ~~. 1 0 .  1 0 .  1 1. ~. • 1 ‘ .

1 0 0 — t O o l  3. I 0 .  1 0 .  3 0.  1 ~~. I -: .   0 .  -

1 9 0 — 2 0 0 1  3 .  1 -~~. 1 0. 3 0 .  1 0. I 0 .  1 is . I 1. 1

2 0 0 — 2 1 0 0  ... I 0. I 0. 1 0. I 0. I 0.  I I .  I 4 .

210— 220! .. I C. I I .  0 0. I 0. 1 0. I 0. 1 c~ I

2 2 0 — 2 3 0 1  i.. I 0 .  I 0 .  1 0. I C. I 0. 1 2.  I ~~. 1

230 — 2 4. 01 0. I 0 .  0 0 .  3 
- 

0 .  I 1. I 
— ‘  

0. 1  ~. 0 o.~ I

2 4 . 0 - 7 5 1 0  ‘.. 1 C .  - C .  1.  . . I I.. “ . - .

~5 0 — 2 b 0 I  3 .  1 C .  1 3. 3 0 .  1 ~~. I U. 1 2 -
- 

7 .  1 3 .  1 0. 1 0 .  I 1. 0 0 .  1 1. 0 “ . I

I C. 1 3 .1  0. 1 0.  o.  :.
0 0 — ? ~~’ 0 2. I C . I C .  1 0 .  1 ~~. I 1. 1 0 .  1 7 .  0

290~~3 2 0 I  3. 1 1. I 1 1. 1 3 .  1. 1 1. 1 1~

30 0—3101 3. 1 I .  I I .  I a. I .. l I

310~ 320I 2. I 0. 3 0 .  1 0 .  I 2 .  1 1 .  1 0 . I 3 .  1

320 330 1 2. 1 2.  I 2 .  1 3 .  C o. 1 0. 1 3. I r .

300 —3 031 3. I 6. 1 1. 1 0 .  1 I. 1 1. I 0. I

1 . -” -3 50 3. 1 , ~~. 1 0 .  1 II 0 0. I 0. I 
• 

0. 0 17 . 0

(.2 .0 . 1 1  a . :  ?. - . . I  2 . 2  1- . C C . ’ 0 . 1  0 . 1

0 lo . I a’ . • . 3 o. ~~. . 0 .  1 •
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I S .  . . — • “4 01 (‘I
o = I — 0 I C II 0 0 0 CI 41
N UI I C I * 0 I 0 C 0 4/1

I I I ‘p
*4 p. 1 1.. Ia  ...Ia P.C *4 14 0 Cl

I I I • 4 LII
I I.. I I I LII

U. 4 • 5 *  I “4 CI 41
0’ 0 * I C  C C

lId N I l  l o l l  I 0  C I 5 41
• I C. I • I I N I 0- 0 0o (4 I N .5 I UI I 0 0 0 0 P III
41 41 I C ~ i • IV • a a a — CI
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(4 0 I (4 I 0 *4 I’I *4 04

I I (17
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(S I N  C I 0 (A
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a I 4’ I .4 I I C C U I IA
• •  (4 . NI I I  I I  0 I
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Appendix 4: Frequency table of wind direction and velocity (percentage) for
the period : Fall 1973, 1974.

CEO TAULE 1*4 PERC0414GE P4UOBER S

Ia /S EC I 0—b I 6— 8 I 6—t oO I 0 0— 12 I 12—ti. I 14—tb I ‘16 I TO TAL I
D I R I C T I I I I I I I I 1

0 — I l  I 2. I 1. I 41. I 0 .  I 0. 1 5. 1 0. I 4 .  I

1 0 — 2 0  I 2. I 1. I 0. I CI  I 0. I C. I 0. I 3. 1

20 — 30 I 2 .  I 0 .  I 0.  I 0 .  I 0.  I 0.  I 0. I 2 .  1

30 40 I 1.  I C .  I 0.  I 
— 

0 . 1  0 : 1  0.  I I .  I I .  I

4 0— 53  1 1. 1 S. 1 0. I 3. 1 0. 1 0. 1 0. 1 1. 1

5 0 — 6 1  I 1. I 0 .  I 0.  I 0 .  I 0. I 0.  I 0 .  I 1 .  I

60—10 1 1. I C. I ;. I C .  I 0. I 0. I 0 . 1  
— 

1. 1

7 0 — 0 0  I I .  I I .  I 0. I 0 .  I 0. I 0. I 0. I 1. I

60—90 I 1. I 0. I’ 0 . 1  0. 1 0 . !  0. 1 0. I I .  I

90—100 1 1. I 0. I 0. I 0 .  1 0. I 0. 1 0. I 1. I

100—11 0 1 1 . 1  0. I 0. I 0. 1 0 .1 0. I 0. I 1:!

0 1 0 — 1 2 1 1  2 .  I 7 .  I 0.  I 0.  I 0. I 0 .  I 0.  I 2. I

1 2 0 — 1 3 0 I  2. I 0. I 0. I 0. I 0. 0 0. 1 0. I 2. I

130— 1 4 3 1  3. I 0. 1 0. I 0. I 0. 1 0. I 0. I 3. 0

11.0 . 150 1  3. 1 0. 1 0. I 0. 1 0. I ( a.  I 0. I 3. 1

i50~~16U 0. I 0. 0 0. 1 0. I 0. I 
• 

0. I 0. I 0 . 1

0 6 0 — 1 7 7 1  ‘.. 1 3. I 0. I 3. 1 0. I 0. I 0. 1 4 .  I

t 1 0 - 1~~0 I  is. I 1. I 0. I 0. I 0. I 0. 1 0. I 5. 1

1.0—toot ~ . I I. I 3. 1 0. I 0 .  I 0. 7 0. I is . I

1 9 0— lOll 3. I 0. I 0. 2 0. I 0. I 0. I 0. 1 4. I

2 0 0 — 2 1 0 1  3 .  I 1.  I 0 .  1 0.  I 0. I 0 .  I 0 .  I 3 .  1

200—220I 3. I 1. 1 S. I 0. 1 0. 1 0. I 0. I 4. 1

2 2 0 —2 3 0 1  3.  2 1. I 
— 

0. 2 II 1 0. 1 0. I 0. I 3. 1

2 3 5 — 2 4 3 1  is. I 0 .  I 0. I 0. I 1. I 0. I 0. 1 4..  I

240—2501 2. I 0. I a.  1 0 .  1 0. I 0. 1 0. I 2 .  I

2 5 0 — 2 6 0 1  2 .  I 0 .  I 0.  I 0 .  I 0. I 0. I 0 .  I 2 .  1

2 6 0 — 7 7 0 1  j 
I ~ . I 0. I 0. I 1. I 0. 1 0. 1 1. 1

276.2~ 0t 1. 0 0. I 3. 1 0. 1 0. I 0. I 0. 1 2. I

2 6 0 — 2 9 0 1  1. 1 0 .  I C.  I C .  I 5. I 0.  I 0.  I 2 .  1

2 9 0 — 3 0 3 1  2.  I 0 .  I a. I I .  I 0. I 
— 

0. 1 0. I 2. 1

30 0— 3 1 0 1  2.  I 0 .  I I .  I 3 . 1 0. 1 0. I 0. 1 2 .  I

351—3.’O r  I .  I 0.  1 0. 1 0. I 0. I 0.  1 0 .  I 2 .  1

320~~0 3 o 1  2. 0 0 .  1 0.  I 0 .  1 0.  1 0.  1 0.  I 2. 1

39— 54 .31 2. I ~. 1 
— 

3. 1 0 . 1  0. I 0. I 0. 1 5. 1

34~— 35JI l • I 6. 0 1. 1 0. 1 0. 0 0. I 0. 1 01 . 1

3 5 0 — 3 0 0 1  7. 1 2 .  1 0. 0 0. 1 0. I 0. 1 0. I 0. 1

0 00 0 L  1 77 . 1 1* . I 1. 1 1. 1 I .  I C .  I 0 .  0 1 8 0.  1
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Appendix 5: Frequency table of wind direction and velocity (percentage) for
the period: Spring 1973, 1974 , 1975.

r Q j ( $ i c I ~~I T A L L E  P4 POs C L IsT A C. C I4U4U~~P~

HI5(~ 1 C — b  I 0 — 8  1 8 — 1 0  I 1 0 — 1 ?  I 12 — 1 0  0 1 0 — 1 6  1 10 I 00110 I
~) 1R CT I I I I I I I I I

0 — 1 0  I 2 .  1 7.1 t. I 0~ I 0. I 0. 1 0. 3 5~ I

1 0 — 2 0  1 I.. I I .  1 0. 1 0.  I C. I C.  I 0. 1 5. I

2 0 — 3 0  1 2. 1 0.  I 0.  1 1. I 0. I CI  I 0.  I 3 .  3

3 0 — 0 0  1 2. 1 0. 1 0. 1 0. I 0. I 1. 1 0. I 2. I

0 0 — 5 0  I ?. I 0. I 0. 1 C .  I 0 .  I 0. 1 0.  I 2. 1

5 0 — 6 0  1 1. 1 0 .  1 3. I 0. I 0. I 0. I 0. I 2. 1

00—70 I 1. 1 0. I 0. 1 0. 1 0. 0 C 1 0. 1 2 .  I

70—8 0 1 1. 1 C . I 0. I 0.  I 0. I 0.  3 0.  1 1. I

80— SC I 1. I 0. I 0. I 0. I 0. I 0. 1 0. I I .  I

~ 0— t 0 5 1 1. I 0.  I 0 . 1  0.  I 0. I 0. 1 0. I 1. 1

1 0 0 — 1 1 0 1  1. I 0.  I 0. I 0.  I 0. 1 0.
_

I 
— 

0. I I. I

11 0— 120 3 1. I 0. I 0.  1 0.  I 01 1 0. I 0.  I I. I

020—1 301 0. I 0• I 
— — 0:— I 0. 1 9. I 0. I 0. I 1. I

11 0— lOu! 2. 0 0.  I 0 .  1 0.  I 0•  1 0.  1 Cl I 2. I

1 9 0 — 2 0 3 1  
— 

2. I 0 . 1  
— 

O_ I 0. I 
— 

;. I 0. 1 0. 0 2 1

200— 200 1 2. I 0. I 0 .  1 0.  1 0. I 0.  I 0.  I 2 .  I

210— 22 01 
— 

2. 1 3. 1 0. I C. 1 0. I 0. I 0. I 
— 

2. I

22 0—2 301 2. I 0. I 0. I 1. I 0. I C. I 0. I 2. I

230—21.01 2. I 5. 1 0. I 0. I 0. I I .  I 0. I 2. 1

2 1 . 0 — 2 5 0 1  2. I I .  I I .  I 0 .  1 I. I C .  I 5.  1 2 .  I

7 5 0 — 2 6 0 1  2. I 0 .  I 0.  1 0.  1 0. 1 0.  1 0.  I 3. I

2~~0—270t 2 .  I 0.  3 0 .  1 0 .  I 0.  1 0.  1 0. 1 2. t

2 7 0 — 2 , 0 1  2 .  I 0.  1 I .  I 0.  1 0. 1 0 .  I 0.  1 2 .  1

2 5 0 — 2 9 0 1  2. 1 0. 1 0. I 0. 1 0.  1 0.  I 0 .  1 3. 1

2 9 8 — 3 0 0 1  
- 

1 0.  I 0. 1 0.  I 0.  I 0.  1 0.  1 3 . 1

3 0 0 — 3 1 0 1  3 .  1 0.  I 0. I 0.  1 0. I 0. I 0.  I 3 .  I

3 1 0 — 3 2 0 1  2. I 0.  I I .  I 0. I 0. 1 0. I 0. 1 3. 1

370—333 0 2.  1 1 .  I 5 . I 0 .  I 0.  I 0 .  I 
- 

0. I

5 5 1 — 3 4 0 1  1. 1 5 . 1 1. I .. 0. 0 0. I 0.  I 7.  I

loG— 9 5 0 1  o . I 5 .  I 3 .  I 0 .  1 0. I 0.  I 0. I C i .  I

35 0 — 3 0 1 1  2. 1 2~ I 1. 1 0.  1 0. 1 0.  0 0.  I 5.  I

901*0 1 72. 1 15. 1 7. 1 1. I 1. 1 0.  I 0.  I t o o .
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Appendix 14: Cross section of point no. 18 (for Fig. 3.3).

POINT (40. 16
24. 5.74

201 200

r
io HEIGHT

L • ( IN METER )
-

~~~~~~~
-

~~~~~~~~~~~~~
-

~~ - “ 1.
601 01 401 160 106 (01 lii (10 (20 110 (0 01 01 10 *0 10 40 01 10 40 (1

HORIZDN1’PL DISIANC E ( IN METER)

Appendix 15: Cross section of point no. 5 (for Figs. 3.4, 3.5, 3.6).
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Appendix 16: Cross section of point no. 9 (for Fig. 3.7).
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Appendix 17: Cross section of point no. 9 (for Figs. 3.8, 3•9).
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Appendix 20: Results of moment statistics computed for sand samples of
the three top layers of the ripple.

A — R e e ~ 1t~~of samp les of r~pple tro ugh and cr-eat sePa r~~e1.L_,,......... —  —
,o ca tton Location
1 of

No. No. a~~,l1ng samp le Ripple
oicc on in the wave— Layer Ng Sit a aof of he dune ripp le length

saCIpie point (according
:0 Pig. T—trough
.1) C—crest (in ca)

1 1 1 C 
— 

40 1 3.40 1,07 1.00 32

2 1 1 T 40 1 1 .53  — .09 1.38 1,07

3 1 ’ 1 C 40 2 2. 10 .15 1.14 L1S
4 1 1 T 40 2 5 .37 — .94 76 2.21
5 1 1 C 40 3 2.27 .1 2 1.14 1.15
6 1 2 1’ 40 3 5.34 - .61 .73 2.19

27 4 2 C 20 2,58 - .2 8 .60 2.16

28 4 2 T 20 1 2.38 .18 .75 1.92

29 4 2 C 20 2 2 2 3  .03 61 1.97

30 4 2 T 20 2 3.37 79 .61 ‘.67

31 4 2 C 20 3 2.56 .09 .63 1.9~
32 4 2 P 20 3 3.16 ,71 .71 1.92
33 4 3 C 15 1 3.99 33 .41 1.86

34 4 3 T 15 1 4.65 ,08 .43 1.89

35 4 3 C 15 2 4.79 .63 .38 1,89

36 4 3 T 15 2 4.23 1 ,0 1 .41 1,99

37 4 3 c iS 3 4 ,99 1 ,00 ,3 4 (.87

38 4 3 P 15 j s ,u 1 ,30 .41 2.01

B — Re sults of aaap les of r ipple trough and crest together

1 2  I I C.’~r 40 I 2,02 .56 1,23 63

3•4 1 1 cap 40 2 2.24 — .35 1.13 1,57
5116 1 1 c+r 40 3 2.47 — .36 1,12 1.56

27.28 4 2 CIT 20 1 2 ,42 — 0.5 .70 2.02

29.30 4 2 C.T 20 2 2,39 .30 ,62 1 ,85

51.32 4 , 2 C.T 20 3 2,92 .45 67 1,95

33•34 4 3 C+T 15 1 4.39 
- 19 .42 1.88

35.36 4 3 COT 15 2 4.62 .82 .40 1,94

37.38 4 3 C T  15 3 5,88 4,23 .38 1 .93
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Appendix 21: Cross section of point no. 3 (vertical exaggeration x3).

POI NT NO . 3
U .  5 . 73

20’ 2~O’

~~~~ 160 I~~ h~~ I~~~~~~~~( t~~~~~~~~Il( I~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5 0 1 0~~~~~~~~~~~~~~~ ’ 

~~~~ 

C

HORIZONTAL D1STRNCE (IN METE R )

Appendix 22: Cross section of point no. 5 (vertical exaggeration x3).

POINT NO. 5 200’
9. 5175

110 h~~ l~~ 10 145 l~~ 10 (40 ( 0 O~~~~~~~~~0 I 5

I’IORLZONTP L CIST RNCE ( IN METER )

Appendix 23: Cross section of point no. 6 (vertical exaggeration x3).
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Appendix 24: Cross section of point no. 7 (vertical exaggeration x3).

POINT NO. 7
30. 43.74

20’ 200

110 I~~ 451 410 110 10 420 15  IX I 0 1 0~~~~~~~~~ S 0 5 0 5 0 5 0 S 0  ~ 

~~~~~ TER)

MORIZONTRL 0)STRNC E (IN METER)

Appendix 25: Cross section of point no. 9 (vertical exaggeration x3).

POINT NO. 9
tO. 5.74

20’ 200

~~~~~~~~ I10 ~~~~~~~~~~~~~ 110 1 2 0 5 0 50 1 0 2 0 4 0  

~~~~~TER I

PIORIZONTRL OISTRNCE ( iN METER )

Appendix 26: Cross section of point no. 9 (vertical exaggeration x3).

POINT NC. 9
25.10 .7’

IC

/ HEIC~1’( IN  METIR I

_ _ _
. 0

~~ 
60 ISO ISO .450 10 440 30 420 440 IX 00 10 10 50 10 0- B SO IC 4’
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