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ABSTRACT
Thirty coastal nabkhas were selected for morphometrical measurements. The studied nabkhas were mostly
elongated, with an average total length of about 12.9 m, an average width of 3.4 m, and an average height of 1.2
m. Optical porosity of nabkha shrub crown was measured and no apparent relationship with the horizontal size
of trapped wind laden sand was found. A simple wind tunnel experiment was carried out to investigate the horizontal wind-flow distribution across a pro-typed shrub. The results of the experiment revealed that the degree of
wind sheltering might extend up to a downwind distance approximately equal to 4.5 times the height of the shrub,
where an effective velocity recovery started.
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1. Introduction
Nabkha is a type of Aeolian landforms, which is commonly developed as a result of sand accumulation around
coastal and desert shrubs [1]. The morphology of nabkhas is controlled by growth patterns of shrub [2]. The
height of nabkha, to some extent, is related to the height
of the shrub crown, while its length is related to the
overall height of the shrub [3], width of the basal shrub
and wind velocity [4]. Other important factors controlling nabkhas morphology include type of sediment
supply and climate [5] as well as the porosity of the
shrub crown (e.g., [2]). The wind regime is a major climatic factor that influences Aeolian processes including
nabkha development [7]. The air-flow patterns over
nabkhas were studied in a series of wind-tunnel experiments by Zhizhong et al. [8]. Nabkhas form a surface
roughness, where they interact with airflow and, therefore, cause significant variations in wind velocity and
direction over the surface.
Grant and Nickling [9] carried out a field study to investigate the effect of vegetation porosity (leaf density)
on the drag coefficient of small conifer trees (1.4 m in
height). They found that the porous element had a higher
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drag coefficient than a solid element, and the drag coefficient changed on a continuum with porosity, reaching a
peak at an intermediate porosity value (0.32), and eventually falling to zero when the element was removed.
Grant and Nickling [9] came to a conclusion that this
peak in the drag coefficient (momentum extraction of
vegetation) versus porosity curve corresponded to shelterbelt efficiency that peaked at medium-porosities.
Aeolian processes including deflation, transportation
and deposition are very active in Kuwait, where they are
related to the dry, hot, windy climate, the detrital nature
of bed rock and its location downwind from the highdeflation area of Mesopotamian floodplain [10,11]. As a
result, more than 50% of the Kuwait surface is covered
by 13 mobile sandy bodies. These are continually drifted
along the surface by wind, mainly during the summer
season (May to September), to form different land forms
including coastal nabkhas [12]. To provide a better understanding of the mechanism of nabkha development,
this paper discusses the results of the horizontal windflow distribution across a pro-typed shrub, obtained from
a wind-tunnel experiment and supported by field measurements of horizontal size of trapped wind laden sand
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around shrubs.

2. Materials and Methods
An attempt was made to carry out field measurements of
morphometrical characteristics of thirty coastal nabkhas
to support the results of the wind-tunnel. The morphmetric parameters are defined in Figure 1. The field study
area is located within the northern coastal plain of Kuwait Bay and downwind of the major mobile sand corridor extending continuously from the northwestern border
of Kuwait in a SE direction. The study area is well described by Al-Awadhi and Al-Dousari [13]. In this study,
another attempt was also made to investigate the effect of
shrub crowns porosity (p) of nabkhas on the horizontal
dimension of sand trapped using image processing technique built in PAX-it software. Digital images of the
shrubs, with placing a red board behind the shrub as a
distinguish background, were captured and analyzed for
determining the porosity percentage. The angle of incidence of the image was selected to be consistent with the
dominant wind direction (NW).The porosity of the shrub
was then calculated as the percentage of red spots to the
total selected area (Figure 2). For each shrub two images
were captured, one upwind side and other downwind side,
the calculated values were then averaged for the porosity
percentage.
Variation in up and downwind velocities over protyped shrub due to its interaction with airflow was determined by conducting a simple experiment using the
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Kuwait Institute for Scientific Research (KISR) wind
tunnel (20 m long wind tunnel with a test-section dimension of 1.2 m wide and 0.95 m height). The wind
tunnel is of the blower type driven by a centrifugal fan.
The components of the wind tunnel are shown in Figure 3.
A profile for wind flow distribution across a single
shrub model (10 cm height) was obtained by using
Dwyer Pitot-static tubes fixed at a height of 15 cm; i.e., 5
cm above the height of the model. As a reference point,
the mean velocity was also measured at 140 cm upstream
from the upwind edge of the model, on continuous bases
at the same height; i.e., 15 cm. For a better simulation
with the case in the field: 1) the tested shrub model was
erected among other similar shrub models in the testsection of the wind tunnel along a line perpendicular to
the flow direction and uniformly spaced at a center-tocenter distance of 10 cm (Figure 4); 2) the whole upstream length of the wind tunnel up to upwind edge of
the model was laden by a sand of median grain size equal
to 0.25 mm, obtained locally from the slip face of a barchan dune; and 3) based on the field measurements, the
shrub model crown (7.5 cm) was lifted up from the wind
tunnel testing floor to a height equal to 50% of its total
height; this height represents the average height of nabkha dune crest, measured in the field, with respect to the
its shrub height; and 4) a preselected velocity (6.3 m/s;
fan-settings = 11 Hz) representing an average wind speed
during summer period where Aeolian processes are active.

Figure 1. Schematic diagram illustrating the morphometric parameters of nabkhas.

Figure 2. Change detection input and output showing the size and distribution of air void, in shades of dark color, within a
nabkha shrub.
OPEN ACCESS
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Figure 3. Components of Kuwait Institute for Scientific Research (KISR) wind tunnel.

Figure 4. Experimental setup showing the erection of pro-typed shrub models across the test-section of the wind tunnel.

3. Result
3.1. Morphometrical Parameters of the Studied
Nabkhas
The studied nabkhas have an oval shape elongated parallel to the NW prevailing wind direction. Measurements
of the morphometrical parameters of the studied nabkha
are presented in Table 1. The total length (L) of nabkha
dunes varies between 8 and 18 m with an average of 12.8
m, while their width (W) across their crest ranges between 2.1 and 4.9 m. The length of the base (LB), where
the shrub grows, varies between 1.7 and 4.3 m with an
average of 2.9 m. The length of the tail (LT) varies between 4.1 and 10.8 m with an average of 7.1 m, while the
length of the nose (LN) varies between 1.2 and 4.3 m
with an average of 2.8 m.
The crest height of the nabkhas (h) ranged between 0.5
to 2.6 m above their base level with an average of 0.9 m,
while the height of shrub (H) ranged between 1.1 to 3.7
m above the ground with an average of 1.8 m. The optical porosity of shrubs crown (p), the percentage of voids
to total area of the shrub, of the studied nabkhas ranged
between 7.1% to 18% with an average of 11.7%. Using
the relationship obtained by Grant and Nickling [9]:

op = vp

2.782

(1)

where op is the optical porosity and vp is the volumetric
porosity, the volumetric porosity (3-diemtional porosity—
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the percentage of voids to total volume of the shrub) of
the studied nabkhas ranged between 38.6% to 54% with
an average of 46%.
Figure 5 illustrates the effect of shrub porosity (p) on
the length dimensions of sand trapped. The figure weakly
reveals that as the porosity increases the horizontal
length of the nabkha decreases; i.e., it reveals weak correlations of such effect either on total length (L) or partial length (LN or LT). The possible explanation for such
weakness in relationship is that the air flow, carrying the
sediments, passing the shrub may vary due to high variation in the porosity over the upwind shrub coverage area
(leaf density), thus restricting the maximum growth of
the nabkha in the horizontal as well as vertical directions.
The other possible explanation could be related to the
difficulty with using optical porosity; i.e., two elements
of similar optical porosities may have significantly different amounts of pore space within them, altering the
way in which the wind would interact with these elements [9]. For this reason, the crown porosity of the
tested shrub model, used in the wind tunnel experiment,
was not taken into consideration.

3.2. Wind Flow Pattern across a Shrub
Nabkha dunes are formed as a result of significant variations in wind velocity caused by the interaction of the
shrub with airflow carrying Aeolian sand. Such variations
IJG
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in wind velocity were determined by conducting a simple
wind tunnel experiment, and Figure 6 shows the nondimensional mean flow distribution measured across a
single shrub model.
The figure reveals that the mean wind velocity immediately over the shrub; i.e., the direct interaction with
airflow, is increased by a factor of 39%, and greater
mean velocity reduction (83%) occurred downstream
from the shrub at a distance 3.5 times its height (H),
while in upstream the greater reduction (37%) occurred
OPEN ACCESS
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Table 1. Morphometrical parameters of the studied nabkhas (all values in m).
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Figure 6. Velocity distribution across a model shrub; H and
x are the height of shrub and distance from it, respectively;
U0 is far upstream velocity and U is velocity at distance x.

at a distance 1 time H. The effective velocity recovery in
downstream starts at distance approximately 4.5 times
the shrub height, while the effective recovery in upwind
stream seems to start at a distance 2 time the shrub height.
Greater mean velocity reduction occurred immediately
downstream from the shrub with a maximum value at a
distance 2 times H.
Relating the wind tunnel findings, shown in Figure 6,
with the horizontal dimensions of the studied nabkha
dunes, it is obvious that the reduction or the degree of
sheltering (tail length of nabkha dune) of studied shrubs
extends in average to a downwind distance equal to 3.9
times the height of the shrub, where an effective wind
velocity recovery starts (x/H = 4). Similarly, the upwind
deposition forming the nabkha nose extends to an average distance equal to 1.5 times the height of shrub from
the base, where an effective upwind velocity reduction
starts at (x/H = −2). The upwind peak reduction in velocity occurs at x/H = −1, while the peak reduction in velocity occurs at a downwind distance equal to 2 time the
height of shrub (x/H = 2), where the crest of nabkha is
formed. The length of the base (LB), where the crest occurs and the shrub grows, has an average value equal to
IJG
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1.6 times the height of shrub where the peak reduction in
velocity occurs. It must be pointed out that these measurements are rather preliminary, but they are encouraging.
The extent of reduction in erosion, or the degree of
sheltering sand can be observed from Figure 6. It extends up to an average downwind distance equal to 4.5
times the height of the shrub model (x/H = 4.5), where an
effective velocity recovery starts. This finding agrees
with the field measurements stated in the Section 3.1
(morphometric of nabkha); the tail length, which is associated with the degree of sheltering effect, may extend in
average 4.7 times (0.5LB + LT) that of shrub height.
From the same figure, it can be figured out that the upwind deposition forming the nabkha nose may extend to
a distance equal to two times the height of the shrub
model. Reviewing the field measurements, it was found
that the nose may extend in average 2.3 times (0.5LB +
LN) that of shrub height.

4. Discussions
Nabkha is a special depositional Aeolian landform where
accumulation of wind-laden particles is facilitated by
vegetation as micro-wind breakers. Therefore, the morphometrical characteristics of nabkha sediments are
closely related to vegetation morphology [1,14-16]. The
nabkha thus grows along with plant, both vertically and
horizontally [13].
Despite the importance of the continuous supply of
sand, the size variability of nabkhas in the study area is
controlled chiefly by the total shrub height [13]. It is also
believed that, like sand fence porosity, the optical porosity of the shrub crown may affect the percentage of the
trapped sand. The effect of porosity of sand fences on
trapping wind laden sands has been studied by many authors [17-21]. Most of related studies concluded in general that there is a relationship between drag coefficient
(Cd) (wind force) and the optical porosity (op), and the
most effective porosity in reducing the mean, nearground wind speeds for the longest distances (10 to 15
times the height of the porous fence) ranges between
30% to 50%. Taylor [22] presented a curve showing the
relationship between Cd and op; the porous elements
have higher Cd than solid elements and it may increase
up to 50%. In this study, however, the investigation of
the effect of shrub optical porosity on the horizontal size
of trapped wind laden sand does not show apparent relationship in this regard (Figure 5). In addition to the explanations given in the result section, for such weak relationship, the effect of shrub porosity on downwind regime may not be comparable to similar effect of porous
fences, simply because a three dimensional porous shrub
consists of a number of individual solid leaves, which
interact with one another in a flow similar to wake interOPEN ACCESS

ference. Thus, some momentum would be extracted by
an upwind leaf, more by the next downstream leaf, until
either all of the momentum is extracted or the other side
of the shrub is reached [9]. This will certainly affect the
Cd magnitude and subsequently affect in reducing the
mean, near-ground wind speeds for the shortest distances
(about 4 times the height of the shrub; (Figure 6)).
It is known that the total forces imparted by the wind
to composite surfaces will be portioned between the
erodible (nabkha dune) and non-erodible (shrub) surface
elements [23]. The main influence of non-erodible element on erosion is sheltering effect. It captures some of
the disturbing forces of wind and incoming saltations that
would otherwise move the erodible surface sediments
[24]; i.e., the shrub decreases the wind grain stress on the
nabkha dune surface by absorbing a significant fraction
of the downwind momentum flux [24-26]. Thus, the reduction in the flow strength near a shrub bed reduces the
sand flux, forming the crest part of nabkha, then part of
this flux is deposited upwind and further downwind,
forming the nose and tail, respectively, until an equilibrium condition exists between the height of the shrub
(including leaf density) and sediment deposition. Accordingly, (Figure 7), based on field and wind-tunnel measurements, illustrates schematically the role of a shrub in
interfering wind flow and sediment deposition patterns.

5. Conclusions
Wind tunnel experiment on a shrub reveals that greater
mean velocity reduction (wake zone) occurs immediately
down and upstream from the shrub, where most of the
sand flux deposits, forming the crest part of nabkha dune.
Then part of this flux is deposited further up and downwind, forming the ends of nose and tail of nabkha at upwind and downwind distances of approximately 2.3 and
4.7 times the height of the shrub, respectively, until an
equilibrium condition exists between the height of shrub
and wind sediment deposition. Field observations indicate that nabkha dune volume is closely related to shrub
height rather than its porosity (leaf density), the higher
the shrub the larger the nabkha, while no apparent relationship with respect to the horizontal component of the
nabkha is found as the crown porosity of the shrub
changes.
The study shows that the pattern of horizontal wind
flow reduction in front and behind a shrub is generally in
agreement with the horizontal sediment deposition pattern around a shrub.
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Figure 7. Schematic diagram for wind interference with the shrub to form nabkha dune.
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