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Abstract

The rate of dust fallout was monitored during a period from August 2009 to July 2011 in protected
(closed) and non-protected/open (unenclosed) areas in the northern desert of Kuwait. The dust
fallout rates on degraded and protected sites were on average 18.8 and 44.1 g-m-2-month-1, re-
spectively. Higher rate of dust fallout in protected area may be attributed to biologic factors that
are responsible for relative abundance of fine-grained sediment accumulations (Mostly silty sand).
Wind deflation of fine grained sediment fractions and development of coarse-grained surface lag
deposits in degraded area may be accountable for the reduction of its potentiality for suspended
dust. The study indicates the importance of the vegetation cover in regulating sediment availabil-
ity for atmospheric dust emission.
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1. Introduction

Dust storms are common phenomena in many parts of the world, especially in arid and semi-arid regions. The
Arabian Peninsula is one of the five major regions where dust originates [1]. Khalaf and Al-Hashash [2] reported
that dust storms were usually caused by the action of strong persistent winds on dry, fine-grained, and loose soil.
During the occurrence of dust storms, a complete aeolian sedimentary cycle takes place, namely erosion, trans-
portation and deposition. The rate of dust fallout in the Arabian Gulf region varies from 191 g-m2-month™ in
Kuwait [2] to 392 g-m™2-yr * in Riyadh, Saudi Arabia [3]. Al-Dousari and Al-Awadhi [4] indicated that the av-
erage annual dust fallout rate for the period from 1% November 2006 to 31* December 2007, in Kuwait reached
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Many studies have been focused on dust entrainment, transport, deposition, and accumulation in arid and
semi-arid environments where the potential for aeolian entrainment and suspension of fine grained sediment is
enhanced by low moisture availability and sparse vegetation cover [5]. However, entrainment and deposition of
locally-derived dust in these environments are mostly controlled by prevailing magnitude of aridity, wind cli-
mate and availability of source sediments [6] [7]. Aeolian dust fallout influences surficial and ecological proc-
esses in desert regions, where it plays important roles in soil formation, soil hydrology, distribution of biologic
soil crusts, and nutrient status (e.g., [8]-[19]). Suspended dust is derived from anthropogenic, natural and bio-
genic sources [20]. Windblown dust from natural sources is estimated to account for 89% of the global aerosol
load [21]. The nature of surface cover and the magnitude of anthropogenic activities may play a significant role
in the occurrence of suspended dust and eventually the rate of dust fallout.

The present paper aims at the assessment of the impact of land degradation, which particularly results from
anthropogenic activities, on the rate of dust fallout in the desert of Kuwait. The granulometric characteristics of
the dust fallout are also discussed.

2. Environment of Kuwait

The State of Kuwait is situated at the northwestern corner of the Arabian Gulf, and it covers an area of 17,818
km? (Figure 1). The surface of Kuwait is carved in the Mio-Pleistocene calcretic formation during early Holo-
cene pluvial periods. The carved depressions and water courses are filled by the fluvial and alluvial sediments.
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Figure 1. The study area and dust collector locations (A - F).
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By the advent of aridity, aeolian processes started to act on these fluvial sediments as the present-day aeolian
landforms were developed. These landforms can be grouped into erosional and depositional landforms [22].
Erosional landforms are represented by 1) calcretic and gypcretic rock exposures, which occur as flat terrain and
small humps and some are yardangs; 2) desert pavement represented by pebbly lag, granule lag, and mixed lag;
and 3) granule ripples. Depositional landforms include 1) sand dunes, 2) nabkhas and sand drifts, 3) sand sheets,
and 4) anthropogenic-related sand accumulations.

Halwagy and Halwagy [23] and Halwagy et al. [24] recognized three distinct vegetation communities within
Kuwait, namely, 1) a dwarf shrub community of Rhanterium epapposum dominated the southern half of the
country; 2) Cyperus conglomeratus which replaces R. epapposum as the key perennial species, probably as a
result of overgrazing; and 3) the chenopod Haloxylon salicornicum community that is prevalent in the northern
Kuwait

Statistical summary of meteorological data for the period 1957-2008 (Kuwait International Airport) indicates
that the climate in Kuwait is arid with mean annual rainfall of 119 mm, while mean annual potential evapotrans-
piration exceeds 2270 mm. Average air temperature is 37°C and 17°C in summer (May - September) and winter
(October - April), respectively. The wind blows dominantly from the northwest and, to a lesser extent, the
southeast. Wind direction in Kuwait is fairly consistent; about 75% of the winds blow from the west, northwest,
and north. The average monthly wind speed ranges from 8.7 knots (in January and December) to 11.2 knots (in
June and July) and 12% of the year has a calm wind [25].

Sand and dust storms are frequent during the summer period (Figure 2). There are two broad categories of
dust storms: those associated with winds and those that rely on the heat transfer from the soil surface to generate
an updraft. Also, dust devils, locally called “Toz”, often occur during the daytime without any winds because of
the sudden raising of heated air currents. It is believed that this kind of dust bowl moves over a small area and
usually disappears after a while. It is strongly believed that sand-dust storms in Kuwait are closely related to
uncontrolled human activities such as quarrying, desert camping and off-road driving in open desert areas.

Several land-use types are recognized within Kuwait territory. These can be grouped into six main land use
types, namely, open rangeland, oil fields, protected areas, agricultural areas, military areas, and urban areas.
Open rangeland and protected area, which are the subject of the present study, constitutes about 75.12% and
1.93%, respectively, of Kuwait’s terrestrial area [26].

In recent decades, Kuwait has suffered severe land degradation, as noted by several authors (e.g., [25]
[27]-[39]). The main causes of this problem can be attributed principally to overgrazing, but also to recreational
activities such as off-road driving and camping, as well as industrial practices, particularly quarrying [25] and
[27]. In addition, serious damage was inflicted on the natural environment during the Iragi occupation in 1990
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Figure 2. The monthly average number for dust storm days in Kuwait (2000-2010)
(after Al-Dousari and Al-Awadhi [4]).
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and the hostilities associated with the liberation of the country during the Gulf War [34] and [40]. The study of
Misak et al. [33] indicated that at least 76% of the desert ecosystem of Kuwait suffers different degrees of land
degradation; the map of land degradation hazard in Kuwait, produced by Al-Awadhi [38], indicates very high,
high, moderate and low degrees of land degradation constitutes about 15%, 36.6%, 35%, and 13.4%, respec-
tively.

3. Study Region

The study region covers protected and open areas. The protected area the Sabah Al-Ahmad Natural Reserve (see
Figure 1) was inaugurated on 3" March 2004. It is designated to be the largest natural park in the country with a
total area of 330 km? and boundary length of 99.13 km. It comprises diverse landscape features and plant and
animal life forms from both coastal and terrestrial ecosystems. Rhanterium epapposum (60%), Haloxylon sali-
cornicum (30%), Nitraria retusa and Zygophyllum gatarense (10%) are the dominant plant communities in the
reserve [37]. The protection of this reserve from all anthropogenic activities has resulted in a sequence of eco-
logical changes leading to self rehabilitation of natural vegetation. This is mostly manifested by significant in-
crease in its vegetation cover (Figure 3(a)). Abundance and flourishing of vegetation has changed the aeolian
processes within this reserve from erosional to depositional. These conditions have led to the development of
growing of nabkhas (accumulation of sediments around shrubs). One of the major depressions in Kuwait (Umm
El Rimmam depression) is also located at the northwest of this reserve. This depression is mostly covered by
fine-grained sediments [41].

The open area is dominated by rangeland which is used primarily for anthropogenic activities including graz-
ing and recreational activities such as spring camping and off-road vehicle traffic. It is characterized by thin and
poor vegetation cover (Figure 3(b)). The latter is represented by scattered shrubs and degraded (eroded) nabk-
has. Pebbly and granuley lag covers most of the open area (Figure 4(a)). The spring camping and off-road traf-
fic activities can be seen as scars across the desert as no particular access roads are used (Figure 4(b)). In the
vicinity of the study area, the southern open areas exert highest rate of off-road traffic tracks (more than 2.6
km-km™?) while the northern areas exert a less rate (1.3 km-km™2).

b

Figure 3. Vegetation coverage and nabkha status in the study area; (a) inside Sabah Al-Ahmad Reserve, (b) outside the

Reserve (open area).
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Figure 4. Wind deflation and exposing coarse material (c) due to spring camping (a) and off-road activities in the open area
(b) at location D (see Figure 1).

Spot imageries of March 2010 were analyzed by Kuwait Environment Public Authority (KEPA) to map the
vegetation cover in the study area and its surrounding. Various image processing techniques such as layer
stacking, image sub-setting, spectral stretching, spatial masking, overly analysis, and Normalized Difference
Vegetation Index (NDVI), were utilized to map and analyze the image for vegetation cover in the area (Figure
5). Table 1 indicates that the vegetation density in the protected sites is exceeds that of the non-protected sites
by about 83% in average.

4. Materials and Methods

Six dust fallout collectors were installed at 240 cm above ground surface in the study area, three in the open
(non-protected) area and three in the protected area (Sabah Al Ahmad nature reserve) (see Figure 1). In each
area the samplers are arranged in such a manner that one at the upwind (locations C and F) and one at the
downwind (locations A and D) and the third is in between (locations B and E). The dust fallout collector con-
sists of a stainless steel bucket 15 cm in diameter [4] and [42]. Sampling sites were chosen to be away from any
infrastructure and to represent the prevailing environmental conditions in the open and protected areas. The fal-
len dust rates were monitored on monthly basis for the period from 1% August 2010 to 31% July 2011. The col-
lected dust fallout samples were carefully washed into sample containers. The samples were dried and weighed.
The dust deposition rate was first calculated as the ratio between the sample weight collected during each sam-
pling period and the area of the dust-trap opening (A = m r, where r is top radius of the bucket; 7.5 cm [42]) and
then converted to g-m 2 The particle size distribution was determined using standard sieve analysis and Centri-
fugal Particle Analyzer (Shumadzu, SA-CP3). The grain size parameters were calculated according to Folk [43].

5. Results
5.1. Dust Fallout Rates

The average monthly rate of dust fallout varied from 3.2 to 220 g-m 2. Significant spatial and temporal varia-
tions in the monthly rate of dust fall out were recognized. The highest rates were recorded in February, March
and April, where the monthly averages within the six sampling sites are 53.1, 86.0 and 45.1 g-m 2, respectively
(Figure 6). March witnessed the highest rate of dust fallout within both protected and open areas, 111.6 and
60.3 g-m 2, respectively. It was also noticed that the monthly average of dust fallout rate is relatively high within
the middle of the protected area (74.1 g-m2) while in the open area the highest rate recorded at the downwind
site (21.4 g-m?).

Surprisingly, the average monthly rates of dust fallout within the protected area were higher than that within
the open area. They range between 3.2 and 220 g-m 2 within an average of 41.6 g-m 2 in the protected area and
between 3.3 and 71.7 g-m 2 within an average of 18.0 g-m 2 in the open area.

The spatial pattern of dust accumulation along the transect in the open area indicates a generally consistent
trend of decreasing dust fallout rate away from the downwind site (site F). At the northwestern transect the ac-
cumulation rate decreases by 40% in average over a transect distance (sites: F-E-D), indicating increase dissipa-
tion of the sediment carrying capacity of the prevailing wind (NW) as it enters the open area. The high rate of
dust fallout rate at the southeastern transect (site D) is mainly due to intensive overgrazing of rangeland by
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Table 1. Vegetation coverage percentage inside and outside the Sabah Al-Ahmed Natural Reserve.

Vegetation cover (%) Site 1 Site 2 Site 3 Site 4 Site 5
Outside Reserve 6 4 14 6 0
Inside Reserve 20 30 51 45 51
3.3 7.5 3.6 75 -

Difference (%) (Times) 70 86.6 795 86.6 100

Figure 5. Overlay output and location of the straps of interest pairs inside and outside the Sabah Al-Ahmad Natu-
ral Reserve. Five zones (1 to 5) along the east fence and west fence of the reserve, equal, adjacent and parallel
pairs of straps (1000 m wide x 4000 m long) were selected for vegetation cover comparison purpose.

livestock and spring camping and recreation in the vicinity of this site during October to March and exerting
highest rate of off-road intensity; during this period the average dust fallout rate in site D where 1.2 times higher
than in site E and 1.4 times higher than in site F.

5.2. Particle Size Distribution of Dust Fallout

Figure 7 presents the average grain size distribution of the collected dust fallout samples. No significant varia-
tion was recognized in the grain size characteristics of the collected dust fallout. It slightly varies between sandy
silt and silty sand. Dust fallout within protected area is mostly silty sand; it is formed of 44.2% sand, 53.8% silt
and 2% clay in average, while that of open area is more sandy, it consists of 49.1% sand, 48.3% silt and 2.6%
clay in average. Fine and very fine sand are the most dominant size classes within the sand population while
coarse and medium silt are the most frequent silt size classes.

Grain size distribution of the dust fallout in both the protected and open areas is bimodal. The primary mode
is very fine sand (0.125 - 0.063 mm) and constitutes about 20% in average, while the secondary mode is coarse
silt (0.02 - 0.05 mm) and constitutes about 17% in average.

6. Discussions

Variations in the rate of dust fallout and its grain size characteristics may be attributed to the variability in the
magnitude of land degradation within the study area. Significant variations in the vegetation cover and asso-
ciated landforms, which may be considered as direct indicators for land degradation, are recognized. The pro-
tected area is characterized by the relative abundance of vegetation as well as depressions and wadi fill deposits
which are mostly muddy sand and derived by surface runoff washout. The reserve area is characterized by ab-
undant occurrence of nabkhas developed around Nitraria retusa shrubs. A shrub not only dissipates much of
wind energy at its base, but creates an increasingly wide “wake zone” downwind as it gains height. Immediate
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consequences of this wake occurring within the sheltering effect zone are an increase in the turbulence effects
[447, thus decreasing the threshold shear velocity for dust suspension by wind. On the other hand, open area is
mostly a deflation plain with very thin scattered vegetation covers (shrubs), and their sediments have been con-
siderably deflated and present as rippled coarse sand and granules. Al-Awadhi [39] found that the total average
percentages of course grain size in disturbed (open area) and off-road soils in the study area, compared to un-
disturbed soils (protected area), are increased by 51% and 10.3%, respectively. While the total average percen-
tages of clay-size in the disturbed and off-road soils are decreased by 22% and 31%, respectively. This means
that the aeolian sand deposits are more subjected to deflation processes in unprotected areas than that in pro-
tected ones.

The active deflation in open area is therefore responsible for the development of a course sand and granule lag
cover (desert pavement). Such lag armors the underlying loose material and shelters it from deflation. Intensive
and extensive off-road of heavy machinery vehicle movements are even more responsible to scrape the surface
layers and develop lag gravel. This not only produces surface erosion, but it also alters the micro-relief, disturb
the surface and damage the vegetation cover. Thus, the relative abundance of dust fallout within the protected
area may be attributed to local conditions which are characterized by frequent occurrence of the silty sand
around the shrubs (nabkhas) and wadi fill deposits, and the deflational nature of the open area may also be re-
sponsible for the decrease in the generated suspended dust and eventually reduction in the rate of dust fallout.
However, it should be noted that this is not the case in the event of sever regional dust storms that are usually
caused by high speed winds in gust conditions. Intensive anthropogenic activities, mainly from overgrazing of
rangeland by livestock, spring camping and off-road traffic activities, may have led to significant loss of finer
particles leaving behind the coarser material [45], particularly at the southeastern site of the open area (location
D).
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Figure 7. Average grain size percentages of dust fallout in the reserve (a) and out-
side the reserve (b).

The average ratio of very fine sand to silt is less than 1.0, indicating that most of the dust is comprised of silt
sized grains. Nevertheless, the proportion of sand-sized particles present in the samples was unexpectedly high
(34% - 59%), suggesting that wind speed is often sufficient to entrain sand grains into short-term suspension.
Clay content is relatively low, presumably because the wind erosion in the area is too active resulting in sub-
stantial deposition of coarser material over the bed of the study area; i.e., the sediment source is deficient in
clay-sized particles.

7. Conclusion

Spatio-temporal patterns of dust fallout over a 24-month period in the State of Kuwait highlighted the roles of
the vegetation cover as an environmental agent in regulating sediment availability for dust emission. Field re-
sults showed that rate of dust fallout might be influenced by land degradation, where protected area was rela-
tively rich in fine-grained particles which provided an effective source for suspended dust than in degraded areas.
Rates of dust deposition in protected area were greater by a factor of 2.3 on average than in adjacent degraded
open areas. This study also demonstrated that increased vegetation coverage by 83% considerably increased dust
accumulation from 216 to 500 g-m 2.yr .
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