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Abstract

Sand encroachment into urban areas represents a high risk factor for trans-
portation infrastructural and urban development in the United Arab Emi-
rates. The UAE is located in one of the world’s largest arid regions with a
strong prevalence of sand movement and encroachment into urban areas,
particularly in the last few years. The objective of this research is to develop a
land surface process platform that models sand movements and further ge-
nerates an encroachment risk index map of potential encroachment risk areas
season-wise in the UAE. To achieve this objective, this research used eleva-
tion and land cover maps generated from Lands at 8 Operational Land Im-
ager (OLI) data which represent the topography of the study area coupled
with meteorological information on wind speed, temperature and precipita-
tion. Furthermore, the study considered the vegetation cover as a major con-
tribution factor to reduce sand encroachment. Using developed sand move-
ment model for this research, sand encroachment risk maps were generated
to help urban planners in cities making informed decisions of future urban
protection structures and transportation networks that mitigate the effects of
sand dunes encroachments in the UAE. A major finding of this research re-
sults conclude that during the summer season encroachment risk reaches
30% higher compared to the winter season due to the extremely high temper-
ature which leads to reduced vegetation in the country. Urban planning deci-
sion maker may consider the finding of this research for future infrastructural
adjustments.
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1. Introduction

In the last few decades, anthropogenic activities and economic development
have been significantly impacted by variability of climate. These impacts are
strongly linked to the occurrence of geomorphological hazards, such as floods,
landslides, snow avalanches, soil erosion, and others [1]. Aeolian sand and sand
dunes encroachment into urban areas is a phenomenon occurring in many arid
and semi-arid regions of the world. In the past few decades, the phenomenon
has been further aggravated by agricultural and industrial activities [2]. The
UAE is located on the Southeastern limit of the Arabian Peninsula between lati-
tudes 22°50'-26°4" north, and longitudes 51°5'-56°25" east. The UAE has a total
area of approximately 83,600 km® with major geomorphological features. The
UAE landscape is diverse and comprises high mountain regions particularly
along the border with Oman, coastal sandy beaches along the Arabian Gulf and
the sea of Oman, and vast inland deserts. The UAE deserts cover a significant
portion of the total area of the country and are largely dominated by different
types and shapes of sand dunes. These sand dunes range from smaller size sand
pockets to massive dunes—particularly in the southern part of the country,
making them a dominant landscape feature in the UAE.

Aeolian sand dunes cover large areas representing about 10% of the land be-
tween latitude 30°N and 30°S [3]. Aeolian sand dunes are common in the United
Arab Emirates (UAE) because of the country’s climate, that is characterized by
rare rainfalls, high summer temperatures reaching 50°C combined with a lack of
vegetation cover, as well as solid wind patterns. The climate of the UAE is ex-
tremely arid with sporadic low average rainfall of 110 mm occurring in winter
only. Sand dunes movements occur frequently in the UAE due to the arid land
climatic conditions. Sand dune movements expand to new areas as a result of
degraded soil and insufficient vegetation cover. The arable land in the UAE
represents only 0.5 percent of the total land area of the country (83,600 km?) [4].

In the early 1970s, after the creation of the UAE, the country has embarked on
an impressive transformation into a modern state, urbanization and infrastruc-
ture development. The country has built a highly sophisticated urban infra-
structure, modern cities and towns, and large telecommunication and transpor-
tation networks. However, frequent sand dune movements continued to pose a
major ongoing environmental challenge facing the newly built urban infrastruc-
ture.

The process of sand movement is a common phenomenon in desert regions
especially in the Middle East and other African desert regions. The interaction of
wind with sand leads to sand particles suspension, causing sand encroachment
in and around human settlements. For example, in many parts of the UAE sand
encroachment has caused a notable damage to transportation road and highways
as a result of continuous accumulation and deposition of sand particles on the
asphaltroads.

Sand encroachment into urban areas, transportation networks (Figure 1), si-
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milarly airports and other facilities alsoconsidered a major threat to the coun-
try’s urban infrastructure. Furthermore, it adds significant pressures on urban
and town planners in their decision making regarding future landuse and infra-
structure development.

Sand encroachment occurs when sand particles are carried and transported by
the action of wind and deposited elsewhere [5]. In the UAE as sand is trans-
ported and deposited elsewhere it buries transportation networks, residential
buildings, palm trees and agricultural plantations. Various physical factors con-
tribute to the transport of large masses of sand. The key important factors are
the availability of dry and bare sand particles, violent blowing winds, absence of
vegetation cover leading to smoother land surfaces, and the absence of rainfall.
The combination levels of these factors at varying degrees creates different levels
of sand encroachment risks. Various studies about sand encroachment in the
Arabian Peninsula have attempted to model and map sand and sand dunes
movement [6] [7] [8]. However, none of these previous studies considered an
integrated spatial and temporal modeling of the sand encroachment as presented
in this research. Combining the variables such as topography (ie. slope), me-
teorological information on wind speed, temperature and precipitation, and ve-
getation index within one integrated prediction model represent a valid frame-
work to implement the research analysis as explained below.

The primary purpose of this research is to develop a sand movement model to
address such risk that support town and urban planners in their daunting tasks
of infrastructure planning, development, maintenance and land use planning. As
the UAE continues to develop and expand its urban infrastructure, Information
regarding at the areas experiencing different levels of risk of sand encroachment
is vitally important. For example, the varying wind speeds within the area create

different levels of sand encroachment risks.

Figure 1. Pictures showing sand encroachment into aldha-
id—Al madam highway.
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This research develops a model that attempts to mimic sand movements in
the UAE and further classify the areas relative risk of encroachment into urban
structures, by the development of arisk index of the potential encroachment in
the UAE. The research uses Landsat 8 Operational Land Imager (OLI) data to
generate land cover layer coupled with meteorological information such as wind
speed, temperature, and rainfall. This set of geospatial and climatological data
represents the key environmental factors needed to model an accurate represen-
tation of sand movement and encroachment areas. Geospatial technologies offer
the possibility of modeling sand encroachment. Such modeling capacities can be
used by decision makers to predict the movement of sand dunes, enabling them
to accumulate knowledge that can be used in urban planning [9]. Recent ad-
vances in remote sensing techniques and geographic information systems tech-
nology have made it possible to analyze and study this phenomenon at varying
spatial and multi-temporal scales [10]. In addition, such advances will make it
possible to analyze and understand the different interactions between the dif-
ferent environmental elements related to sand dunes movement, land use, and
human activity. Implementing this approach for mapping active and inactive
sand areas using the satellite imagery will enhance analysis and prediction of
high-risk areas. Active sand dunes appear brighter than inactive ones and this
specific spectral brightness is attributed to higher reflection of electromagnetic
radiation [11] [12] [13].

2. Study Area

The study area is located on the eastern part of the emirates of Abu Dhabi and
Sharjah encompassing the cities of Al Ain, Nahil, Al Shuwib, Al Madam and Al
Dhaid (Figure 2). This area, in particular, is prone to sporadic sand movement
and encroachment into urban areas and transportation networks. Furthermore,
while the area is dominated by desert surfaces, it still has diverse land cover
types [14] [15] [16]. In addition to the desert surfaces, there are mountain series
along the border with Oman, urban residential areas and date palm trees and
vegetable farms representing economic development occurring in the study area.

The total area of study area is 11,479 Sq. Km.

3. Data

The Landsat 8 OLI scene (path 160 and row 43) acquired on July 24, 2015 that
covers the study area, was downloaded from the United States Geological Survey
(USGS), Earth Resources Observation and Science (EROS) Center

(http://earthexplorer.usgs.gov/). The LANDSAT 8 OLI scene covers a large area

of the UAE land. It was found necessary to crop the scene and focus on the study
area only. The six reflective spectral bands covering the visible, near-infrared
(NIR) and short waveinfrared were used in this study.

Meteorological observations covering the study area were obtained from the

weather stations within the study area. The stations were operated by the UAE
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Figure 2. Map of the study area.
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National Center of Meteorology and Seismology (http://www.ncms.ae/en/). The

study area encompasses five weather stations distributed within the whole area
(Figure 3). The data obtained for the months of January, April, July and October
2015 from these stations represented the average monthly daily temperature, av-

erage rainfall, and average wind speed.

4. Methodology

Six parameters listed in Table 1 was used for grouping and implementation of
the modeling of sand encroachment. These parameters are slope, NDVI, rainfall,
temperature, wind speed, and soil. Layers were given weight percentage based on
factors influencing sand encroachment and they were also ranked according to
probability of causing sand encroachment. The highest weight percentage were
assigned for soil is 30% because, the soil roughness is one of important factor af-
fecting the sand movements [17]. The second highest weight percentage was
given for wind speed Ze. 25%. The other remaining factors like slop, NDVI rain-
fall, and temperature the weight percentage was given 20%, 15%, 7%, 3% respec-
tively.

The soil types found in the study area are Aeolian Sand, Calcareous Sand,
Sand and Gravel, Rock outcrop. According the possibility of sand encroachment,
we have categorized them into high, medium, low and very low and also ranked
them. Similarly, other parameters (Slope, NDVI, rainfall, temperature and wind
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speed) were reclassified into the 5 classes and ranked them accordingly to very
low, low, medium, high and very high. Table 2 shows weight percentage and
ranks for each layer.

Figure 4 showing the methodology process describes all the processing and
analysis that have been conducted to fulfill the objectives of this research. The
figure depicts the process of data gathering, analysis, producing targeted indices,
reclassification, apply weights and ranks. Three types of datasets were used for
the sand encroachment risk mapping of the study area. The first dataset is satel-
lite imagery. The second data set is the elevation data such as Digital Elevation
Model (DEM). The third data set is the seasonal climatic data (obtained from the
National Centre for Climate and Seismology (NCCS)) for the months of January,
March, July and October. These data were recorded from weather stations
namely Al Malaiha, Al Shiweb, Alain Airport, Al Dhaid, and Hatta. Figure 5 de-
scribes the important process of sand dune encroachment risk index calculation
in model builder.
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Figure 3. Distribution of weather stations in the study area.
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Figure 5. The workflow of used geo-processing in model builder.
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Table 1. Weights and ranks of layers based on their influence in sand encroachment.

Soil = 30%

Type of Soil
Aeolian Sand
Calcareous Sand
Sand and Gravel

Rock outcrop

Level of Slope
0-1,952,658.89
1,952,658.9 - 3,626,366.59
3,626,366.6 - 5,579,025.49
5,579,025.5 - 8,368,538.29
8,368,538.3 - 35,566,288

Level of Vegetation
—0.156 - 0.052
0.053 - 0.085
0.086 - 0.128
0.129 - 0.211
0.212 - 0.525

Intensity of Rainfall
(January)
0.400 - 5.597

5.598 - 9.025
9.026 - 13.449
13.450 - 19.752
19.753 - 28.599

Intensity of Temperature
(January)
17.100 - 17.354

17.355 - 17.476
17.477 - 17.620
17.621 - 17.755
17.756 - 17.899

Intensity of Wind speed
(January)
6.000 - 7.482

7.483 - 8.690
8.691 - 10.200
10.20 - 11.545
11.546 - 12.972

Possibility of sand Encroachment

High
Medium

Low

Very Low

Slope = 20%

Possibility of sand Encroachment

Very Low

Low
Medium
High

Very High

NDVI = 15%

Possibility of sand Encroachment

Very High
High
Medium
Low
Very Low
Rainfall = 7%
Intensity of Intensity of Rainfall
Rainfall (April) (July)
0.000 - 3.278 0.00000094 - 5.185
3.279 - 6.079 5.186 - 10.508
6.080 - 8.285 10.509 - 15.967
8.286 - 10.967 15.968 - 23.063

10.968 - 15.140

Intensity of
Temperature (April) Te:

28.402 - 29.012
29.013 - 29.368
29.369 - 29.615
29.616 - 29.940
29.941 - 30.372

Intensity of Wind
speed (April)

7.860 - 9.342
9.343 - 10.593
10.594 - 11.820
11.821 - 12.944
12.945 - 14.375

23.064 - 34.799
Temperature = 3%

Intensity of
mperature (July)

34.388 - 35.058
35.059 - 35.669
35.670 - 36.112
36.113 - 36.468
36.469 - 36.900
Wind Speed = 25%

(July)
10.069 - 11.311
11.312 - 12.281
12.282 - 13.174
13.175 - 13.892
13.893 - 15.017

Intensity of Rainfall

(October)
0.000 - 0.696
0.697 - 1.298
1.299 - 2.108
2.109 - 3.256
3.257 - 4.799

Intensity of

Temperature (October)

28.977 - 29.446
29.447 - 29.821
29.822 - 30.076
30.077 - 30.337
30.338 - 30.686

Intensity of Wind speed Intensity of Wind speed

(October)
9.001 - 10.346
10.347 - 11.103
11.104 - 11.823
11.824 - 12.657
12.658 - 13.831

Ranks

Possibility of sand
Encroachment

Very High
High
Medium
Low

Very Low

Possibility of sand
Encroachment

Very Low
Low
Medium
High
Very High

Possibility of sand
Encroachment

Very Low
Low
Medium
High
Very High

Ranks

N W R

Ranks

U W

Ranks

g W N
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Table 2. Areas and Percentage of sand encroachment during different months.

Total Area = 11479 Sq. Km

Months
Low Medium High Other
Sq. Km % Sq. Km % Sq. Km % Sq. Km %
January 1448.78 12.62 6147.45 53.55 1394.88 12.15 2487.9 21.6
April 1306.59 11.38 6621.58 57.68 1062.96 9.26 2487.9 21.6
July 672.89 5.86 4851.51 42.26 3466.74 30.2 2487.9 21.6
October 742.92 6.47 6046.74 52.67 2201.46 19.17 2487.9 21.6

The land cover types in the study area included a mountain range between
Oman and the UAE, rock outcrops, urban residential areas, scattered plantations
of date palm and vegetables, transportation networks and different sand types.
Of particular importance here are the different sand types within the study area.
There are three different types represent the major surfaces that provide varying
amounts of sand for the wind to transport and distribute within the study area.

The sand and gravel land cover type which provides smaller amounts of sand
to be transported by the wind action has been deemed to be the area with the
lowest risk for sand movement. The movement of the sand from one to other
land cover is usually slowed significantly by the presence of the gravel pieces
which come in different sizes. Aeolian sand covers the major dunes in the area
and usually contains more iron oxide giving it a reddish color [18]. Also, this
type of sand encompasses a low level of calcareous and silica and has a much
finer sand particle size that is easy to transport. Calcareous sand contains huge
amounts of calcium carbonates. It also covers the salt flats deposits located in
close proximity to the coasts. The calcareous sand particles are usually trans-
ported from coastal regions by means of wind, water, and through evaporate
deposit. It is usually found closer to the coastal areas and decreases towards the
sand dunes areas. Its sand particles are much slower to move in comparison to
the sand particles in aeolian sand types. Figure 6 shows the land cover map for
the study area resulting from the classification process.

The meteorological data represented the mean monthly values of temperature,
wind speed, and rainfall. An interpolation process was carried out to generate
wind speed, temperature and rainfall layers for the study area using the data
from the five climate weather stations. Interpolation process helps to predict the
value of the attribute at unsampled sites from measurements made at point loca-
tions within the same area or region.

The applied IDW interpolation method helps to estimate cell values by aver-
aging the values of sample data points in the neighborhood of each processing
cell. IDW Interpolation method assumes that the characteristics of the surface
are driven by local variation. It works best if the sample points are not clustered
but evenly distributed throughout the area. The closer a point is to the center of
the cell being estimated, the more influence, or weight it has in the averaging

process.
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Figure 6. Land cover types of the study area.

The model developed here identifies the level of risk using the varying mag-
nitudes of the key factors that act on sand transport. Careful observations of the
land cover within the study area is needed for quantifying the intensity of sand
encroachment. Aeolian sand is the potential source for major sand movement,
with calcareous sand being the one with the medium level of sand movement.
Areas of sand and gravel represent the land cover where the potential of sand
movement is the lowest. The four months January, April, July and October were
selected in this study to reflect the four seasons Winer, Spring, extremely hot
Summer, and warm summer respectively in the arid region of UAE.

The mere presence of sand particles is not the only driving factor for sand
movement because the power of any wind to erode or move sand particles, up-
wards or downwards, is primarily controlled by two major factors. The first fac-
tor is related to the speed of the wind moves and its ability to move sand. The
second factor is the surface roughness within the study area which is dependent

on the vegetation plantations and the presence or absence of wet sand. Vegeta-
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tion cover act as a barrier and significantly reduce the ability of wind to move
sand. Sand movement after a rainfall episode is also significantly reduced as the
sand particles get clumped and compacted together.

Varying degrees of violent blowing winds, the absence of vegetation cover,
and the absence of rainfall (or wet sand) are the primary factors to delineate the
area of being a high, medium or low risk for sand movement within the different
land cover types. Physical geography defines threshold velocity as the velocity

required to cause entrainment in the erosional agents of wind.

5. Results and Discussion

The three sand movement risk zones (High, Medium and Low) were generated
for the months of January, April, July and October, 2015. As per the month Jan-
uary is considered, the area covered by the low, medium, high-risk zone, contri-
butes 1448.78, 6147.45, 1394.88 km* which makes 12.62%, 53.55%, 12.15% re-
spectively of the total study area. For the spring month of April 2015, the area of
low sand movement risk zone was found to be 1306.59 km? (11.38%). This
shows that low-risk area decreased in April compared to January. The area of
medium-risk zone for April was found to be 6621.58 km® (57.68%). The areas
showed an increase compared to the month of January for the medium-risk
zone. The high-risk zone area in this month was 1062.96 km* (9.26%) indicating
a decrease compared to January.

For the assessment in the month of July, and looking into all the sand en-
croachment zones changed in this extreme summer month, we can find the
high-risk zone has reached 3466.74 km? showing 30.2% of the total area. This is
highest value compared with the high-risk zone of all other three months consi-
dered. The low and medium risk zone area in this month is 672.89 (5.86%),
4851.51 (42.26%) respectively.

The analysis carried out on the month of October showedlow-risk zone was
742.92 km® which is about 6.47% of the total area. The medium and high-risk
zone in this month was 6046.74 km® and 2201.46 km” it contributes 52.67 and
19.17% respectively of the total area. Table 2 shows monthly (Seasonal) wise
sand encroachment by areas and their percentage.

Figure 7 shows the sand encroachment maps of January, April, July, and Oc-
tober 2015. The yellow color in these maps depicts the low-risk zone, which
mainly occupied the northern part of the study area. The blue color shows the
Medium risk zone areas and it is mainly seen in the western and northwestern
parts of the study area. The red color in the map shows the sand high-risk zone
and it is mainly in the central and southern part of the study area. The study re-
veals that the surface roughness and weather are the important factors affecting
the sand movement. Wherever Aeolian sand, high wind speed, high tempera-
ture, and low rainfall are there, there will be a high possibility of sand move-
ment.

The results demonstrated the accuracy of the model in identifying various le-

vels of sand movement areas within both sand cover types. The areas within the
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Figure 7. Sand movement developed risk zones.

center of the study area represent the major dune areas and aeolian sand. This
area is usually open to the action of wind with little to no major structures acting
as a barrier for sand movement. Medium risk areas for both sand classes are
characterized by the presence of scattered palm and agricultural plantations. The
model was able to calculate these areas as being at a lower risk for sand move-
ment, indicating a high surface roughness that slows sand movement.

The model worked effectively in identifying areas of high, medium and low
risks using key parameters such as wind speed, temperature, rainfall, NDV], soil,
and slope. The model was applied to only four-month worth of meteorological
data as a proof of concept. However, to overcome the study limitation it is ne-
cessary to have more integrated and enhanced study using wind pattern and dy-

namics. Further investigations are planned to finely tune the model for more
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improvements through the incorporation of other surface and meteorological
parameters. In the future, the model will be improved further through the in-
troduction of seasonal variations of the wind speed pattern, temperature, rain-
fall, the slopes, orientations and sizes of sand dunes, as well as sand particle size
and humidity. It is believed that through the introduction of these parameters,
better and much more accurate risk maps can be generated to aid in the process

of urban planning in the UAE.

6. Conclusions

In this study we have developed sand movement models for the surfaces in UAE.
This was produced according to the factors like wind speed, temperature, preci-
pitation, vegetation and surface roughness of the study area to identify and pro-
duce the map Ze. high, medium, and low-risk sand movement areas. The signi-
ficance of this study shows that during summer season UAE witnessed the high
sand encroachment. About 30% of the total area is found high sand encroach-
ment in the months of January, April, July, and October to reflect the four sea-
sons of Winter, Spring, extreme Summer, and warm Summer respectively. The
results of this research found that during the month of July when temperature is
high and vegetation is reduced the risk index reaches its highest level of 30%
higher compared to the risk during the winter season in January. This is due to
the fact during such extremely high temperature, in the summer the study area is
not suitable for any agricultural practices. This proves that vegetation and season
play a major role in sand encroachment in the areas studied.

Thus, this work finding indicates to the urban planners to take proper deci-
sion for the aid of infrastructure growth. During the last few decades, there has
been tremendous urban development in the UAE. For instance, in the building
of major urban facilities, transportation networks and airports, such risk maps
are vitally important and provide a powerful planning tool for urban planners
and municipal plans. Through the incorporation of such information in the fu-
ture planning processes, informed and accurate decisions can be taken to avoid
high-risk sand encroachment areas. Such decision may consider the unique
temporal and spatial variability in the study area. This research offers findings in
connection to four climatic seasons in the study area.

This research faced the challenge of modelling demand for large data sets to
represents more detailed temporal dimension across time. For search reason the
author offered month by month data on topography, weather condition, and
vegetation in Appendix A and B. This is to enable further studies on modeling

and mapping sand encroachment for risk analyses.
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Appendix A: Tables
Table Al. Weights and ranks of layers based on their influence in sand encroachment.
Soil = 30%
Type of Soil Possibility of sand Encroachment Ranks
Aeolian Sand High 5
Calcareous Sand Medium 4
Sand and Gravel Low 3
Rock outcrop Very Low 2
Slope = 20%
Level of Slope Possibility of sand Encroachment Ranks
0-1,952,658.89 Very Low 1
1,952,658.9 - 3,626,366.59 Low 2
3,626,366.6 - 5,579,025.49 Medium 3
5,579,025.5 - 8,368,538.29 High 4
8,368,538.3 - 35,566,288 Very High 5
NDVI =15%
Level of Vegetation Possibility of sand Encroachment Ranks
—0.156 - 0.052 Very High 5
0.053 - 0.085 High 4
0.086 - 0.128 Medium 3
0.129 - 0.211 Low 2
0.212 - 0.525 Very Low 1
Rainfall = 7%
Intensity of Rainfall Intensity of Rainfall Intensity of Rainfall Intensity of Rainfall ~ Possibility of sand Ranks
(January) (February) (March) (April) Encroachment
0.400 - 5.597 1.220 - 3.205 13.600 - 22.152 0.000 - 3.278 Very High 5
5.598 - 9.025 3.206 - 4.719 22.153 - 30.114 3.279 - 6.079 High 4
9.026 - 13.449 4.720 - 6.031 30.115 - 37.192 6.080 - 8.285 Medium 3
13.450 - 19.752 6.032 - 7.612 37.193 - 42.795 8.286 - 10.967 Low 2
19.753 - 28.599 7.613 -9.799 42.796 - 51.199 10.968 - 15.140 Very Low 1
Intensity of Rainfall Intensity of Rainfall Intensity of Rainfall Intensity of Rainfall ~ Possibility of sand Ranks
(May) (June) (July) (August) Encroachment
0.000001 - 1.235 0-0.596078 0.00000094 - 5.185 0-3.952 Very High 5
1.236 - 2.541 0.596 - 1.223 5.186 - 10.508 3.953 - 7.082 High 4
2.542 - 3.988 1.224 - 1.882 10.509 - 15.967 7.083 - 10.129 Medium 3
3.989 - 6.035 1.883 - 2.760 15.968 - 23.063 10.130 - 14.741 Low 2
6.036 - 8.999 2.761 - 3.999 23.064 - 34.799 14.742 - 20.999 Very Low 1
Intensity of Rainfall Intensity of Rainfall Intensity of Rainfall Intensity of Rainfall ~ Possibility of sand Ranks
(September) (October) (November) (December) Encroachment
0-0.082 0.000 - 0.696 0.400 - 1.642 NA Very High 5
0.083 - 0.16 0.697 - 1.298 1.643 - 2.150 NA High 4
0.17 - 0.263 1.299 - 2.108 2.151 - 2.715 NA Medium 3
0.264 - 0.407 2.109 - 3.256 2.716 - 3.562 NA Low 2
0.408 - 0.6 3.257 - 4.799 3.563 - 5.199 NA Very Low 1
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Continued

Temperature = 3%

Intensity of Temperature Intensity of Intensity of Temperature Intensity of . Possibility of sand Ranks
(January) Temperature (February) (March) Temperature (April) Encroachment
17.100 - 17.354 18.4 - 18.615 12.897 - 15.716 28.402 - 29.012 Very Low 1
17.355 - 17.476 18.616 - 18.807 15.717 - 18.360 29.013 - 29.368 Low 2
17.477 - 17.620 18.808 - 19.007 18.361 - 20.430 29.369 - 29.615 Medium 3
17.621 - 17.755 19.008 - 19.2 20.431 - 21.972 29.616 - 29.940 High 4
17.756 - 17.899 19.3-194 21.973 - 24.087 29.941 - 30.372 Very High 5
Intensity of Temperature Intensity of Intensity of Temperature Intensity of Possibility of sand Ranks
(May) Temperature (June) (July) Temperature (August) Encroachment
31.858 - 32.367 34.012 - 34.452 34.388 - 35.058 32.104 - 33.241 Very Low 1
32.368 - 32.708 34.453 - 34.751 35.059 - 35.669 33.242 - 34.260 Low 2
32.709 - 33.003 34.752 - 34.998 35.670 - 36.112 34.261 - 35.012 Medium 3
33.004 - 33.264 34.999 - 35.233 36.113 - 36.468 35.013 - 35.631 High 4
33.265 - 33.559 35.233 - 35.509 36.469 - 36.900 35.632 - 36.366 Very High 5
Intensity of Temperature Intensity of Intensity of Temperature Intensity of Temperature Possibility of sand Ranks
(September) Temperature (October) (November) (December) Encroachment
31.841 - 32.573 28.977 - 29.446 22.966 - 23.316 NA Very Low 1
32.574 - 33.137 29.447 - 29.821 23.317 - 23.541 NA Low 2
33.138 - 33.503 29.822 - 30.076 23.542 - 23.716 NA Medium 3
33.504 - 33.869 30.077 - 30.337 23.717 - 23.892 NA High 4
33.870 - 34.364 30.338 - 30.686 23.893 - 24.112 NA Very High 5
Wind speed = 25%
Intensity of Wind speed Intensity of Wind speed Intensity of Wind speed Intensity of Wind speed Possibility of sand Ranks
(January) (February) (March) (April) Encroachment
6.000 - 7.482 7.000 - 8.725 4.915 - 7.937 7.860 - 9.342 Very Low 1
7.483 - 8.690 8.724 - 10.105 7.938 - 9.951 9.343 - 10.593 Low 2
8.691 - 10.200 10.106 - 11.831 9.952 - 11.714 10.594 - 11.820 Medium 3
10.20 - 11.545 11.832 - 13.305 11.715 - 13.393 11.821 - 12.944 High 4
11.546 - 12.972 13.306 - 14.999 13.394 - 15.617 12.945 - 14.375 Very High 5
Intensity of Wind speed Intensity of Wind speed Intensity of Wind speed Intensity of Wind speed Possibility of sand Ranks
(May) (June) (July) (August) Encroachment
9.990 - 11.297 10.044 - 11.070 10.069 - 11.311 11.189 - 12.404 Very Low 1
11.297 - 12.122 11.071 - 12.060 11.312 - 12.281 12.405 - 13.191 Low 2
12.123 - 12.948 12.061 - 12.982 12.282 - 13.174 13.192 - 13.897 Medium 3
12.949 - 13.619 12.983 - 13.729 13.175 - 13.892 13.898 - 14.537 High 4
13.620 - 14.376 13.730 - 14.47 13.893 - 15.017 14.538 - 15.374 Very High 5
Intensity of Wind speed Intensity of Wind speed Intensity of Wind speed Intensity of Wind speed Possibility of sand Ranks
(September) (October) (November) (December) Encroachment
8.443 - 9.716 9.001 - 10.346 7.903 - 9.129 NA Very Low 1
9.717 - 11.081 10.347 - 11.103 9.130 - 10.016 NA Low 2
11.082 - 12.215 11.104 - 11.823 10.017 - 10.865 NA Medium 3
12.216 - 13.140 11.824 - 12.657 10.866 - 11.695 NA High 4
13.141 - 14.344 12.658 - 13.831 11.696 - 12.713 NA Very High 5

NA = Data is not available.

DOI: 10.4236/jgis.2018.106036

715

Journal of Geographic Information System


https://doi.org/10.4236/jgis.2018.106036

N. Alhosani

Table A2. Areas and Percentage of sand encroachment during different months.

Total Area = 11479 Sq. Km

Months
Low Medium High Other

Sq. Km % Sq. Km % Sq. Km % Sq. Km %
January 1448.78 12.62 6147.45 53.55 1394.88 12.15 2487.9 21.6
February 1570.42 13.68 5937.87 51.72 1483.89 12.92 2487.9 21.6
March 1147.36 9.99 6837.54 59.56 996.29 8.67 2487.9 21.6
April 1306.59 11.38 6621.58 57.68 1062.96 9.26 2487.9 21.6
May 1328.92 11.57 6155.08 53.62 1507.12 13.12 2487.9 21.6
June 651.43 5.67 4989.63 43.46 3351.12 29.19 2487.9 21.6
July 672.89 5.86 4851.51 42.26 3466.74 30.2 2487.9 21.6
August 907.99 7.91 6231.32 54.28 1852.87 16.14 2487.9 21.6
September 788.13 6.86 6163.23 53.69 2040.81 17.77 2487.9 21.6
October 742.92 6.47 6046.74 52.67 2201.46 19.17 2487.9 21.6
November 818.63 7.13 5891.61 51.32 2281.95 19.87 2487.9 21.6
December NA NA NA NA NA NA NA NA

Appendix B: Figures of Sand Movement Developed Risk
Zones
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Figure A7. Sand movement developed risk zones (full months).
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