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ABSTRACT
Experimental Measurement of Diffusive Extinction Depth and Soil Moisture
Gradients in Southwestern Saudi Arabian Dune Sand
Iqra Mughal
In arid lands, a major contribution to water loss is by soil water evaporation.
Desert sand dunes in arid regions are devoid of runoff and have high rates of
infiltration. Rainwater is commonly stored within them because of the low
permeability soils in the underlying desert pavement. In such cases, moisture is
confined in the sand dune below a depth, termed as the “extinction depth”, where
it is protected from evaporation during long dry periods. Moreover, desert sand
dunes have sparse vegetation, which results in low transpiration losses from the
stored water. The water accumulated below the extinction depth of the sand
dunes can be utilized for various purposes such as in irrigation to support desert
agriculture.
In this study, field experiments were conducted in Western Saudi Arabia to
monitor the soil moisture gradients and determine the diffusive extinction depth of
dune sand. The dune sand was saturated with water and was exposed to natural
conditions (evaporation and precipitation). The decline of the water level in the
sand column was continuously recorded using transducers and sensors installed
at different depths monitored the temporal variation of temperature and moisture
content within the sand. The hydrological simulator HYDRUS-1D was used to
construct the vertical profiles of soil water content and temperature and the
results obtained from HYDRUS-1D were compared to the gradients monitored by
the sensors.
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CHAPTER 1: INTRODUCTION
Water scarcity in arid lands
The trend of sustainable water demand is continuously growing and is one of the
biggest challenges faced by humanity nowadays. The tremendous growth in
population and rise in socio-economic development needs adequate supply of
water which is intensifying the pressure on surface-water resources. Moreover,
the extraction of groundwater at unsustainable rates for irrigation and agricultural
purposes plays a major role in lowering of the groundwater table. The high
consumption rate of water and depletion of natural water reserves in many
regions around the world is quite alarming and poses a great global threat for
water supply sustainability.
A recent study by the International Water Management Institute (IWMI) assessed
the water demand and supply situation of 118 countries through 1999-2050.
Based on the study, it was estimated that nearly 1.4 billion people, or third of the
population in developing countries, live in regions that will experience severe
water scarcity within the first quarter of this century. Slightly more than one billion
people live in arid regions (Group 1 countries), that will face absolute water
scarcity by 2025. Countries as Libya, UAE, Kuwait, Oman, Jordan, Yemen,
Egypt, Tunisia, Iraq, Iran, Syria, Pakistan and Saudi Arabia are included in this
region (Seckler et al., 1999) as shown in Figure 1.
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POPULATION %
Group I
8
Group II

Subgroup1
Subgroup2
Subgroup3

7
16
28

India
17
China
24
Not estimated 7

Percentage for India, China and the 4 groups are based on the total population of the countries studied
Percentage of “not estimated” category is based on the world population

Figure 1 : Map showing basic group of countries arranged in decreasing order of
water scarcity.(Seckler et al., 1999)

Groundwater and surface water in Saudi Arabia
In most parts of the world where water scarcity is acute, groundwater resources
play a major role in meeting water demands. More than 2 billion people
worldwide depend on groundwater for their daily supply (Kemper, 2004). In the
Arabian Peninsula, groundwater accounts for 84% of total water withdrawals
(Siddiqi and Anadon, 2011). The sources of water withdrawal in Middle Eastern
countries and North African countries are shown in Figure 2 (a, b).
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Figure 2: a) Sources of water withdrawal in Middle Eastern countries and North
African countries b) Water sources in Arabian Peninsula (Siddiqi and Anadon,
2011)

In Saudi Arabia, 80-85% of water supply comes from shallow and deep aquifers
and the remaining 15-20% comes from sea water and surface water as shown in
Figure 2. The aquifers in this region are at depths ranging from 70 m-1000 m.
The deep aquifers contain reservoir water from last Ice Age, while the shallow
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aquifers are renewable, and are recharged by rainfall and surface run off while
flowing over the Wadis (Al-Ibrahim, 1991).
Precipitation in this part of the world is quite scanty which occurs in November
and April while the rest of the year is dry and hot. Rainfall varies from 20mm/year
in the North and 500 mm/year in the South. (Al-Ibrahim, 1991). There are no
rivers or lakes in Saudi Arabia but the Arabian shield in Western Saudi Arabia is
considered an important recharge zone of alluvial aquifers. The shield has
several wadis which respond to the rainfall, and are recharged with rain water
such as Wadi Yalamlam which receives more than 200 mm of annual
rainfall(Subyani, 2005) and Wadi Marwani (Al-ahmadi and El-Fiky, 2009).

Soil Water Evaporation
Storage of rain water in arid regions for longer periods of time is a great
challenge due to the hot desert climate. High temperature is the principle factor
that causes potential soil water evaporation which subsequently results in
massive loss of surface and rain water, sometimes 15-30 times the annual
rainfall. The evaporation figures in Saudi Arabia can be as high as 3000 mm per
year for open water surfaces. (Al-Ibrahim, 1991). Effective evaporation is a
critical factor that affects the water storage in arid and semi- arid parts of the
world.
Large areas in arid zones of the world are covered by desert sand dunes. In
Saudi Arabia alone sand dunes cover an area larger than France (Dincer et al.,
1974) . The sand dunes present in the deserts of arid lands can play a vital role
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in subsurface water storage. The dune sand in these deserts is devoid of runoff
and is known to have high rates of infiltration because of its relatively high degree
of effective porosity (Tsoar, 2002). Sporadic but heavy rainfall events in deserts
allow easy and deep percolation of water which results in retaining of meteoric
water. The water is commonly stored within the dune sands because of low
hydraulic conductivity soils in the underlying desert pavement. The moisture is
stored at a certain depth, termed “extinction depth”, where it is protected from
diffusive evaporation during the long dry periods (Tsoar, 2002). In sand dunes,
regions below the extinction depth can serve as potential sites for the storage of
surface runoff or treated wastewater by artificial recharge (Missimer et al., 2012)
as the permeability of dune sand is 2500 times higher than that of soil composed
of smaller particles of silt and clay (Davies and DeWiest, 1966; Tsoar, 2005). In
addition to this, transpiration rate is very low in sand dunes as they have sparse
vegetation. Thus, water can be stored for longer periods below extinction depth
and can be later utilized for various purposes such as in irrigation to support
desert agriculture. Moreover, determination of extinction depth is considered an
important part for designing projects such as aquifer recharge and recovery
(ARR) and dune sand systems.

Objectives
The primary goals of this research effort were to


Monitor the water level, soil moisture content profile and temperature
gradients in saturated dune sands for a period of several months.
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Determine the extinction depth of dune sand in a field setting.



Use hydrological simulator HYDRUS -1D to build vertical profile of soil
water content.

To achieve the above mentioned objectives, a field experiment was conducted in
the south western region of Saudi Arabia. A barrel was filled with dune sand and
was left exposed to natural conditions (infiltration, evaporation, and precipitation)
after saturation. Sensors were fixed at different depths within the soil profile in
the barrel to monitor the temporal variation of temperature and soil moisture
content. The decline of the water level in the sand barrel was continuously
recorded by transducers installed in the barrel. The extinction depth of dune sand
was determined by evaluating the vertical profiles obtained by the transducers
and sensors. The observed initial and top boundary conditions (rate of
evaporation) were used in the hydrological simulator HYDRUS-1D to construct
the vertical profiles of soil water content and temperature. The results obtained
by HYDRUS-1D were compared against the gradients monitored by the sensors.
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CHAPTER 2: LITERATURE REVIEW
Vadose Zone hydrology
Water flow through the vadose zone is an important part of the hydrologic cycle
because it influences partitioning of water among various flow components.
Depending on hydrologic, geologic, and soil characteristics, rain and snowmelt is
partitioned at the land surface into runoff, infiltration, evapotranspiration,
groundwater recharge, and vadose zone storage (Twarakavi et al., 2008) as
shown in Figure. 3.

Diffusive
evaporation

(Interflow)

(DE)
extinction depth

Figure 3: Schematic diagram showing the processes (including the key vadose
zone processes) affecting subsurface hydrology (Twarakavi et al., 2008)
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The entire process is explained as the water budget equation which is a
mathematical representation of the fact that all water arriving at the water table
leaves the system as groundwater flow, is discharged through sinks such as
surface water bodies, is evapotranspirated, or is retained as storage (Scanlon et
al., 2002)
P+ Qon = Qoff + ET+ DE + S
where ‘P’ is precipitation (and may also include irrigation); ‘Qon’ and ‘Qoff’ are
water flow onto and off the site, respectively, ‘ET’ is evapotranspiration and ‘ΔS’
is change in water storage and ‘DE’ is the diffusive evaporation. All the
components are expressed as mm/day or mm/year (Scanlon et al., 2002).

Precipitation is a primary input in vadose zone hydrology as it infiltrates through
the soil surface and eventually percolates to the water table. In case of arid and
semi- arid regions, rainfall shows high temporal and spatial variation (Wheater,
2002) . Infrequent but heavy rainfall events in arid lands generate high rates of
overland flows in wadis, which remain dry most of the year, but act as ephemeral
streams after a heavy rainfall event. Wadis direct flood waters and allow
infiltration which recharges the alluvial aquifers. Sorman and Abdulrazzak
provided an analysis

of groundwater rise due to transmission loss in Wadi

Tabalah, South West Saudi Arabia, and estimated that on average 75% of bed
infiltration reaches the water table (Sorman and Mohamed, 1993)
Sometimes, locally perched water tables occur due to the presence of low
permeability lenses in the unsaturated zone above the actual water table. The
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lenses act as aquiclude layers (impermeable layers above water table) and
reduce rates of groundwater recharge but once infiltration of rain water to the
groundwater has occurred, the impermeable silt lenses within the alluvium
minimize moisture loss from the aquifer (Wheater, 2002) . Sand and gravel are
quite

effective

in

restricting

the

loss

of

groundwater

by

evaporation

(Parissopoulos and Wheater, 1991; Wheater, 2002), thus they readily support
making alluvial groundwater a water resource. The presence of the impermeable
lenses act as the diffusive extinction depths of the wadi aquifers as evaporation
loss ceases below that depth.

Figure 4: Schematic diagram showing silt lenses and perched water table in
unsaturated zone. (http://commons.wikimedia.org/wiki/File%3AWater_table.svg)

Variability in Extinction Depths
The variability of the two types of extinction depth, diffusive evaporation (DE)
extinction depth and evapotranspiration (ET) extinction depth can result due to a
number of factors. The time to reach extinction depth, ranging from one month to
a year, depends on soil type and land cover (bare soil, grass and forest) (Shah et
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al., 2007), and can vary considerably as a function of the presence of deep
rooted phreatophytic plants, seasonal and long-terms climate conditions
(Anderson and Woessner, 1992) in case of ET extinction depth. In landscapes
where water table is within or slightly below the root zone, the vegetation can
uptake water from both a thin unsaturated vadose zone and saturated
groundwater (water table). Estimating the partitioning of evapotranspiration into
vadose zone and groundwater evapotranspiration is challenging because it is
controlled by many variables, including soil hydraulic properties, depth to water
table, and root distribution (Shah et al., 2007).
Based on an experimental study to measure the evapotranspiration extinction
depths of various land covers, Shah et al., (2007) reported that fine-textured soils
have greater extinction depth than coarse-textured soils for a similar land cover
due to lower hydraulic conductivity of fine soils. Furthermore, evapotranspiration
extinction depth increases with increase in rooting depths. The results are
summarized in Table 1.
Table 1: Extinction Depths of different land covers. (Shah et al., 2007)
Land Cover Type (cm)
Soil Type

Bare Soil

Grass

Forest

Sand

50

145

250

Loamy sand

70

170

270

Sandy loam

130

230

330

Sandy clay loam

200

300

400

Sandy clay

210

310

410

Loam

265

370

470
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Silty clay

335

430

530

Clay loam

405

505

610

Silt loam

420

515

615

Silt

430

530

630

Silty clay loam

450

550

655

Clay

620

715

820

One of the important causes of diffusive extinction depth is evaporation loss from
near-surface groundwater. Evaporation is a dynamic process which can be
divided into three stages. The first stage is evaporation at the wet soil surface,
which is controlled by atmospheric demand; the second stage is evaporation
extending from the drying surface to the subsurface soil, which is controlled by
upward water movement toward the soil surface; and the third stage is
evaporation occurring below the surface where water vapor must diffuse through
a dry surface layer to the atmosphere (Xiao et al., 2011). The soil water
evaporation depends on type of soil, vegetation and water table position. A
variety

of

external

environmental

conditions,

such

as

solar

radiation,

temperature, relative humidity, wind speed (Irmak et al., 2003) and internal soil
properties e.g. hydraulic conductivity, water content, grain size, porosity, soil
water characteristic curve and vapor diffusivity are also the limiting factors
controlling diffusive evaporation from soil (Yang and Yanful, 2002).
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Measurement of Soil moisture Evaporation
Traditionally, the soil water evaporation fraction is assumed to decay with
increasing depth to the water table whereas studies find that an exponential
decay better describes the decline of the process with the increasing depth than
the commonly used linear relationships (Shah et al., 2007). Soil water
evaporation is measured and evaluated by many field experiments and numerical
approaches such as time domain reflectometry (TDR) (Plauborg, 1995), bowen
ratio and heat pulse measurements (Xiao et al., 2011) lysimeters (Yang et al.,
2000) , and various hydrological models.
Hydrological modeling aids in assessing the evaporation from the porous
medium in great detail. Thus, accurate modeling of evapotranspiration can help
to build management strategies to minimize water losses. In this respect,
estimates of evapotranspiration and the dynamics of soil moisture content during
evaporation are required for the assessment of soil water management practices
(Suleiman and Ritchie, 2003). The Richards equation is the most widely
accepted, physically based model used to simulate variably saturated flow, and
to yield more accurate mass balance, and therefore is often preferred in most
land surface models (Soylu et al., 2011). The hydrological simulator, HYDRUS 1D, provides finite-element solution of the Richards equation (Šimůnek et al.,
2008), and has been previously verified using analytical solutions under certain
boundary conditions (Zlotnik et al., 2007). Zeng et al. (2009) used HYDRUS 1-D
to produce the spatial and temporal information of coupled water, water vapor
and heat transport in desert sand to characterize the variation pattern of the
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drying front before, during and after the rainfall. Soylu et al. (2011b) used four
different numerical models and investigated the sensitivity of land surface
evapotranspiration to water table depth and soil texture. They concluded that
further field-based studies and modeling are essential to improve the
predictability of groundwater-land surface interactions in numerical models,
particularly as it relates to the parameterization of soil hydraulic properties.

Hydrogeophysical methods
Soil moisture is a key variable for understanding soil hydraulic properties and
hydrological processes in the vadose zone. A number of contact-based and
contact-free methods are used to measure the soil moisture content at various
scales, but a major shortcoming in the application of these methods is the lack of
knowledge regarding the spatial and temporal distributions of the hydrological
parameters at scales that are pertinent to management scales (Jadoon et al.,
2009). The new nondestructive techniques to measure soil moisture content such
as remote sensing, soil moisture sensor networks and ground penetrating radar
are extensively used nowadays. These methods provide unique opportunities to
map the spatial and temporal variation of soil moisture at an unprecedented
resolution and with the potential of providing measurement coverage across a
range of scales (Vereecken et al., 2008). The hydrogeophysical measurement
methods have gained increasing attention for high-resolution characterization of
the shallow subsurface at the field scale
In

the

last

few

decades,

time-lapse

ground-penetrating

radar

(GPR)

measurements have shown great potential for field-scale characterization and
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imaging of soil hydrogeophysical properties (Hubbard and Rubin, 2000; Slob et
al., 2010). In particular, time-lapse GPR imaging can be used to characterize
natural drainage inside the vadose zone (Truss et al., 2007). Time-lapse GPR
measurements further permit the monitoring of subsurface flow processes and
inference of the soil hydraulic properties when coupled with soil hydrodynamic
modeling (Jadoon et al., 2012). This has been applied to borehole and off-ground
GPR, where time-lapse images of the soil water content are used to constrain the
inverse problem (Jadoon et al., 2008; Lambot et al., 2009; Looms et al., 2008).
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CHAPTER 3: EXPERIMENTAL METHODS
Lab Analyses

The dune sand used in the study was subjected to various laboratory analyses
before the actual field experiment. Laboratory experiments were conducted to
determine the grain size distribution, porosity and hydraulic conductivity to
analyze the characteristics of the dune sand. A laboratory experiment was also
conducted to calibrate the soil moisture sensors to obtain accurate values of
volumetric soil water content in the sand. The laboratory experiments and
analyses are explained as follows.
Grain Size Distribution Analysis
Grain size distribution analysis is a measurement of the size distribution of
individual particles in a soil sample (USDA-NRCS, 2004) . All of the techniques
available for grain size distribution analysis involve the division of the sediment
sample into a number of size fractions, enabling a grain size distribution to be
constructed from the weight or volume percentage of sediment in each size
fraction (Blott and Pye, 2001). Each technique is most appropriate for a particular
range of particle sizes. For example, sieving is mainly suitable for the analysis of
sand and gravel-sized materials i.e. greater than a 63 μm diameter, while
sedimentation or pipette analysis is only suitable for the finer fractions (i.e. less
than 63 μm diameter). Furthermore, coulter counter and sedigraph methods are
best suited to finer sediments (i.e. silt and clay size) while some laser
granulometry instruments offer rapid and accurate sizing of particles in the range
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0.04–2000 mm (Pye and Blott, 2004) . Sieving has been the most widely used
method for sands, and is probably most accurate for general analysis of sand
and gravel, while the time required for analysis is intermediate. (Folk, 1966).
The sieve defines a particle diameter as the length of the side of a square hole
through which the particle can just pass. (Konert and Vandenberghe, 1997). In
the case of sieving, the likelihood of whether a functional relationship existed
between a nonspherical particle to pass through or be retained on a sieve of a
given mesh size depends on the particle’s shape and the probability of the
particle to assume, during the time allotted for sieving, an orientation relative to
the sieve that will allow it to pass through. (Eshel et al., 2004)
The dune sand used in the field experiment was subjected to sieve analysis for
determination of the effective particle size distribution and for the characterization
of the sand. Five samples of the dune sand were analyzed following the general
method for sieving described by Tanner and Balsillie (Tanner et al., 1995) , which
is also mentioned in National Soil Survey Laboratory Methods Manual (USDANRCS, 2004). The analysis required a pan and 20 sieves whose mesh size
ranged from 0.063 mm to 2 mm as shown in Figure 5.
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Figure 5: Sieves used for grain size distribution analysis

The steps followed are described below
1. A representative quantity of 60-70 g of the first sample was transferred in
a beaker and was weighed.
2. Ten sieves in top to bottom ascending order were stacked with a pan at
the bottom. The sample was carefully poured into the first stack and was
covered with a metallic cap.
3. The stack was then placed on a RO-TAP® mechanical shaker machine
(Figure 6) and it was run for 30 minutes for each sieve stack. The ROTAP® shaker machine, by its mechanical action, can sift the sand through
the sieves and the remaining sand is collected in the bottom pan.

27

Figure 6: RO-TAP® mechanical shaker machine

4. The sand retained in the pan was then poured into the stack of finer
sieves and the stack was then run in RO-TAP® shaker machine for
another 30 minutes.
5. The process was repeated until the sample had passed through all the
sieves by running it through the shaker.
6. The sample weight in each sieve was determined by first weighing the
sieve with the retained sand and weighing the sieve again after removing
the sand to obtain the accurate percentage of silt, sand and clay in the
sample.
7. The final weight of the sample was obtained by subtracting the weight of
the sieve from the collective weight of the sieve and the sample. The
values were recorded in a data sheet as shown in Table 2.
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8. The whole process was repeated for all the five sand samples and an
average percentage of the individual sand components were considered.
Table 2: Data sheet of grain size analysis
Sample # 1
Total weight (container + sample) = 130.33 g

Container weight = 53.53 g

Sieve
Total wt. (g)

Sample weight = 76.80 g

Container

Sample

Percent

Grain

Grain

wt. (g)

wt. (g)

Retained (%)

type

size %

No.

Mesh (mm)

1

1/2

12.5

0.00

0.00

0.00

0.00

2

1.17

11.2

0.00

0.00

0.00

0

3

3/8

9.5

0.00

0.00

0.00

0.00

4

0.83

8

0.00

0.00

0.00

0.00

5

0.265

6.7

0.00

0.00

0.00

0.00

6

1/4

6.3

0.00

0.00

0.00

0.00

7

3 1/2

5.6

0.00

0.00

0.00

0.00

8

4

4.75

0.00

0.00

0.00

0.00

9

5

4

0.00

0.00

0.00

0.00

10

6

3.35

0.00

0.00

0.00

0.00

11

7

2.8

0.00

0.00

0.00

0.00

12

8

2.36

0.00

0.00

0.00

0.00

13

10

2

0.00

0.00

0.00

0.00

14

12

1.7

429.25

429.24

0.01

0.01

15

14

1.4

406.63

406.62

0.01

0.01

16

16

1.18

394.60

394.57

0.03

0.04

Coarse

17

18

1

388.06

387.98

0.08

0.10

sand

18

20

0.85

383.12

383.08

0.04

0.05

19

25.00

0.71

387.46

387.40

0.06

0.08

20

30

0.6

386.03

385.96

0.07

0.09

21

35

0.5

353.25

353.11

0.14

0.18

22

40

0.4

349.53

349.35

0.18

0.23

23

45

0.335

405.28

404.88

0.40

0.52

Medium

24

50

0.3

342.78

341.87

0.91

1.18

sand

25

60

0.25

332.89

329.98

2.91

3.79

26

70

0.212

338.88

333.33

5.55

7.23

27

80

0.18

334.62

326.41

8.21

10.69

28

100

0.15

344.70

330.52

14.18

18.46

13.5286

29
29

120

0.125

334.41

320.52

13.89

18.09

30

140

0.106

324.24

315.11

9.13

11.89

Fine

31

170

0.09

327.00

317.87

9.13

11.89

sand

32

200

0.074

380.47

373.05

7.42

9.66

33

230

0.063

317.40

315.08

2.32

3.02

360.44

358.01

2.43

3.16

34

Pan

N/A

Silt/Clay

83.6979

3.16406

Total weight after finishing (g): 129.91

Results showed that highest percentage (84%) of the sediments range from
0.18mm to 0.063 mm. Thus the sediments of the dune sand can be classified as
fine grained sand with reference to the international grain size scale ISO 146881 (ISO, 2002).
Porosity Analysis

Although grain size distribution, porosity and hydraulic conductivity are closely
related, they are not absolutely proportional (David and Larry, 2005). Porosity,
defined as the volume of pore space per volume of the sediment, depends on the
type, sorting and particle size of the sediments. This parameter can help us to
estimate the volume of water the sand will be able to hold if it is fully saturated,
and to evaluate the association between hydraulic conductivity and grain size
distribution.
The porosity measurement of the dune sand was carried out in the laboratory by
using the water saturation method. The steps followed in order to determine the
porosity of the dune sand are listed below
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1. 100 ml of water was added in a 250 ml graduated cylinder.
2. Sand was carefully added in the cylinder and was stirred simultaneously in
order to avoid entrapment of air in the sand column.
3. Sand was added until the column became saturated with water.
4. The column was left for 15-20 minutes to let the entire sand settle and
thus the level of water left after saturation can be clearly attained as
shown in Figure 7.
5. The column was tapped on the sides of the cylinder to cause packing
similar to the natural occurrence of the sediments.

Figure 7: Porosity measurement

6. The level of water and the dune sand in the sand column was recorded.
The volume of water was calculated by subtracting the volume of water
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added initially (100ml) by volume of water present above the sand in the
cylinder.
7. Porosity was determined by placing obtained values in the equation 3.1

………….. (3.1)
Following the aforementioned procedure, the range of porosity of the dune sand
used in the experiment was found to be 0.34-0.38.

Hydraulic Conductivity Analysis

Hydraulic conductivity is the ease with which water flows through the pores of a
rock/soil medium. It is generally related to pore space and grain size
characteristics of soil (Koch et al., 2011), and the degree of saturation which can
be determined through various analytical and

empirical techniques. For

determining hydraulic conductivity of dune sand, the constant-head permeameter
test was applied. The procedure followed to determine the hydraulic conductivity
of the dune sand is described below ((Okagbue, 1995), (Wenzel, 1942),
(American Society for Testing and Materials, 2006))
Firstly, a standard permeable stone was placed inside a permeameter chamber.
1. Sand sample was poured into the chamber accompanied by stirring to
reduce segregation of the sand particles and to avoid entrapment of
air.
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2. When the sand almost reached the surface of the chamber, the
surface of the sand column was leveled and was covered with another
permeable stone. A metallic spring was placed on top of the stone in
order to avoid the upward movement of the sand with flow of water.
3. The chamber was then covered with the chamber cap and was
secured by cap nuts in order to provide enough pressure to keep the
apparatus in position. (Figure 8a)
4. A plastic funnel was connected to the bottom outlet of the
permeameter via a tube. A constant head of water was maintained in
the funnel which ranged from 54.5 cm to 55 cm.
5. The bottom outlet valve was then slowly opened to let water enter the
dune sand column. The water coming out of the top outlet of the
permeameter was directed to a 500ml graduated glass cylinder
through a flexible tube. Therefore, the flow was from the base to the
top of the sediment column.
6. After all the air from the chamber was removed and a steady discharge
of water from the top outlet was attained, the time taken to fill the 500
ml cylinder was recorded. (Figure 8b)
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(a)

(b)

Figure 8: (a) Permeameter chamber (b) Set up used for determining hydraulic
conductivity

7. The time was recorded 5 times by repeating the aforementioned
method and the average was used as an input in the equation 3.2
along with other parameters of the permeameter to calculate hydraulic
conductivity (K)

……………………….. (3.2)
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Where
K = hydraulic conductivity (cm/m)
V = Volume of water (cm3)
L = Length of the sand column (cm)
A = Area of permeameter chamber (cm2)
t = time to fill 500ml cylinder with water (m)
h = distance between the constant head of water and the discharge line of the
top outlet of the permeameter (cm)

By using parameters obtained from constant-head permeameter as inputs in the
equation 3.2, the hydraulic conductivity of dune sand was found to be 27-30
cm/m.
Calibration of Moisture Sensors

In order to monitor the vertical profile of soil moisture content and temperature,
5TM soil moisture sensors (Figure 9) were used which are manufactured by
Decagon Devices, Inc. (www.decagon.com). These sensors measure the soil
moisture content of the soil by measuring the permittivity of the soil, which is a
strong function of water content by using Topps equation given in equation 3.3.

θw (m3/m3) = 4.3 X 10-6 εr3 - 5.5 X 10-4 εr2 + 2.92 X 10-2 εr -5.3 X 10-2 …….(3.3)
where ‘θw’ is soil moisture content and ‘εr’ is permittivity of soil (Topp et al., 1980).
As variations exists in the characteristics of soils, the generic calibration for
ECH2O sensors results in approximately ± 3-4% accuracy for most soils.
Accuracy can be increased to ± 1-2% for all soils with soil specific calibration
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(Cobos and Chambers, 2009). Thus, the sensors were calibrated to attain best
possible accuracy in volumetric water content measurements before using them
in the experiment.

Figure 9: Decagon 5TM soil moisture sensor

The procedure used to calibrate the sensors is described below
1. I kg of dune sand was dried and cleaned from rocks and clods.
2. A container of dimensions 19.2 cm diameter and 18.1 cm height was filled
and packed with the dried sand.
3. The sensors were inserted vertically into the container as shown in Figure
10(a) and the reading of soil moisture content was recorded.
4. Each sensor was inserted 3-4 times in the packed sand to verify the
readings. An average of all the moisture content readings was recorded in
case minor variability was observed.
5. A volume of the undisturbed soil was carefully removed by a metal ring of
diameter 79 mm and height 55 mm as shown in Figure 10(b) and was
transferred in a foil pan. The weight of foil pan before and after adding the
soil was recorded.
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Figure 10: (a) Decagon sensors being inserted vertically in packed dune sand.
(b) The metal ring being used to remove the undisturbed volume of soil from
the container

6. The dried sand was then saturated in 10 episodes by adding 400 ml of
water each time. The sand was then packed and the sensor readings
were recorded by the same method as was followed for the dried sand.
7. Sand samples were removed from the container after each episode of
saturation and were transferred to 10 separate foil pans. All the foil pans
were weighed before and after adding the sand in them.
8. 11 foil pans, one containing dry sand and 10 others containing saturated
sand, were then placed inside an oven at 110 oC and were left for 24
hours. (Figure 11a)
9. After 24 hours the pans were removed from the oven (Figure 11b) and
were weighed with the dry sand in them.
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(a)

(b)

Figure 11: (a) Foil pans inside the oven (b) Pans containing dry sands after
being heated

10. The difference in the weights of pan+ sand+ water and pan + dry sand is
the volumetric water content (θw) which was lost from the sand sample
during oven drying. θw was determined be the following equation 3.4

…….. (3.4)
11. After making the above calculations, a scatter plot was generated with the
sensor data (permittivity (εr)) on the x-axis and water content (θw) on yaxis. A curve fitting function was used to construct the equation between
water content and permittivity measured by the sensors. The plot obtained
is as shown in the Figure 12.
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Figure 12: Plot showing relationship between permittivity (εr) and soil moisture
content (θw)

The red line in the plot represents the Topps equation which the sensors use to
calculate the soil moisture content and the black line is fit of a cubic equation
through the measurement points of the sand samples. The calibration function
constructed by this plot was later applied on the raw sensors data that was
collected during the experiment.

Field Experiment
Study Site Description

A field experiment was carried out to measure the diffusive extinction depth of
dune sand and to monitor the soil moisture and temperature dynamics during
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summer for 59 days (18th July 2012 - 14th September 2012). The sand used in
the experiment was excavated from a desert dune of the southwestern region of
Saudi Arabia (22o08’7.50’’N, 39o16’17.35’’E). The minimum and maximum
temperature on the field was 24oC and 43oC, respectively, recorded by the
meteorological station installed nearby the experimental site. No rainfall events
were observed during the period of field experiment.
Experimental Arrangement and Instrumentation

The experimental setup comprised of a barrel with diameter 150 cm and height of
150 cm that was positioned under the ground level. Figure 13 shows the
experimental arrangement and instrumentation in the field.

Figure 13: Schematic diagram of the setup to monitor water level, temperature and
soil moisture gradients
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PVC pipes of 2 inch diameter were perforated by drilling small holes in them and
the pipes were then wrapped with thin cotton fabric as shown in Figure 14(a, b, c)
to restrict entry of small sand particles inside the pipes and to avoid clogging of
their holes. Two perforated vertical pipes were connected to each other by
horizontal perforated pipes inside the barrel (Figure 15). They were fixed inside
the barrel in order to saturate the sand from bottom upwards and to accurately
monitor the water level fluctuation.

(a)

(b)

(c)

Figure 14: (a) PVC pipe perforated by drilling holes (b) Perforated pipe wrapped up
with fabric (c) Close-up of the pipe.
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Figure 15: Vertical and horizontal pipes inside the barrel

During the course of adding sand in the barrel, the already calibrated 5TM
sensors were installed at different depths. Fifteen sensors were placed in the
barrel at depths ranging from 3 cm to 125 cm. They were set to record data
automatically, at a time step of five minutes using three EM50 digital/analogue
data loggers manufactured by Decagon Devices, Inc. (www.decagon.com) as
shown in Figure 16(a). Each logging unit has six ports, five to connect sensors
and one port to transfer the data from the sensors to the computer.
A submersible pressure transducer was suspended inside the perforated pipes
(Figure 16b) to monitor the varying water level during natural atmospheric
conditions (evaporation, precipitation). The transducers used in the experiment
were U20 Titanium Water level data logger manufactured by HOBO ®
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(www.onsetcomp.com). The transducers were also set to record readings with a
regular time step of five minutes.

(a)

(b)
Figure 1: (a) EM50 data logger (b) U20 Titanium pressure transducer

Figure 17(a) represents the complete setup after installation of all the instruments
and when the sand was completely dry.
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When the installation was completed, water was poured into the barrel through
the vertical perforated pipe to saturate the sand from bottom upwards (Figure
17b). This was done in order to avoid the entrapment of air during saturation. The
sand inside the barrel was wetted in several episodes until saturation was
reached. Meanwhile, the dynamics of the soil moisture content and temperature
were continuously being recorded.

(a)

(b)

Figure 17: (a) The sand barrel before saturation (b) The sand barrel after
saturation

Hydrodynamic Modeling
One dimensional vertical flow of water through a porous homogenous sand
medium was considered in the study which is better described in terms of
Richard’s equation (Equation 3.5)
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h  
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  K    1 ……………………… (3.5)
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Where ‘h’ is the time and depth dependent pressure head (cm), C(h) = dθ(h)/dh is
the differential water capacity where ‘θ(h)’ is the the water content as a function of
pressure head (cm3 cm−3), and ‘θ’ being the soil water content (cm3 cm−3), ‘K(θ)’
is the hydraulic conductivity as a function of water content (cm hr−1), t is the time
(hr), and ‘z’ is the depth which is considered positive downward (cm) (Jadoon et
al., 2008).
In HYDRUS1-D , Mualem-van Genuchten (MVG) model (Mualem, 1976; Van
Genuchten, 1980) was used to describe the water retention and hydraulic
conductivity functions of the subsurface system. The water retention is given by:

 h   r   s   r  1  


h 

n

m

…………… (3.6)

where ‘θr’ and ‘θs’ are the residual and saturated water contents (cm3 cm−3),
respectively, ‘α’ (cm−1) and ‘n’ (-) are shape parameters which are inversely
related to the air entry value and the width of the pore size distribution,
respectively (Jadoon et al., 2008) and ‘m’ is defined as m = 1−1/n with n > 1
(Mualem, 1976).The hydraulic conductivity is given by:
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where ‘Ks’ is the saturated hydraulic conductivity (cm hr−1), λ (−) represents pore
tortuosity, and ‘r’ determines the shape of the hydraulic conductivity function. ‘θr’
is the residual water content . It is used as an empirical parameter which is either
given the value of zero or the value which best fit the water retention data or it
can be derived from soil texture using pedotransfer functions (Jadoon et al.,
2008). ‘θs’ can be obtained by fully saturating the sand sample and then drying
the sample in oven for 24 hours at 110oC. The value of λ generally used is 0.5 or
it can be estimated from bulk density and hydraulic conductivity with which it is
highly correlated (Vereecken, 1995). Values of ‘α’ and ‘n’ were used from the
HYPRES database (Wösten et al., 1999) such as 0.145 and 2.18, respectively.

Equation (3.5) is solved numerically using the hydrological simulator HYDRUS1D (Šimůnek et al., 2008). The depth of the domain was fixed to z = 150 cm, the
size of the barrel, and the vertical profile was discretized into 150 equally sized
elements, representing dz= 1 cm. The time step for the top boundary condition
(precipitation and evaporation) was fixed to one hour, whereas the lower
boundary condition was fixed to zero flux. In this study hydrological simulator
HYDRUS-1D is used because of its simplicity, robust numerical scheme, short
calculation times and availability of soil hydraulic data for comparison.
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CHAPTER 4: RESULTS AND DISCUSSION

Water level Profile

Figure 18 shows the fluctuation of the water level inside the barrel monitored by
the transducers installed in the perforated pipes. In response to the first wetting
episode, a rapid increase in the water level was recorded by the transducers.
The abrupt rise in water level was followed by a decline as the water added
through the perforated pipe filled the pipes quickly and then took time for
imbibition in sand, then to become eventually stabilized. The seven prominent
peaks ranging from 0 to 0.61 meters (Figure 18), observed in the initial days of
experiment, were due to the continuous wetting-infiltration cycles in the sand.
After several wetting-infiltration episodes, the range of water level fluctuation
shows a decrease, as the sand was gradually being saturated. After saturation,
the sand was exposed to natural conditions (evaporation, infiltration) for a few
days. This helped to stabilize the water level in the pipe and the barrel due to the
slow imbibition of water in the sand. Consequently, a gradual decline of water
level can be noticed which lasted for almost 10 days (from 20th July – 30th July)
as evident in Figure 18. After sloping down for 35 more days, the gradient
eventually stabilized at approximately 0.97 meters and then follows the same
trend during the remaining days of the experiment. Thus, this depth can be
established as the extinction depth of dune sand. The data gap between 15th
August and 30th August can be interpolated as the gradient during this gap
follows the trend.
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Figure 18: Water level fluctuation monitored with a time step of 15 minutes during
59 days of experimental measurements.

Soil Moisture Content Profile
Figures 19(a, b, c) shows the soil moisture content changes recorded by 5TM
sensors installed along the height of the barrel. Figure 19 (a) and (b) depict the
instantaneous rise in soil moisture content due to the first sand wetting session.
The initial high range fluctuations of the soil moisture content were caused by the
simultaneous wetting – infiltration cycles of the sand. The soil moisture content
shows a negative gradient for 20 days, when the barrel was left under natural
conditions (evaporation). The gradient then shows a gentle decline through 30
more days. The Figure 19(c) represents the soil moisture variation recorded by
the deepest sensors installed in the barrel which shows a decline of soil moisture
content first at a depth of 40 cm, followed by the declines at 45 cm and 50 cm.
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The sensors installed deeper than 45cm show slight declines and instant
steadiness of soil moisture content trend as compared to the sensors that were
installed at shallow depths (Figure 19c). The symmetric diurnal fluctuations are
evident in the shallow profiles, which can be seen more prominently in the upper
25cm.

(a)
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(b)

(c)
Figure 19: Soil moisture content variations recorded by sensors (a) from 3 cm-7
cm depth (b) from 2 cm-35 cm depth (c) from 40 cm-100 cm
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Temperature Profile
Figure 20 (a, b and c) shows the temperature profiles obtained by the Decagon
sensors installed at depths from 3 cm to 125 cm within the soil profile in the
barrel. The high peaks seen initially in the profiles represent the time when the
sand was dry and hot. The sand was then wetted; afterwards a decline in the
temperature profile can be observed. An average diurnal fluctuation of 10-20o C
can be noticed in the upper 10 cm (Figure 20a). Temperature profiles in Figure
20(a) and 20(b) depict prominent diurnal variations of temperature in the upper
35 cm as the sensors installed in upper 35 cm were more sensitive to
temperature changes through day and night. Figure 20(c) displays that below 75
cm the temperature variations were mild and they remained almost constant
throughout the profile.

(a)
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(b)

(c)
Figure 20: Temperature variations recorded by the sensors (a) from 3 cm-7
cm depth (b) from 2 cm-35 cm depth (c) from 40 cm-100 cm
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Hydrodynamic Modeling Results
Like any hydrological simulator, HYDRUS-1D requires top boundary condition
and initial condition. In this study, natural conditions (precipitation and
evaporation) were considered as top boundary condition. Meteorological
variables were recorded at a weather station located near the experiment site. No
precipitation was recorded during the period of the field experiment.

The

temperature recorded during the evaporation period is shown in Figure 21. The
maximum and minimum temperature was 43oC and 24oC, respectively.

Figure 21: Temperature recorded during the experiment

Figure 22 depicts the hourly potential evaporation ‘Ep’ which was estimated using
the FAO-56 method (Allen et al., 1998). The FAO-56 Penman-Monteith equation
is used as a standard to determine the potential evaporation and has been
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proved feasible in various studies (Droogers and Allen, 2002). At first the
potential evapotranspiration from a grass reference surface ‘Er’, is calculated
using a modified Penman-Monteith equation (Allen et al., 1998). Hourly average
values of various meteorological variables, which include air temperature, relative
humidity, wind speed, incoming shortwave radiation, and atmospheric pressure,
are used as inputs. Afterwards, the reference evapotranspiration is scaled with an
empirical coefficient Ep = 1.15 Er (Allen et al., 1998). This coefficient reflects the
increased evaporation potential of bare soils (as compared to the reference grass
surface) (Jadoon et al., 2012; Scharnagl et al., 2011).

Figure 22: Potential Evaporation recorded during the experiment

In

practical

applications,

the

depth-dependent

initial

conditions

in

the

hydrodynamic model are poorly known, or not known at all (Jadoon et al., 2008).
The initial condition used in numerical simulation is with respect to soil water
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content as shown in the Figure 23. The initial condition is derived from the depth
dependent soil water content obtained from the sensors exactly after the last
imbibition. The sensors showed almost full saturation below 7 cm depth, and the
value of fully saturated sand was considered 0.35 (cm3. cm-3) obtained from the
laboratory experiment. The sand in the top 7 cm was not completely saturated
because water was added from the perforated pipes to saturate the sand from
bottom upwards. Furthermore, water added from the perforated pipes needed
more time to get imbibed in the sand to have a stabilized level, thus it did not
saturate in the top 7cm of the sand.

Figure 23: Soil Moisture content recorded during the experiment

55

Comparison of Sensor and MVG Model Results

Figure 24 shows the soil moisture content profile obtained by HYDRUS- 1D
simulation using the MVG model. The figure shows that the soil water content
profile follows the same trend as observed in the case of the sensors derived
data in Figure 19(a, b, c). The soil moisture profile at 5 cm depth shows lowest
value of water content. The trends from depths 7 cm to 45 cm show increasing
saturation, and thus increasing moisture content until the 100 cm depth is
reached where soil moisture content is highest (i.e. 0.35) which shows complete
saturation of the sand in barrel’s depth. The complete saturation at a depth of
100 cm can also be verified by the fact that the sand was saturated from bottom
upwards by the perforated pipes.

Figure 24: Soil moisture content profile obtained by hydrodynamic simulation
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The soil moisture content profile was reconstructed for better visualization of the
fit of hydraulic parameters. The soil moisture content data obtained from the
sensors at 7 different depths was plotted against the water content obtained from
Mualem van-Genuchten (MVG) model by using HYDRUS 1-D at these depths as
in Figure 25.

Figure 25: Soil water content θw measured by sensors versus soil moisture content
obtained by hydrodynamic modeling

It can be observed from the figure that water content obtained from MVG model
slightly underestimates the sensor derived measurements in low water content
but overestimates in higher water content. The data points are less scattered and
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thus they show correlation co-efficient r2 of 0.7988. The modeled data and
measured data curve shows overestimation at greater depths i.e. at 25 cm, 30
cm and 45 cm while it shows underestimation at lower depths such as 5 cm, 7
cm and 12 cm. It can also be observed from individual graphs in Figure 26, for
shallow sensor depth (a) and for deeper sensor depth (b).

(a)
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(b)
Figure 26: Soil water content θw measured by sensors versus soil moisture content
obtained by hydrodynamic modeling (a) in shallow depths (b) in deeper depths
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CHAPTER 5: CONCLUSION
Experimental studies were conducted to estimate the diffusive extinction depth of
dune sand and to monitor the water level, soil moisture and temperature
gradients. The sand used in the experiment was excavated from dunes of South
Western region of Saudi Arabia. Several samples of the sand were subjected to
porosity, hydraulic conductivity and grain size distribution laboratory analyses. In
a field experiment, the dune sand was filled in barrel of height 150 cm and
diameter of 150 cm and was left exposed under natural conditions (precipitation,
evaporation) after saturating it. Transducers were used to record the water level
fluctuation and 5TM sensors were used to capture the dynamics of soil moisture
content and temperature profiles.
The water level gradient showed stabilization of water level at almost 1m in the
sand column which was established as the extinction depth of the dune sand.
Moreover, it was found that soil specific calibration of the soil moisture content
sensors is useful in obtaining accurate volumetric water content measurements.
It has also been found that hydrodynamic simulator HYDRUS 1-D, when
provided by accurate hydraulic and meteorological parameters and specific initial
and top boundary conditions, provides an accurate representation of vadose
zone processes, making this method highly applicable in arid and semi-arid
hydrological processes especially for those related to evaporation and extinction
depths. The results from sensors derived soil moisture content data and that
obtained from HYDRUS 1-D using single porosity model of Maulem–van
Gunechten (MVG) was compared. It was found that both the data sets are
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correlated as the soil moisture profile obtained from hydrodynamic simulation
follows the same trend as the soil moisture content profile recorded by the
sensors.
Further investigations can be carried out using the results obtained from
hydrodynamic modeling in geophysical methods such as time-lapse ground
penetrating radar (GPR). The addition of an off-ground GPR antenna in the
experimental set up used in this study (Figure 26) can provide imaging of sand
and water interaction due to saturation of sand and also if water is pumped out
from the sand column. GPR measurements will provide soil moisture content
profiles which will readily help us to characterize the subsurface flow processes
in dune sand. This provides a promising approach to visualize the hydrological
properties of soils in arid lands with greater detail and higher accuracy.

Figure 27: Schematic diagram of experimental set-up with ground penetrating
radar (GPR)
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