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Abstract: A component of designing a managed aquifer recharge system in a dune aquifer is the
control of diffusive evaporative loss of water which is governed by the physical properties of the
sediments and the position of the water table. A critical water table position is the “extinction
depth”, below which no further loss of water occurs via diffusion. Field experiments were
conducted to measure the extinction depth of sediments taken from a typical dune field in the
region. The soil grain size characteristics, laboratory porosity, and saturated hydraulic conductivity
were measured. The sand is classified as well-sorted, very fine sand with a mean grain diameter
of 0.15 mm. Soil moisture gradients and diffusion loss rates were measured using sensors in
a non-weighing lysimeter that was placed below land surface. The sand was saturated carefully
with water from the bottom to the top and was exposed to the natural climate for a period of about
two months. The moisture gradient showed a gradual decline during measurement until extinction
depth was reached at about 100 cm below surface after 56 days. Diurnal temperature changes were
observed in the upper 75 cm of the column and were negligible at greater depth.
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1. Introduction

Western Saudi Arabia is a hyper-arid area that receives only about 50 mm of rainfall each
year in the coastal area and slightly greater accumulations in the interior higher altitude areas [1].
When rainfall does occur, it is an intense event that causes flash floods through ephemeral channels,
known as wadis [2,3]. Flood water passing through the wadi channels allows some recharge to the
underlying alluvial aquifer, but most of the water is lost to discharge to tidal water or evaporates with
only 3% to 10% being captured as recharge [4–6]. Recent research on future climatic changes in this
region suggests that a greater degree of variability will occur with longer drought periods and more
intense rainfall events with corresponding floods [7,8]. Therefore, it is necessary to assess a water
management system that will capture freshwater from flood events and place the captured water into
storage for use during drought periods.
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One strategy being implemented is the construction of large dams within the ephemeral channel
system to capture and store stormwater, such as the recently constructed dam in Wadi Khulays
(Figure 1). While this strategy is effective at containing the captured water, the climate of the area
is very hot and dry, resulting in a high degree of evaporative loss from the reservoir, on the order
of 50% or greater [9,10]. To mitigate this loss of water to free surface evaporation, two managed
aquifer recharge (MAR) schemes have been suggested, one using the storage within the wadi alluvial
aquifer in downstream parts of the wadi system [10] and a second using a down-gradient dune field
(Figure 1) [11].
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Figure 1. Wadi Khulays Dam and reservoir(a) and the downstream dune field(b), Lopez et al. [11]. 
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of stability to maintain the subsurface reservoir, a low hydraulic gradient to keep the water in storage, 
and a known extinction depth to allow a design that minimizes evaporative loss. A method of 
determining dune aquifer hydraulic properties and a rapid screening process in this region is presented 
in this special issue by Lopez et al. [15]. The primary purpose of our research is to experimentally 
measure the evaporative extinction depth of dune sands in this region of Saudi Arabia. 

Previous research has estimated extinction depth in a variety of soil types [16–19]. The grain 
size characteristics of the soil or sediment, position of the water table, and climate are known to 
affect the extinction depth as demonstrated in actual measurements [20–22]. Commonly, estimates of 
extinction depth research have been conducted considering total evapotranspiration without a 
separation of diffusive evaporation loss and plant impacts via transpiration [16–19]. Furthermore, 
Soylu et al. [23] used different numerical models to investigate 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 shallow water table and land 
surface interactions in numerical models, particularly as it relates to the parameterization of soil 
hydraulic properties. An excellent review of the evaporation from bare sandy soil in arid 
environments can be found in Wang [24]. 

In this research, we measured the diffusive evaporation loss under a condition of bare sand as 
would occur within an MAR site in a dune field without any influence of vegetation. The climatic 
conditions and soil moisture profiles were recorded. We then applied the hydrological simulator 
HYDRUS-1D to model the soil evaporation loss. The measured and modeled extinction depth in 
bare dune sand was compared to measurements made in other locations. 
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Dune aquifers have been used in many regions for the storage of various types of treated
freshwater [12,13] to impaired quality water [11,14]. There are several important issues in the
use of a dune aquifer for stormwater storage in western Saudi Arabia. The aquifer must have
adequate storage capacity (porosity or specific yield) to receive the stormwater, satisfactory hydraulic
conductivity to allow infiltration of the water and recovery through wells or underdrains, a degree
of stability to maintain the subsurface reservoir, a low hydraulic gradient to keep the water in
storage, and a known extinction depth to allow a design that minimizes evaporative loss. A method
of determining dune aquifer hydraulic properties and a rapid screening process in this region
is presented in this special issue by Lopez et al. [15]. The primary purpose of our research
is to experimentally measure the evaporative extinction depth of dune sands in this region of
Saudi Arabia.

Previous research has estimated extinction depth in a variety of soil types [16–19]. The grain size
characteristics of the soil or sediment, position of the water table, and climate are known to affect the
extinction depth as demonstrated in actual measurements [20–22]. Commonly, estimates of extinction
depth research have been conducted considering total evapotranspiration without a separation of
diffusive evaporation loss and plant impacts via transpiration [16–19]. Furthermore, Soylu et al. [23]
used different numerical models to investigate 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 shallow water table and land surface interactions in
numerical models, particularly as it relates to the parameterization of soil hydraulic properties.
An excellent review of the evaporation from bare sandy soil in arid environments can be found in
Wang [24].

In this research, we measured the diffusive evaporation loss under a condition of bare sand as
would occur within an MAR site in a dune field without any influence of vegetation. The climatic
conditions and soil moisture profiles were recorded. We then applied the hydrological simulator
HYDRUS-1D to model the soil evaporation loss. The measured and modeled extinction depth in bare
dune sand was compared to measurements made in other locations.
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2. Background and Methods

2.1. Collection of Sand Samples from Dune Fields

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 summer for 59 days (18 July
2012–14 September 2012). The sand used in the experiment was excavated from a desert dune in
the southwestern region of Saudi Arabia (22˝0817.5011N, 39˝16117.3511E). The samples removed from
the dune were rather homogeneous but mixed and not in a natural condition. However, dune sands
are typically moving and unstable to a degree, therefore making the samples representative of the
dune characteristics. The minimum and maximum temperatures in the field were 24 and 43 ˝C,
respectively, recorded by the meteorological station installed nearby the experimental site. No rainfall
events occurred during the period of the field experiment.

2.2. Grain Size Distribution Analyses

The grain size distribution of the dune sand was measured using the standard sieving
technique as described by Tanner and Balsillie [25] and the National Soil Survey Laboratory Methods
Manual [26]. A total of 34 sieves were used in the analysis. Five samples were randomly selected
from the full volume of collected sediment for analysis.

2.3. Laboratory Porosity and Hydraulic Conductivity Measurements

Porosity measurements were made in the laboratory using the water saturation method.
A known volume of water was placed into a graduated cylinder. A dry sediment sample was
then added to the water within the cylinder. The sediment addition was carefully controlled to
avoid creation of air bubbles within the column and was terminated before the volume of sediment
exceeded the top of the water in the graduated cylinder. The column was tapped carefully with
a rubber mallet until the sediment volume ceased to reduce in height. This approximated the natural
packing of the sediment within the dune. The volume of water was determined be subtracting
the excess water found in the cylinder from the initial volume of water added. The porosity was
determined by dividing the water volume by the sediment volume. This analysis was conducted
on three samples collected from the excavated sand and 50 samples on which grain size distribution
and hydraulic conductivity were measured from the same dune field by Lopez et al. [15]. Additional
porosity measurement were made during moisture calibration.

The hydraulic conductivity was measured in the laboratory with a standing head (constant head)
permeameter, using standard laboratory methods [27]. Measurements were conducted on the same
five samples on which porosity and grain size distribution analyses were made.

2.4. Calibration of Moisture Sensors

For monitoring the vertical profile of soil moisture content and temperature, 5TM soil moisture
sensors were used, which are manufactured by Decagon Devices, Inc. (Pullman, WA, USA). These
sensors measure the soil moisture content by measuring the permittivity of the soil, which is a strong
function of water content, by using the Topps equation [28] given as below:

θw pm3{m3q “ 4.3ˆ 10´6εr
3´ 5.5ˆ 10´4εr

2 ` 2.92ˆ 10´2εr´ 5.3ˆ 10´2 (1)

where θw is soil moisture content and εr is permittivity of soil. The natural variation in the
characteristics of most soils causes the generic calibration for ECH2O soil moisture sensors to have
an error of approximately ˘ 3%–4%. The error can be reduced to ˘ 1%–2% for all soils by using
a soil specific calibration. Thus, the sensors were calibrated to obtain the best possible accuracy in
volumetric water content measurements before using them in the experiment.
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The procedure used to calibrate the sensors is: (1) a 1 kg of dune sand was collected from the
excavated sand and was dried and cleaned to remove rocks and clods; (2) a container with a diameter
of 19.2 cm and a 18.1 cm height was filled and packed with the dried sand; (3) the sensors were
inserted vertically into the sand within the container; (4) each sensor was inserted three to four times
into the packed sand to verify the readings and an average of all moisture content readings was
recorded in case minor variability was observed; (5) a volume of the undisturbed soil was carefully
removed using a metal ring with a diameter of 79 mm and height of 55 mm and was transferred to
a foil pan which was weighed before and after transfer of the soil; (6) the dried sand was saturated
in 10 episodes by adding 400 mL of water to each and then the sand was compacted with sensor
readings taken in the same manner as the dried sand; (7) the sand samples were removed from the
container after each episode and transferred to 10 separate foil pans, each weighed before and after
filling; (8) a total of 11 pans, one dry and the others containing wet sand, were placed in an oven at
a temperature of 110 ˝C and left to dry for 24 h; (9) after 24 h, the pans were removed from the oven
and were weighed to determine the water content (θw) of the sand for each sample using Equation (2)
for each sample; (10) after calculating the:

pθwq “ pweight o f pan` sand`waterq ´ pweight o f pan` dry sandq
pweight o f pan` dry sandq ´ pweight o f panq (2)

moisture content of the samples, a scatter plot was generated with the sensor data (permittivity (εr))
on the x-axis and the water content (moisture, (permittivity (εr)) on the y-axis, and (11) regression
analysis was applied to a find best-fitting cubic polynomial between the parameters resulting in the
best-fit curve shown in Figure 2.
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Figure 2. Plot showing the relationship between permittivity (εr) and soil moisture content (θw).

The red line in the plot represents the Topps equation [26] which the sensors use to calculate the
soil moisture content and the black line is the best-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 sensor data that was collected during the experiment. A similar calibration procedure has
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been used successfully for geophysical measurements in the field to relate relative permittivity to soil
water content [29,30].

2.5. Experimental Design and Instrumentation

The experimental setup consisted of a plastic barrel with diameter 150 cm and height of 150 cm
that was positioned under the ground level. Figure 3 shows the experimental arrangement and
instrumentation in the field.

PVC pipes with a 5 cm diameter were perforated by drilling small holes in them and the
pipes were then wrapped with a thin cotton fabric to restrict entry of small sand particles into
the pipes and to avoid clogging. Two perforated vertical pipes were connected to each other by
horizontal perforated pipes inside the barrel. They were fixed inside the barrel to allow saturation
of the sand from bottom upwards to avoid trapping air bubbles and to accurately monitor the water
level fluctuation.
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Figure 3. Schematic diagram of the setup to monitor water level, temperature and soil
moisture gradients.

During the course of adding sand in the barrel, the already calibrated 5TM sensors were
installed at different depths. Fourteen sensors were placed in the barrel at depths ranging from 3
to 100 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. 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 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. The transducers were also set to record readings with a regular time step of five minutes.

The filled and buried barrel setup is shown in Figure 4 with the sand being dry in Figure 4a
and saturated in Figure 4b. When the installation was completed, water was poured into the barrel
through the vertical perforated pipes (bottom to top) to avoid the entrapment of air during saturation.
The sand inside the barrel was wetted in several episodes until full saturation was reached and total
volume of 0.928 m3 water was injected in the barrel. Soil moisture content and temperature were
recorded throughout the filling process. Upon being satisfied that the sand was fully saturated with
no significant trapped air in the barrel, the system was left to record evaporation loss from the sand.
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2.6. Hydrodynamic Modeling

A variety of different hydrodynamic modeling tools are readily available to simulate water fluxes
in the vadose zone, as compared in Scanlon et al. [31]. Hydrodynamic models mainly vary with regard
to inclusion of vapor and heat fluxes as well as the internal coupling approaches of these fluxes.
In arid and semi-arid regions, the vapor movement is often an important part of the total water flux
when the soil moisture becomes relatively low in the topsoil. In this study, we choose to apply the
hydrological simulator HYDRUS-1D because of its robust numerical scheme and short calculation
times [31]. The hydrological simulator HYDRUS 1-D simulates non-isothermal water and vapor flow
as described by Saito et al. [32]:

Bθphq
Bt

“ B
Bz

„

pKlh ` Kvhq Bh
Bz
` Klh ` pKLT ` KvTq BT

Bz



´ S phq (3)

In Equation (3), h is the time and depth dependent pressure head (cm), t is the time (s), θ is the
total volumetric water content, being the sum (θ = θv + θl) of the volumetric water vapor content, θv,
and the volumetric liquid water content, θl (both expressed as an equivalent water content), θ(h) is
the water content as a function of pressure head (cm3¨ cm´3), T is temperature (K), Klh is isothermal
hydraulic conductivity for the liquid phase (cm¨ s´1), KLT is thermal hydraulic conductivity for the
liquid phase (cm¨K´1¨ s´1), Kvh is isothermal vapor hydraulic conductivity (cm¨ s´1), z is the depth
positive downward in cm, and S is a sink term usually used to account for root water uptake (s´1).

The classical Mualem-van Genuchten (MVG) model was used to describe the water retention and
isothermal unsaturated hydraulic conductivity functions of the subsurface system [33,34]. The water
retention is given by:

θl phq “ θr ` pθs ` θrq r1` |αh|ns´m (4)

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, and m is defined as m = 1´1/n with n > 1 [28]. The isothermal
unsaturated hydraulic conductivity is given by:
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where Ks is the saturated hydraulic conductivity (cm¨h´1), λ (´) represents pore tortuosity, and r
determines the shape of the hydraulic conductivity function. θr is the residual water content. It is
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used as an empirical parameter which is either given the value of zero or the value which best fits the
water retention data or it can be derived from soil texture using the pedo-transfer function. θs can
be obtained by fully saturating the sand sample and then drying the sample in an oven for 24 h at
110 ˝C. 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 [35]. Values of α and n were obtained from the Rosetta
database and are 0.145 and 2.18, respectively [Rosetta].

The thermal hydraulic conductivity function, KLT , in Equation (3) is defined as follows [36]:

KLT “ KLh

ˆ

hGwT
1

γ0

dγ

dT

˙

(6)

where GwT is the grain factor (unitless), which quantifies the temperature dependence of the soil
water retention curve [37], γ is the surface tension of soil water (J¨m´2), and γ0 is the surface tension
at 25 ˝C (= 71.89 g¨ s´2). The temperature dependence of γ is given by:

γ “ 75.6´ 0.1425T´ 2.38ˆ 10´4T2 (7)

where γ is in g¨ s´2 and T in ˝C. The isothermal, Kvh and thermal, KvT , vapor hydraulic conductivities
are described by Nassar and Horton [38].

Equation (3) is solved numerically using the hydrological simulator HYDRUS-1D [32]. 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 (dz = 1 cm). The time step for the top boundary condition
(evaporation) was fixed to one hour, whereas the lower boundary condition was fixed to zero water
flux. The top boundary condition for temperature was assumed to be equal to the air temperature
and lower boundary temperature was fixed at 35 ˝C.

3. Results

3.1. Physical Properties of the Media

The grain size data from the five randomly selected samples showed rather uniform properties.
The sediment is very well sorted and lies within the very fine sand classification of the Wentworth
scale [39].

Laboratory porosity measurements also showed some degree of variation with the full range of
the samples being 0.33–0.41 (Table 1). The average value was about 0.38. This is comparative to the
large number of measurements made on samples from the same dune field by Lopez et al. [15]. They
found a mean value of 0.39 ˘ 0.02 for 50 samples. However, a large number of additional samples
were measured during moisture calibration with the average being 0.35. This value was consistent
with the volume of water placed into the cylinder.

Table 1. Soil porosity and hydraulic conductivity data.

Parameter Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Porosity 0.41 - 0.33 - 0.40
Hydraulic Conductivity (m/day) 6.48 3.30 (?) 6.75 7.57 7.54

The measured hydraulic conductivity values ranged from 6.48 to 7.54 m/day. A small value of
3.30 m/d was measured which is considered to be an anomaly. The range in hydraulic conductivity
occurring across the dunes at the site where the sample was collected ranges from 5 to 11 m/day [15].

3.2. Water Level Profile

The fluctuation of the water level inside the barrel was monitored by the transducers installed in
the perforated pipes as shown in Figure 5.
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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 and to become
fully stabilized. The seven prominent peaks ranging from 0 to ´0.61 m (Figure 5), observed in the
initial days of the experiment, were caused by 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 can be noticed
which lasted for almost 10 days (from 20 to 30 July) as evident in Figure 5. After declining for 35 more
days, the gradient eventually stabilized at approximately 0.97 m and then remained at this depth for
the duration of the experiment. Thus, this depth can be established as the extinction depth of dune
sand. The data gap between August 15 and 20 can be interpolated using the average gradient during
this period based on the trend.

3.3. Soil Moisture Content Profile

Figure 6a–c shows the changes in soil moisture content recorded by 5TM sensors installed at
various depths in the barrel. Figure 6a,b depict the instantaneous rise in soil moisture content
due to the first sand wetting session. The initial high range in 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. Figure 6c depicts
the soil moisture variation recorded by the deepest sensors installed in the barrel which document
a decline of soil moisture content first at a depth of 40 cm, followed by the declines at 45 and
50 cm. The sensors installed deeper than 45 cm show slight declines and steadiness of the soil
moisture content trend compared to the sensors that were installed at shallow depths (Figure 6c).
The symmetric diurnal fluctuations are evident in the shallow profiles, which can be seen more
prominently in the upper 25 cm.
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Figure 6. Soil moisture content variations recorded by sensors (a) from 3 to 7 cm of depth; (b) 12 to
35 cm of depth; and (c) from 40 to 100 cm of depth.

3.4. Temperature Profile

The temperature profiles were recorded using the Decagon sensors installed at depths ranging
from 3 to 100 cm in the barrel (Figure 7). At the start of the experiment, the sand temperature was
high as the sand was dry and hot. When the sand was wetted, a decline in the temperature was
observed. An average diurnal temperature fluctuation of 10–20 ˝C occurred in the upper 10 cm
(Figure 7a). The diurnal temperature fluctuations declined in magnitude with depth in the soil
profile and between 12 and 35 cm depth the diurnal variation is the range of 3–7 ˝C (Figure 7b).
A temperature of over 35 ˝C persisted throughout the profile of the dune sand event to a depth of
100 cm (Figure 7c).
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condition at the top. Meteorological variables were recorded at a weather station located near the 
site. No precipitation occurred during the period of the field experiment. The air temperature 
recorded during the evaporation period is shown in Figure 8. The maximum and minimum air 
temperatures were 43 and 24 °C, respectively. 

The FAO-56 Penman-Monteith equation was used to determine the potential evaporation 
following a similar previous study [16]. The hourly potential evaporation “Ep” was estimated using 
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Figure 7. Temperature fluctuations recorded by the sensors (a) from depths of 3–7 cm; (b) from depths
of 12–35 cm; and (c) from depths of 40–100 cm.

3.5. Hydrodynamic Modeling Results

Like any hydrological simulator, HYDRUS-1D requires top and initial boundary conditions.
In this study, natural conditions (precipitation and evaporation) were considered as the boundary
condition at the top. Meteorological variables were recorded at a weather station located near the site.
No precipitation occurred during the period of the field experiment. The air temperature recorded
during the evaporation period is shown in Figure 8. The maximum and minimum air temperatures
were 43 and 24 ˝C, respectively.

The FAO-56 Penman-Monteith equation was used to determine the potential evaporation
following a similar previous study [16]. The hourly potential evaporation “Ep” was estimated using
the FAO-56 method as described by Allen et al. [40] (Figure 9). The method used first calculated the
potential evaporation from a grass ground-cover reference Er using the modified Penman-Monteith
equation [40]. Hourly average values of various meteorological variables, including air temperature,
relative humidity, wind speed, incoming shortwave radiation, and barometric pressure, were input
into the model. Then, the reference evapotranspiration is scaled with an empirical coefficient which
is Ep = 1.15Er [34]. This coefficient defines the higher rate of diffusive evaporation potential of bare
soil as compared to the reference grass cover [41].
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It is derived from the depth-dependent water content measured by the sensors exactly after the
last imbibition. The sensors showed almost full saturation below a depth of 7 cm, and the value of
fully saturated sand was considered to be 0.35 (cm3¨ cm´3) obtained from the laboratory experiment.
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The sand in the top 7 cm was not completely saturated because water was added from the perforated
pipes from the bottom upwards (to avoid air entrapment). Furthermore, the water added from the
bottom via the perforated pipes needed more time to get imbibed in the sand to have a stable level
near the surface.

3.6. Comparison of Sensor and MVG Model Results

The soil moisture content was calculated with a HYDRUS-1D simulation (Figure 11). The figure
shows the soil water content profile follows the same trend as observed in the sensor data (Figure 6).
The water content of the soil is lowest at 5 cm. The trends from depths 7–45 cm show increasing
saturation and thus increasing moisture content until the 100 cm depth is reached where the soil
moisture is highest at complete saturation (0.35).
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The diurnal variation of soil water content can be observed in the top 5–12 cm depth. The soil
moisture content data obtained from the sensors at seven depths were plotted against the water
content obtained from the Mualem van-Genuchten (MVG) model by using HYDRUS 1-D at these
depths (Figure 12).
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Figure 12. Soil water content θw measured by sensors versus soil water content obtained by
hydrodynamic modeling at shallow (a) and greater (b) depths. Blue line represents 1:1 line and red is
the best linear fit.

It is observed the water content obtained from the MVG model overestimated the sensor derived
measurements in the top 12 cm depth (Figure 12a), whereas, at greater depths, the MVG estimated
water content was overestimated (Figure 12b). The data points are somewhat scattered and yield
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an r2 value of 0.84 and 0.71, for shallow and greater depths, respectively. Comparing model results
with the measured data shows a model overestimation at depths of 25–45 cm and an underestimation
from 5 to 12 cm. Detailed comparisons of the sensor and model estimations are shown in Figure 12a,b.

4. Discussion

The field experiment and HYDRUS 1-D modeling of bare dune sand under local climatic
conditions showed the diffusive extinction depth to be about 1 m. The mean grain diameter of
the sand used in the experiment was at about 0.15 mm or about 2.9 phi units. For comparison, the
experimental work conducted by Hellwig [22] found that the evaporative extinction depth of bare
soil with a mean grain diameter of 0.53 mm was about 0.6 m. The results of the experiments of
Hellwig [20,22] on the effects of particle size, position of the water table, and climate are generally
consistent with the results herein obtained. However, our experiments were conducted using a finer
grain size of the tested soil and was at higher average surface temperatures and low humidity
compared to the Hellwig experiments.

Modeling work using HYDRUS 1-D on estimating the extinction depth of soils with various
compositions and land covers was conducted by Shah et al. [18]. They concluded that pure, bare sand
with no significant content of fines produced an extinction depth of 0.5 m. However, they concluded
that fine-textured soils would have a greater extinction depth compared to coarse-grained soils for
similar land covers. Since the dune sand tested has some mud and a fine to very fine sand mean grain
diameter, the results are expected to yield a deeper extinction depth. Therefore, the experimental
work conducted on the bare dune sand is in general agreement with the research conducted by
Shah et al. [18], yet specific to the climatic conditions found at the site.

It is very likely that the extinction depth found in this experimental method applies to dune
sands with the mean grain diameter and measured porosity values in the ranges found in most desert
areas. Compaction of fine-grain, well-rounded, predominantly quartz composition dune sands is not
relevant above a vertical effective stress of less than 1 to 2 MPa which corresponds to a depth of
about 100 m [42]. Further, the loss of porosity between land surface and 100 m in very fine dune
sand, based on experimental results, is less than 1% at about 100 m [42]. This has no impact on the
measured extinction depth in the field experiment.

5. Conclusions

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 located in the southwestern 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 placed in a barrel with a height of 150 cm and
a diameter of 150 cm and was left exposed under natural conditions (precipitation, evaporation) after
saturation. Transducers were used to record the water level fluctuations and 5TM sensors were used
to capture the dynamics of soil moisture content and temperature profiles.

The water level gradient showed stabilization at a depth of about 1 m in the sand column which
was established as the extinction depth of the dune sand under a bare condition. Moreover, it was
found that soil specific calibration of the soil moisture content sensors is useful in obtaining accurate
volumetric water content measurements.

It was found that the hydrodynamic simulator HYDRUS 1-D, when provided with accurate
hydraulic and meteorological parameters and specific initial and top boundary conditions, provides
a reasonably 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 sensor derived soil moisture content data and that obtained from HYDRUS
1-D using the single porosity model of Maulem–van Gunechten (MVG) was compared. It was found
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that both datasets are correlated as the soil moisture profile obtained from hydrodynamic simulation
follows the same trend as the soil moisture content profile recorded by the sensors.

The experimental and modeling results found are in general agreement with previous studies
conducted on measurement of the diffusive evaporative extinction depth. Experiments conducted on
bare sandy soils by Hellwig [20–22] and Shah et al. [40] showed the extinction depth to be 0.6 and
0.5 m respectively for coarser sands compared to those studied. This is consistent with the concept
that the extinction depth increases based on a reduction in mean grain diameter and addition of clay
or fine-grained organic material. The finer grain sediment tends to increase the height of the capillary
fringe and aids in diffusion.

Based on the measurement of the extinction depth for this sand, an MAR project designed to
store water in the source dune field would require that the water table position be maintained below
a depth of 1 m. Therefore, the loss of water during the storage cycle could be minimized and a more
efficient system could be designed.
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