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Water repellent or non-wetting soils show poor water infiltration, which leads to an increased runoff in both
natural and agricultural setting. Some forest areas of northern Iran are characterized by extreme water repel
lency, which makes their soil hydrological response highly complex. A field experiment was carried out to study
the effect of water repellency on water movement and runoff in coarse-textured soil covered in Pinus teada in
northwestern Iran. An adapted version of the popular agrohydrological model SWAP (Soil, Water, Atmosphere
and Plant) has been used to evaluate the modelling of soil water flow and runoff generation. Water repellency
was accounted for by multiplying the soil water content and the unsaturated hydraulic conductivity of soil with
the F factor. This factor is equal to the volumetric fraction of soil occupied by preferential flow paths. Twentyseven rainfall experiments were carried out under artificial rainfall using soils with various wettability levels and
various rainfall intensities (14 mm/h, 27 mm/h and 34 mm/h). The result show that during the summer and
early autumn (May to October) the soil became extreme repellent and runoff was formed when the soils were dry
(θ < 2%) and the rain intensity was more than 27 mm/h. Also, we investigated the role of the repellent layer on
evaporation losses. The results of laboratory and simulation data confirm that water repellency reduces evap
oration from the soil surface. Comparing modelling results with field data shows that an assumption of uniform
flow in water repellent soil leads to an overestimation of soil water content and an underestimation of runoff.
After incorporating water repellency in SWAP with the mobile–immobile concept, the agreement between
measured and model simulation data considerably improved.

1. Introduction
Soil water repellency (SWR) or hydrophobicity has received
increasing attention in recent years. It is one of the unstable micro-scale
phenomena that seriously affects water movement in soil (Wallach,
2010). Dry water repellent soil resists or slows down water infiltration
into the soil matrix on time scales ranging from seconds to days. This
phenomenon has been reported for a variety of soil types, land uses, and
climatic conditions worldwide (Bachmann et al., 2001; Doerr et al.,
1998).
Naturally, dry soils easily absorb water and become saturated. There
is a strong attraction between soil and water mineral particles, the

intensity of which depends on the difference between the soil surface
tension and the liquid surface tension (DeBano, 1981). Soil water
repellency is a dynamic phenomenon that is caused by low-energy sur
faces where the attraction between solid and liquid phases is weak.
When the tension forces between water and soil are neutralized or
disappear due to the presence of a repellent coating on sand grains or an
aggregate, soils resist infiltration and become repellent (chau et al.,
2014).
It is generally accepted that various organic molecules are poten
tially responsible for the hydrophobic properties of water repellent soils
(Almendros et al., 1988). In addition to soil organic matter, many re
searchers have considered soil texture as an important and effective
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parameter in the formation and intensity of water repellency (BadiaVillas et al., 2014; Mirbabaei et al., 2013). This phenomenon is more
frequently observed in sandy soils than in other soil textures (Mao et al.,
2019). Because of the low specific surface area of sand particles, the
small amount of repellent organic materials would be sufficient to coat
coarse soil particles as compared to the fine soil particles (Blackwell,
1993). However, severe water repellency has also been reported in soils
with considerable clay content. This is due to the coating of aggregate
surfaces in clay with hydrophobic materials (Chan, 1992).
In water repellent soils, water movement and the infiltration wetting
front develop into fingers, causing preferential flow instead of uniform
flow (Ritsema et al., 2005). Finger flow is an irregular, special wetting
front shaped like fingers through which water moves unevenly (Reza
nezhad et al., 2006). The correct description of soil water movement in
the unsaturated zone requires knowledge of the soil hydraulic proper
ties. These relationships have been modelled using analytical solutions
of Richards’ flow equations in 1-D for porous and unsaturated soils
(Philip, 1957; Smith, 2002) and are easily incorporated into hydrolog
ical models. However, these analytical solutions may not represent the
actual relations for soils affected by water repellency.
Some researchers have investigated the movement of water in re
pellent soil using simulations, which are usually based on a parame
terization of retention curves. Deurer and Bachmann (2007) applied a
conceptual numerical model to simulate water movement in heteroge
neous water repellent soils. They showed that infiltration into the soil
profile was highly sensitive to the degree and persistence of water
repellency. Nunes et al. (2016) adapted soil water repellency of a daily
water balance model on unburned and burned eucalypt plantations in
northern Portugal. Moody and Ebel (2014) investigated runoff in postwildfire areas by combining field measurements and infiltration
modelling. They used a numerical model, Hydrus 1-D, to estimate postwildfire infiltration and runoff within the unsaturated zone.
Among the vadose zone models, the agrohydrological SWAP (Soil,
Water, Atmosphere and Plant) model addresses the close interactions
between soil water flow, surface water management, and vegetation
development. Unstable flow in water repellent soils has been studied by
Hendricks et al. (1988) and Van Dam et al. (1996). They stated that an
unstable wetting front in repellent soil causes irregular flow and finger
flow in these soils. Only a part of the soil matrix actively participates in
the flow process. The process of finger flow was incorporated into the
SWAP model by implementing the mobile-immobile concept. Wessolek
et al (2007) studied percolation behavior in a pine forest on waterrepellent sandy soil. They used a one-dimensional numerical model
SWAP.2 to simulate mean water balance with hydraulic functions. They
used the traditional piston flow concept for wettable soil and the
mobile–immobile concept for water repellency.
Water movement in repellent soils (preferential flow) can be simu
lated with both the SWAP and HYDRUS models. The advantage of SWAP
as compared to HYDRUS is that SWAP includes the crop growth model
WOFOST. This makes SWAP suitable to analyse preferential flow in
different agrohydrological and ecohydrological environments (Van Dam
et al., 2008).
Many parts of the coastal sand site in the north of Iran are covered
with Pinus teada. This species has been known to create water repellency
in soils (Leelamanie, 2016). The Pinus teada shelterbelt along the coastal
dunes has proven its ability to serve as a coastal protection barrier.
However, the hydrophobic aspects and hydrological consequences of
this shelterbelt, especially its effect on runoff production, are still un
clear. Therefore, it is important to understand how SWR affects hydro
logical processes in Pinus teada forests. Previously, SWAP has been used
to assess the infiltration process for water repellent sandy soils but the
runoff process has not yet been assessed for repellent soil. The main
purpose of this study is to investigate water flow and runoff in the sandy
forest soils, using an adapted SWAP.4 model. The mobile-immobile
concept was used to investigate the effect of soil water repellency on
soil water fluxes and runoff.

2. Material and methods
2.1. Study sites and basic soil properties
This research was conducted in cultivated Pinus teada woodlands at a
coastal site. This site can be considered as representative of reforesta
tion, which has been widely applied in the past few decades to stop land
degradation. The experimental site is located in the northwest of Iran
(37◦ 52′ 55.0′′ N; 48◦ 56′ 07.0′′ E) (Fig. 1).
The study site comprises 20 ha and has been forested for more than
50 years with Pinus teada. The surface slope is slight (2%). The study
area has not been burned for at least 50 years. The climate of the study
area is typically humid subtropical with the largest rainfall in Iran. The
moisture and temperature regimes are Udic and Thermic, respectively.
The weather data (daily air temperature, radiation, humidity, rainfall,
air pressure and wind speed) were collected from a nearby weather
station (at Talesh Meteorological Station).
The observation of piezometers in the area showed that the
groundwater level is at a depth of 8 m. The total rainfall during the
measurement period (August 2017-July 2018) was 733.4 mm. The
months with the highest rainfall include October, May and September
with 149.6, 102.2, and 100 mm of rainfall, respectively. The lowest
rainfall occurred in June and July with values of 24.3 and 19 mm,
respectively. There is a dry period from June until mid-August due to
high evaporation rates and this dry period alternates with heavy rain
falls occurring in autumn (Fig. 2)
The soil was classified as sandy, Typic Psammaquent. Three soil
layers were distinguished (0–15, 15–40 and 40–250 cm) in the soil
profile. Soil water repellency is a dynamic feature and has seasonal
variations, so the model simulation was divided into three periods. The
first period was set from the beginning of August to the end of October,
the second period from the beginning of November to the end of April
and the third period from the beginning of May to the end of July.
Variation of soil water content and water repellency in the layers were
measured at different times During the simulation process, soil samples
were taken at three depths in vertical transects on the days 1, 5, 14, 21,
30, 40, 47, 53, 60, 66, 71, 78, 88, 92, 100, 107, 116, 147, 163, 199, 222,
260, 288, 307, 325, 344 and 351, starting in August 2017 and lasting
until July 2018. The soil samples were collected at 0–15 cm and 15–40
cm using sharpened steel cylinders with a length of 5 cm and a diameter
of 5 cm. The cylinders were pressed into the soil vertically, emptied into
plastic bags and used again. The plastic bags were tightly sealed to
minimize evaporation from the soil. For the depth of 40–250 cm, several
augur holes were drilled to a depth of 1.5 m and samples were taken
from every 10 cm of vertical distance. Because the soil was sandy,
drilling holes was not that difficult. Deeper than 1.5 m, soil samples were
taken with a gouge (diameter 5 cm, working length 30 cm). In this way,
soil samples were collected to a depth of about 1.8 m. The core was
divided into 10 cm sections and the samples empited into plastic bags.
Since the changes in soil water content from a depth of 100 cm onwards
were relatively small, the amount of soil water at a depth of 180 cm was
considered for a depth of 180–250 cm. Also several profiles were drilled
in this site, sampling to a depth of 250 cm confirmed that changes in soil
water content from a depth of 180–250 cm were relatively small. Thus,
the amount of soil water at a depth of 40–250 cm was estimated. The
groundwater level is very deep in this area and capillary rise does not
occur. At each depth, 3 adjacent samples were taken over a horizontal
distance of approximately 15 cm. The field-moist soil in the plastic bags
was weighed and the persistence of actual water repellency was
measured. The samples were oven-dried and weighed to calculate the
volumetric soil water content. The persistence and intensity of soil water
repellency (SWR) were measured under field conditions using the Water
Drop Penetration Time Test (WDPT) (Doerr et al., 1998). This was done
by placing 3 drops of distilled water onto the smooth surface of the soil
and measuring the average time it took for the drops to completely
collapse and infiltrate into the sample (DeBano, 1981; Daniel et al.,
2
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Fig. 1. Illustration of the location of the study site (a) in the northwest of Iran (b) shows exact positioning of the study site (20 ha) (c) Specifications and soil layering
to a depth of 250 cm.

Fig. 2. The ambrotermic curve, (T) monthly temperature, (P) monthly precipitation recorded in the weather station of Talesh (Guilan) during the simulation period
(August 2017-July 2018).

duration was the time required for 30–40 cm3 to infiltrate into the soil; if
no water infiltrated, the measurement was stopped after 15–20 min.
More details about the experiment can be found in Balfour, 2015;
Robichaud et al., 2008; and Weninger et al., 2019. The measured cu
mulative infiltration values (I, [m]) were fitted against the infiltration
time (t, [s]), using Equation
√̅
I = C1 t + C2 t
(1)

2019). According to the results of the WDPT, a soil was classified as
wettable (WDPT < 5 s), slightly water repellent (5 s < WDPT < 60 s),
strongly water repellent (60 s < WDPT < 600 s), severely water repellent
(600 s < WDPT < 3600 s) and extremely water repellent (WDPT > 3600
s).
Soil samples were air dried and passed through a 2 mm sieve to
remove larger rock particles and were then analyzed in triplicate, and
the mean values were considered representative for each case. Soil
characterization was carried out by measuring the texture (sand, silt and
clay percentages) which was determined using the hydrometer method
(Gee and Or, 2002), and soil organic matter (OM) which was determined
by burning all organic matter in the soil at a temperature of 450 ◦ C
(Davies, 1974). Bulk density was calculated on triple samples for each
plot as the weight of soil in a given volume of the core extracted by a
small cylinder (Klute, 1986).
The hydraulic conductivity of each soil layer (0–15 cm, 15–40 cm,
40–250 cm, n = 3) was measured at the experimental site using a mini
disk infiltrometer (Robichaud et al., 2008; Balfour, 2015).
Twenty-one tension infiltration tests were conducted using a stan
dard MDI (Decagon Devices, Inc., Pullman, WA). The applied pressure of
the device was set at − 2 cm to reduce the macro flow. Measurement

The coefficients C1 (m/s) and C2 (m/s1/2) are fitting parameters. The
best-fitting parameters were determined by the minimized sum of
square error (SSE) between the model (Equation (1)) and the measured
infiltration data. Coefficient C1 is related to soil hydraulic conductivity
(SHC), and C2 is the soil sorptivity (Pullman, 2012). Soil hydraulic
conductivity (K, [mm/h]) using mini disk infiltrometer data was
calculated using the following equation:
K=

C1
A

(2)

Equations (3) and (4) were proposed by Zhang (1997). Coefficient A
is a unitless (cm/cm) value relating the Van Genuchten parameters (n
and α) for a certain soil type to the infiltration water suction (h0) and the
3
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infiltrometer disk radius (2.25 cm). A is computed from equations (3)
and (4):
A=

A=

11.65(n0.1 − 1)exp[2.92(n − 1.9)αh0 ]
(αr0 )0.91
11.65(n0.1 − 1)exp[7.5(n − 1.9)αh0 ]
(αr0 )0.91

n ≥ 1.9

n ≤ 1.9

content at different times of the simulated period (Fig. 3).
According to the frequency of rain intensity during the measurement
period based on the weather station information, three rainfall in
tensities of 14, 27 and 34 mm⋅h− 1 were applied. All measurements were
performed for 15 min on three occasions (Lassu et al., 2015). Runoff was
collected in plastic bottles and runoff was calculated per unit area. In
this study, we were interested in surface runoff as a result of intensive
rainfall.

(3)
(4)

where n and α are the van Genuchten parameters for the soil, ro is the
disk radius, and ho is the suction at the disk surface. In this study, h0 is
equal to − 2 cm.
The calibration program-RETC was used to describe the soil hy
draulic functions (Yates et al., 1992). The results are shown in Table 2.
The soil hydraulic data of the water repellent and wettable soil only
differ in the hydraulic conductivity of the top layer. RETC uses the
Brooks and Corey (1964), Van Genuchten and Nielson (1985), Burdine
(1953) or Mualem (1976) relationships for describing the waterretention curve and predictive models for characterizing the unsatu
rated hydraulic conductivity (Yates et al., 1992).
In the field, a measurement was performed when the soil was dry and
water repellent. However, in the laboratory, before measuring the
retention function and the hydraulic conductivity, soil samples were
saturated. Also, the soil samples relatively long equilibrium time are
allowed. This condition removed soil water repellency.

2.3. Soil evaporation
To investigate the impact of soil water repellency on evaporation,
four cylinders (50 mm inner diameter × 65 mm height) were filled with
wettable sandy soil (sieved at 2 mm). Soil samples were wetted from the
bottom for 24 h then 2-cm thick layers of water repellent soil were
placed on the surface of each cylinder. A plastic ring was used to contain
the repellent layer. The samples were placed in laboratory conditions at
25 ± 1 ◦ C and a relative air humidity of 50%. Finally, water evaporation
from soil samples was determined from the loss of weight in a
temperature-controlled laboratory condition (Lichner et al., 2020).
2.4. Model framework
The SWAP.4 model simulates the transport of water, solutes and heat
in the vadose zone in interaction with vegetation development. The
model domain reaches from a plane just above the canopy to a plane at
the groundwater level or at a certain depth in the vadose zone. In this
region, the transport processes are predominantly vertical. Therefore,
the SWAP model is a one-dimensional, vertically directed model. The
model employs the Richards equation including root water extraction to
simulate soil moisture water movement in soils. Soil moisture condition
was determined based on pressure head as a function of soil depth (Kroes
et al., 2017).

2.2. Rainfall simulation experiment
Rainfall simulators are an important device in erosion and infiltra
tion research. The primary purpose of a rainfall simulator is to simulate
natural rainfall accurately and precisely. In this study, an indoor nozzletype rainfall simulator (RS) was used to assess rainfall infiltration and
runoff. The rainfall simulator is a pressurized nozzle type simulator. The
device is equipped with 4 Lechler nozzles (two nr. 460,788 and two nr.
461,008).
Water is supplied from the basin in the basement of the hydraulic lab.
Water pressure in the system is 2–2.5 bar (2000–2500 hPa). Control at
the manometer on the pump can be regulated with a plug valve on the
bypass. The RS consists of a 6 m long and 2.5 m wide plot, with a 2.8 m
high metal lateral frame and one open side down the slope (Fig. 1). The
bottom is freely drained and subdivided into 6 segments. The rainfall
simulator is described in detail by Lassu et al. (2015).
The rainfall intensity was determined by the amount of water
collected (measured with gauges) during an experiment. After each
repetition, the gauges were collected and the average rainfall intensity
was calculated. Rain uniformity was determined using the Christiansen
coefficient. The Christiansen uniformity coefficient (CU) is used to
determine the spatial heterogeneity or homogeneity of a certain rainfall
event (Christiansen, 1942). It was calculated from the collected data for
the different flow rates and for each repetition. The value of uniformity
coefficient was obtained using the following equation between 70 and
72%
∑n
[
]
i=1 |xi− x
CU = 100% 1 −
(5)
x− n

2.5. The model boundary conditions
2.5.1. Top boundary conditions
The upper boundary conditions are determined by the rates of po
tential evapotranspiration (transpiration plus evaporation flux), rainfall
or irrigation, and the soil vegetation properties (Van Dam and Feddes,
2000). Daily meteorological data, consisting of air temperature, solar
radiation, wind speed, and air humidity, can be used to calculate daily
potential evapotranspiration according to the Penman-Monteith method
(Allen et al., 1998).
2.5.2. Bottom boundary conditions
At the bottom, various forms of head and flux-based conditions are
used. In this study due to the deep groundwater, free drainage was used
(Kramers et al., 2005). In the case of free drainage, the hydraulic head
gradient is assumed to be equal to one at the bottom boundary, which
sets the bottom flux qbot equal to the hydraulic conductivity of the lowest
compartment:

∂H
=1
∂Z

CU is the Christian uniformity coefficient, xi the individual water
amount per rain gauge [ml], x the arithmetic mean of applied water
amount per rain gauge [ml]
Twenty-seven intact dry topsoil samples with a thickness of 20 cm
were collected from the study site on September 10, 2017. The reason
for choosing this time is that at this time, the main parts of the soil
profile down to 40 cm were completely dry and repellent. This is also the
time that heavy rains occur in the area. Soil samples, maintaining a bulk
density (ρs) similar to the natural one, were placed in boxes 35 cm long,
25 cm wide, and 20 cm deep. Three ranges of soil water content
(θ < 2%,θ = 4% and > 14) were selected according to the soil water

thus

qbot = − Kn

(6)

∂H:
∂Z

Total hydraulic head, qbot: bottom flux, Kn: hydraulic conductivity of
lowest component.
In the field experiments condition, with deep water table levels,
initial soil moisture condition is determined by the pressure head as a
function of soil depth with linear interpolation between depths (Kroes
et al., 2017).
2.5.3. Simulation of water movement in soils
Basically, within SWAP, soil water flow is calculated using the Darcy
and conservation of mass equation (Richard equation). Water moves in
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Fig.3. Photographs of the runoff measurement using an indoor nozzle-type rainfall simulator (RS).

hydraulic conductivity (cm⋅d-1), h is soil water pressure head (cm) and z
is the vertical coordinate (cm),Sa (h) is soil water extraction rate by plant
roots (cm3 cm− 3 d-1), Sd (h) is the extraction rate by drain discharge in
the saturated zone (cm3 cm− 3 d-1) and Sm (h) is the exchange rate with
macropores (cm3 cm− 3 d-1).

the soil due to the gradient of the soil water potential.

∂Î¸ ∂[K(h)(∂∂hz + 1)]
=
− Sa(h) − Sd(h) − Sm(h)
∂t
∂z

(7)

where θ is volumetric water content (cm3⋅m− 3), t is time (d), K(h) is
hydraulic conductivity (cm⋅d-1), h is soil water pressure head (cm) and z
is the vertical coordinate (cm),Sa (h) is soil water extraction rate by plant
roots (cm3 cm− 3 d-1), Sd (h) is the extraction rate by drain discharge in
the saturated zone (cm3 cm− 3 d-1) and Sm (h) is the exchange rate with
macropores (cm3 cm− 3 d-1).
SWAP applies the Richards equation integrally for the unsaturatedsaturated zone. The Richards equation is solved using a numerical im
plicit, backward, finite difference scheme with explicit linearization of
hydraulic conductivities (Van Dam and Feddes, 2000; Van Dam et al.,
2008). The numerical solution of Eq (7) requires specified boundary
conditions and relations between θ, h and K, the so-called soil hydraulic
functions. For these functions, SWAP uses the Mualem-Van Genuchten
analytical equations (Mualem, 1976; van Genuchten, 1980) which have
been used in numerous studies and form the base of several national and
international database (Vereecken et al., 2010).
The analytical θ(h) function proposed by van Genuchten (1980) is
defined as:
θ(h) = θres + (θsat − θres)(1 + |αh|n) − m

2.5.4. Water movement in repellent soil
In general, the SWAP model calculates uniform flow as described
above. Field observations show soil water flows in preferred pathways
(finger flow) and only a part of the soil matrix actively participates in the
flow process. Thus, uniform flow was not appropriate for this soil.
Therefore, SWAP 4.0 was adapted to correctly simulate the soil water
balance and runoff for repellent sandy soil. The implemented concept is
described below.
In the laboratory, the samples were first brought to saturation and
long equilibrium times were allowed. In measured water retention
functions, effects of repellency are less or absent. It is assumed that
water retention θ(h) and hydraulic conductivity K (h), as measured in
the laboratory, are valid only for parts through which water flows (the
wettable, mobile region). In field conditions, the soil may be water re
pellent, in which case the bulk soil consists of mobile and immobile
parts. Transient flow conditions apply to a fraction of the volume of soil
in which water is mobile (Fmob). In repellent parts, only immobile water
is considered. Therefore, the average mobile amount of initial water
content is Fmob times smaller than in wettable soil. A second assumption
is that the water content in the immobile region (water repellent, finger
region) is constant. The fraction of wettable regions is determined by the
reduction factor F and the fraction of the water-repellent region by (1 F). To simulate water flow in water repellent soils, SWAP applies the
Richards’ equation only to the mobile region. Thus, the effective
retention function, which is used to solve the Richards equation, is
related to laboratory measurement θlab (h) as follows:

(8)

where θsat is the saturated water content (cm3 cm− 3), θres is the residual
water content in the very dry range (cm3 cm− 3) and α (cm− 1), n (–) and
m (–) are empirical shape factors. Without losing much flexibility, m
could be taken equal to:
m = 1−

1
n

(9)

Using the above θ(h) relation, with m = 1 − 1n, and applying the
theory on unsaturated hydraulic conductivity by Mualem (1976), the
following k(θ) function results:
1

m 2

K = Ksat Seλ [1 − (1 − Sem ) ]

θ(h) = Fmob θlab (h)

where Fmob: the volumetric of the soil was occupied by preferential flow
and equal to the mobile fraction of the soil volume. Similarly, the field
hydraulic conductivity function K(h) which should be used in the solu
tion of Richards’ equation, is related to Klab(h) measured in the labo
ratory as:

(10)

where Ksat is the saturated conductivity (cm⋅d-1), λ is a shape parameter
(–) depending on flow path tortuosity, and Se is the relative degree of
saturation defined as:
θ − θres
Se =
θsat − θres

(12)

K(h) = Fmob K lab (h)

(11)

(13)

The SWAP model assumes the individual soil layers to be homoge
nous horizontally. The volume of preferential flow paths is relatively
stable during a season, therefore during a season, Fmob is assumed to be

where θ is volumetric water content (cm3⋅m− 3), t is time (d), K(h) is
5
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constant. The Fmob factor can be estimated using visual observation in
the field with the tracer color test (Brilliant Blue). Field studies show
that the mobile fraction Fmob changes between seasons (Ritsema and
Dekker, 1994). Also, the Fmob parameter changes by increasing the
depth so we define the value of the F parameter at each depth and each
season. When the soil becomes wetter, Fmob increases. Therefore in
winter, when the soil is wet, the parameter is considered to be one.

Table 2
The soil hydraulic parameters determined in the laboratory on samples from 0 to
15, 15–40, and 40–250 cm depth (n = 3). Soil hydraulic conductivity value (K)
was calculated according to Dohnal et al. (2010); subscript MD stands for mini
disc infiltrometer.
Water repellent soil
0–15
cm

3. Results
3.1. Characterization of soils and numerical simulation of water content
In this study, a water repellent sandy soil texture was selected
because water repellency occurs most frequently in these soils (Ritsema
et al., 2005). Furthermore, coniferous forest soils are more prone to soil
water repellency than deciduous forest soils (Butzen et al., 2015). Some
of the soil properties of different layers are shown in Table 1.
Soil hydraulic data in conditions where the soils are water repellent
and wettable is given in Table 2. The results showed that the hydraulic
conductivity measured in the laboratory was greater than in field con
ditions because in the field, the flow is limited to the fingers. Also, the
measurement of hydraulic conductivity of intact samples in the labo
ratory using the Mini dis infiltrometer showed that the unsaturated
hydraulic conductivity measured in wettable samples was higher than in
repellent samples (Table 2).
The average variations of soil water repellency (WDPT) from August
2017 to July 2018 are listed for different depths in Table 3. Due to the
seasonal changes in soil water repellency, the model simulation was
divided into three periods. In the first period (August to October 2017),
the average soil water repellency (WDPT test) in the upper 15 cm was
2500 s, at 15–40 cm it was 80 s, and deeper in the profile (40–250 cm)
soils were wettable.
In the second period (November to April 2018), soils were wettable
at all depths. In the third period (May-July 2018), the soils were re
pellent to a depth of 40 cm (Table 3). To demonstrate the effect of water
repellency, simulations were performed with a constant mobile fraction
(Fmob) for every depth for each period (Table 3). We assumed that the
repellency degree in each layer was uniform and therefore, the repel
lency of each layer was determined by one value of the Fmob parameter.
The simulated and measured soil water content at depths of 0–15 cm,
15–40 cm and 40–250 cm are shown in Fig. 4. Two simulations were
considered, one location which was water repellent / wettable soil,
depending on the season (simulation 1) and one for a location which was
continuously wettable (simulation 2). The simulations started with the
same initial water content on August 1st and then the simulated water
contents at the end of the former period were considered as the initial
water conditions for the next period. In the case of simulation 1, soil
water repellency was considered using the Fmob parameter, but in
simulation 2, soils were considered to be wettable. Measurement of soil
water content in the periods showed that by entering the repellency
parameter (Fmob) in the model, the SWAP model could effectively
simulate the correct soil water content.
The average volumetric water content measured at various depths,
estimated by simulation 1 (considering water repellency) and simulation
2 (assuming the wettable soil) is given in Table 4, these values are also
shown in more detail in Fig. 4.

pH

EC
(ds⋅m)

OM
(%)

Sand
(%)

Silt
(%)

Clay
(%)

ρb

0–15
15–40
40–250

7.02
7.1
7.12

0.13
0.1
0.07

7.82
1.05
0.08

92.0
93.0
93.5

4.0
4.0
4.0

4.0
3.0
2.5

1.12
1.22
1.25

Wettable soil
40–250
cm

0–15
cm

15–40
cm

40–250
cm

θsat (− )

0.3

0.25

0.2

0.3

0.25

0.2

θres (− )

0.01

0.01

0.01

0.01

0.01

0.01

KMD , h =
-2cm (cm
d-1)

63

280

223

223.0

253.0

280

α(cm− 1)

0.04

0.039

0.039

0.045

0.039

0.039

l( − )

0.5

0.5

0.5

0.5

0.5

0.5

n (-)

2.24

2.29

2.65

2.24

2.29

2.65

From the beginning of August to the end of October (period 1), the
soils were completely repellent and an overestimation was observed in
the soil water simulated by the model using laboratory data based on
wettable soil. The average volumetric water content of the topsoil (0–15
cm) was measured between 1.2% and 4.34% (Fig. 4.a). The average
volumetric water content estimated by simulation 1 (considering water
repellency) was between 3.12% − 5.7%, while simulation 2 (assuming
the wettable soil) estimated the value of 15.5%-26.8% for this param
eter. The results showed that from August to October 2017 (period 1)
and April-July 2018 (period 3), simulation 2 (assuming the wettable
soil) overestimated the soil water content in the topsoil (0–15 cm)
(Fig. 4a).
Obviously, the middle of the profile (15–40 cm) has less water con
tent as compared to the top layers (Fig. 4.b, Table 4). Although in the
case of water repellency (simulation 1), the model has been able to
simulate the amount of soil water content closer and more accurately to
the measured value. At this depth, there is no obvious overestimation
such as those for the top layer (0–15 cm). This could be due to the
reduction of soil water repellency at this depth (Table 2). This trend was
observed in both period 1 and period 3 at this depth (15–40) (Fig. 4b).
During period 2 (November to April), the soils were completely wettable
and a value of one was considered for the Fmob parameter. This means
that water flowed through the entire volume of soil. The amount of
volumetric water content of the topsoil (0–15 cm) and the second layer
(15–40 cm) were estimated to be the same by both simulations.
The variation in soil water content measured in the deeper part
(40–250 cm) of the profile was less than 5%. At this depth, the soil was
completely wettable throughout the simulation period, leading to ho
mogenous flow and it is expected that there was no difference between
the results of simulation 1 and simulation 2 but that an overestimation of
the amount of soil water content was observed in simulation 2 from
October 13th to the end of February (Fig. 4c). However, the initial water
content on November 1st was different in the simulation in the case of
the water repellent (simulation 1) and wettable soil (simulation 2). From
November to April, the second simulation (without considering water
repellency) showed an overestimation in the amount of soil water con
tent at a depth of 45–250 cm but there was no difference in the amount
of soil water content from November to April in both simulations at
depths of 0–15 and 15–45 cm.
Although the range of changes in soil water content in simulation 2
was higher than in simulation 1 (Table 4), Fig. 4C shows that from
August 31st to October 11th (period 1) the amount of soil water content
in simulation 1 (with water repellency) was somewhat higher than in
simulation 2. However, the result of simulation 1 was correct and closer
to the measured data. In total, from the end of October until April,
during the winter, the wettest situation was observed at every depth.

Table 1
Soil properties at three soil depths: acidity (pH), electrical conductivity (EC),
organic matter (OM), soil texture, and dry bulk density (ρb).
Depth
(cm)

15–40
cm

(g⋅cm− 1)
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Table 3
The variation in water repellency and F parameter at different depths, during three sampling periods.
Aug-Oct 2017
WDPT (s)
F

Nov-Apr 2018

May-Jul 2018

0–15 cm

15–40 cm

40–250 cm

0–15 cm

15–40 cm

40–250 cm

0–15 cm

15–40 cm

40–250 cm

2500
0.5

80
0.7

0
1

0
1

0
1

0
1

650
0.6

45
0.8

0
1

Fig 4. The average of Measured and Simulated 1 (with considering water repellency), simulated 2 (without considering water repellency) soil water content (a) at
0–15 cm (b) 15–40 cm and (c) 40–250 cm using the adapted SWAP.4 model.

7

S.M. Mirbabaei et al.

Catena 207 (2021) 105637

Table 4
The average volumetric water content measured, estimated by simulation 1 (considering water repellency, sim 1) and simulation 2 (assuming the wettable soil, sim 2)
at three depths and during three simulation periods.
0–15 cm
Aug-Oct
Nov-Mar
Apr-Jul

15–40

40–250 cm

Measured

Sim 1

Sim 2

Measured

Sim 1

Sim 2

Measured

Sim 1

Sim 2

1.2–4.34
14.2–20
5.9–16.8

3.1–5.7
23.3–27.4
7–26.7

15.5–26.8
23.3–27.4
15.4–26.7

0.8–3
3–5.75
0.3–3.6

0.2–7.0
2.8–7.8
0.2–6

0.6–10
2.7–7.5
0.2–8

0.5–1.9
2.07–3.2
0.8–2.6

0.2–2.1
1.0–4.2
0.8–3.4

0.3–5.8
3.6–5.5
0.8–5.3

3.2. Water balance and runoff

Table 6
The amount of rain (mm), maximum rain intensity (mm⋅h− 1), water content,
water repellency on days with runoff.

The simulated water balances are shown in Table 5 for all three
periods. The negative value of soil water flux at the bottom represents
downward flow (deep percolation) of water while positive fluxes
represent upward flow (capillary rise). Due to the deep groundwater
level, upward flow did not occur in the experimental site. Therefore,
throughout the simulated periods, the water fluxes at the bottom of the
soil profile are downward (Table 5).
Since the simulation was performed in three continuous periods, it
was expected that the final water storage of each period was equal to the
initial water storage of the next period. This is seen in the results of the
SWAP when the water repellency is ignored (simulation 2).
In simulation 2, the final water storage of the first period (August to
October) was 15.64 cm, and the same value was given as the initial
water storage of the second period (November to April). The final water
storage in the second period was 9.63 and the amount of the initial water
in the third period (May to July) was the same. In the case that
considered water repellency by entering the Fmob parameter into the
model, the final water storage of the first period (August to October) was
5.59 cm, but the initial water storage of the second period (November to
April) had increased to 8.97 cm. The final water storage in the second
period was 9.64 cm but the amount of the initial water in the third
period (May to July) had decreased to 7.48 cm.
As the simulation results show, considering water repellency, there
was runoff in the first (August to October) and third (May to July) pe
riods. However, during the second period (November to April) soil was
completely wettable and the F parameter was considered to be one
(Table 3). This (F = 1) means the whole soil was active in the movement
of water in the soil. The amount and dates of runoff simulated by the
model during the experimental period are given in more detail in
Table 6. Measured and simulated soil water contents showed that the
soils were dry and water repellent at the runoff dates.
The frequency of rain intensity during the simulation period is shown
in Fig. 5. The highest rainfall amount was measured in October with a
rain intensity of 46.2 mm⋅h− 1. Also in September and May, high rain
intensities were measured between 20 and 40 mm⋅h− 1 (Fig. 5).
To validate the simulated runoff by the model, rain experiments were
performed under laboratory conditions. Rainfall simulators have been

Date

Sep
13th
2017
Oct
12th
2017
May
26th
2018

Rain
(mm)

Max Rain
intensity
(mm h− 1)

Water
content
before

Water
repellency
(mean)

26.8

35.6

1–5%

1280

112.5

46.2

1–5%

1320

80.9

32.5

40.8

2–7%

250

7.4

Runoff
(mm)
measured
3.17

used extensively to collect runoff, infiltration, and erosion data in both
laboratory and field experiments. Rainfall intensity was selected based
on field observations and meteorological station information.
Therefore, the amount of runoff generated at three rainfall intensities
(14, 27 and 34 mm⋅h− 1) and under three soil moisture conditions
observed in the area was measured in laboratory conditions (Table 7).
The laboratory data show that rain with an intensity of more than 27
mm⋅h− 1 creates runoff when the soil moisture is less than 2% and the soil
is extremely repellent. When the soil water content is about 4%, slight
water repellency is observed. Under these conditions, only rains with an
intensity of 34 mm⋅h− 1 and more produce runoff. By increasing the
amount of soil moisture (14–40%), soils become completely wettable.
Under these conditions, no runoff was observed even at a rainfall in
tensity of 34 mm⋅h− 1 (Table 7).
The amount of rain and the duration of each rain event are given in
Figs. 6, 7 and 8. Also, the runoff simulated by the SWAP model is given
in each graph. During periods from August to October 2017, the soil
water content was between 1.2 and 4.07. At this time of year, the soils
are completely repellent. (Table 3).
The results of the model show that the rain of September 13th, with a
duration of 0.07 days, caused runoff (3.17 mm). Heavy rainfall occurred
on October 12th, in which 112.5 mm of rainfall fell within 0.413 days.
This extreme rainfall event caused the largest amount of runoff, equal to
80.9 mm.

Table 5
Simulated water balance components and runoff from August 2017 until July 2018.
Water balance components
(cm)

Simulated with water repellency
Aug 01st–Oct 31st
2017

Nov 01st–Apr 30th
2017–2018

May 01st–Jul 31st
2018

Simulated without water repellency
Aug 01st–Oct 31st
2017

Nov 01st–Apr
30th

May 01st–Jul
31st

Rain
Potential transpiration
Actual transpiration
Potential evaporation
Actual evaporation
Runoff
interception
Bottom Flux (-, downward)
Final water storage
Initial water storage
Change storage (top 250 cm)

30.81
28.06
14.56
1.22
0.69
8.41
4.89
− 0.01
5.59
3.33
2.26

29.56
20.67
19.05
0.90
0. 9
0.0
6.84
− 2.11
9.64
8.97
0.67

14.55
42.41
14.32
1.84
0.83
0.75
2.59
− 0.6
2.94
7.48
− 4.54

30.81
28.06
15.8
1.22
1.04
0.00
4.89
− 1.13
15.64
7.68
7.96

29.56
20.67
19.08
0.9
0. 9
0.0
6.84
− 8.75
9.63
15.64
− 6.01

14.55
42.41
15.59
1.84
1.31
0.0
2.59
− 0.6
4.10
9.63
− 5.53
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Fig 5. The frequency of rain intensity in the period between August 1, 2018 and July 31, 2019.
Table 7
Runoff amount measured using rain simulator in three conditions of soil water content and three rainfall intensities (RI).
Dry soil (θ < 2%), WDPT = 50 min

Repetition 1
Repetition 2
Repetition 3

θ = 4%, WDPT = 2 min

θ = 14 − 40%, WDPT= -

RI = 14 mm/h

RI = 27 mm/h

RI = 34 mm/h

RI = 14 mm/h

RI = 27 mm/h

RI = 34 mm/h

RI = 14 mm/h

RI = 27 mm/h

RI = 34 mm/h

0
0
0

2.8
2.5
3.0

6.0
4.0
5.0

0
0
0

0
0
0

1.0
0.7
1.0

0
0
0

0
0
0

0
0
0

on May 26th did cause runoff (7.39 mm). Although the rainfall amount
on May 27th (49 mm) was higher, the intensity of the rainfall was lower.
Concerning runoff, the duration and intensity of rain are important.
When the duration and intensity of rain are large, the risk of runoff in
creases. This has been observed in the May rains. On May 26th, 32.5 mm
of rain fell, and runoff was created. Although there was more rain (49
mm) on May 27th, no runoff was generated. The main reason for this is
the duration of the rain because the duration of the May 27th rain was
0.35 days, but the May 26th rain fell in less time (0.097 days) and the
rain had less time to penetrate the soil and runoff was formed. Also, soil
water contents were larger on May 27th due to the rainfall on a pre
ceding day. Therefore, despite a large amount of rainfall on May 27, no
runoff was simulated. Although the average and maximum rainfalls in
May are higher than in September, SWAP simulated less runoff in May
than in September. This is probably due to the higher soil water content
in May. The results of runoff measurements in the laboratory confirm
this.

Fig 6. The amount of rain, duration of each rain event and the runoff simulated
by the SWAP model from August 1st to October 31st 2017 (R: Rain, D: Duration,
RI: Rain Intensity).

3.3. Soil evaporation
Water repellency reduces the evaporation rate of the soil surface.
Therefore, the results of the water balance table show that the amount of
evaporation in repellent soils is less than in wettable soils (Table 5). The
results of the cumulative evaporation simulated with SWAP and
measured at different sand cylinders in the laboratory are depicted in
Fig. 9. The results of laboratory measurements show that the repellent
layer reduces the evaporation of water from the soil surface. The mea
surements also show that with increasing hydrophobicity of the surface
layer, the water evaporation flux from the soil surface decreases. One
can see that most of the evaporation had taken place from the surface of
wetting samples (C3 and C4) and the extreme water repellent layer (C1)
showed the lowest amount of evaporation from the soil surface (Fig. 9
(1)).
Fig. 9(2) shows the results of the amount of evaporation from the soil
surface simulated with SWAP for the wettable and repellent samples. As

During the second period (November 2017 to April 2018), the
measured water content ranged between 14.2 and 20%. The simulation
results of the model were consistent with laboratory findings and no
runoff quantities were simulated. During these months (November to
April), the intensity of the rains was less than the critical intensity (27
mm⋅h− 1, according to the results of the rain simulator experiment) that
initiates runoff. Also, field measurements and model simulation showed
that soil water contents were larger than 14% in this period (Fig. 4). At
these water contents, the soil is completely wettable and runoff is pre
vented (Table 6).
During the third period (May to July 2018), the soil water content
ranged between 5 and 11%. Although during this period soil water
content was higher than in September and October, mild water repel
lency was observed. Therefore, the rain event (32.5 mm) that occurred
9
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Fig 7. The amount of rain, duration of each rain event and the runoff simulated by the SWAP model during November 1th to April 30th 2018 (R: Rain, D: Duration,
RI: Rain Intensity).

Fig 8. The amount of rain, duration of each rain event and the runoff simulated by the SWAP model during May 1st to July 31st 2018 (R: Rain, D: Duration, RI:
Rain Intensity).

can be seen, a similar trend has been obtained with laboratory findings.
In the case of the repellent sample, the amount of evaporation from the
soil surface has been reduced. This was caused by the lower water
content in repellent soil as compared to the wettable soils. Fig. 9(2)
shows that the amount of evaporation was simulated low from the 1st to
the 4th of August and then increased on the 5th of August. The meteo
rological data show that no rain fell from August 1st to 4th, and then, on
the 5th and 6th of August, 14.5 and 2.3 mm of rain were recorded,
respectively. This increased the soil moisture in the soil surface layer
(Fig. 4.a). Therefore, due to the increase in soil moisture, we can expect
an increase in soil evaporation on the 5th and 6th of August.

The simulation with measured soil hydraulic functions in the labo
ratory was representative of soil water fluxes in the field. Because in the
field, soil water flow occurs only through preferential channels, the
hydraulic conductivity measured in the laboratory was greater. This
result is consistent with the findings of Ritsema et al. (2005) and Van
Dam et al. (1990, 1996). Comparing modelling results with the field data
and the lab experiment showed that, considering the preferential flow,
SWAP could simulate the correct water flux in repellent soil. The result
of the SWAP model was verified with in situ measurements of soil water
content. Ahmad et al. (2002) used the same method for validation.
Wessolek et al. (2007) stated that the water flux in repellent soil
could not be described with a traditional one-dimensional model such as
SWAT. Of course, by modifying the model with the mobile-immobile
concept, the model could provide somewhat accurate information
about the mean percolation rate and evapotranspiration for situations
with and without preferential flow.
The results obtained from the third simulation period (May to July)
were similar to the first period (August to October). Although in this
period the soil moisture was higher than the first period and moderate
water repellency was observed, only a part of the bulk soil was active in

4. Discussion
4.1. Simulation of soil water content
At the study site, three soil layers were considered to a depth of 250
cm. The soil was extremely water repellent above 15 cm depth, slightly
water repellent at a depth between 15 and 40 cm and completely
wettable in the deeper part of the soil (40–250 cm).
10
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Fig 9. (1) Cumulative evaporation losses measured in the laboratory from (C1) 2 cm extremely repellent sand placed on top of wettable sand (C2) 2 cm slight
repellent sand on top of wettable sand (C3, C4) completely wettable sand (2) Cumulative evaporation losses simulated by the SWAP model in wettable and re
pellent soil.

water transfer. Due to the smaller horizontal flow cross-section in re
pellent soil, the overall hydraulic conductivity in the field was less than
in the laboratory. This is because in dry conditions when the soil is dry
and repellent, the actual flow takes place through fingers. In this way,
the acceleration of soil water flow occurs in the mobile part (Finger
section).
Although from August until April, the bottom fluxes were less in the
case of repellency (simulation 1), from August 31th to October 11th at a
depth of 40–250 cm, the model simulated more soil water content in the
case of repellency. The soil at this depth (40–250 cm) was wettable.
Probably the presence of repellency in the topsoil affected infiltration
fluxes and accelerated the soil water flow into the mobile part (Finger
section), and finally, considering the repellency, soil water content
increased in deeper layers (40–250 cm). This result is in agreement with
the findings of van Dam et al. (1996). They stated that water fluxes in
repellent soil were more than wettable soil as a result of the movement
of water through the preferential flow. Preferential flow in repellent soil
increases soil water movement in finger parts, but overall, the water
content is lower than in wettable soil. Also, Ritsema and Dekker (1994)
stated that finger flow formed in repellent soils accelerates the transport
of water toward the saturated zone.

These findings are consistent with the findings of Van Dam et al.
(1996). The results of their research showed that water storage fluctu
ates due to different repellency conditions. They investigated the effect
of preferential flow on soil water movement in the water repellent soils
in the Netherlands. To demonstrate the effect of water repellency, they
used a constant mobile fraction (F = 0.6). The results of their research
showed that during the dry summer, water storage decreased from 14
cm to 4 cm. During the autumn and winter when the soils were wettable,
this amount increased to 14. From the spring to early summer (May to
early July), Water storage fluctuated only between 14 and 9.5 cm,
because of slight water repellency.
The results show that the effects of water repellency are an important
factor in the generation of runoff. When the repellency is ignored,
simulations overestimate soil water content and underestimate runoff.
The effect of hydrophobicity on runoff generation was not previously
investigated by the SWAP model, so in this study, we were interested in
surface runoff originating from intense rainfall. Accurate estimates of
surface runoff require reliable schemes of infiltration and subsequent
redistribution of water throughout the soil profile. Results of our mea
surements and experiments showed that surface runoff could be accu
rately simulated using the mobile–immobile concept for water repellent
soil.
The results of the laboratory rain experiments showed that rain with
an intensity greater than the critical amount (27 mm⋅h− 1, determined in
this soil) causes runoff when the soil is dry and repellent, but the same
intensity of rain does not cause runoff when the soil is wettable. Along
with the effective parameters in creating runoff, the duration of pre
cipitation is an important factor. As the duration of rainfall decreases,
rains with the same intensity and even less rain intensity can cause
runoff.
Corona et al. (2013) stated that the difference in runoff amounts are
related to rainfall intensities and initial soil moisture conditions. How
ever, the effect of the initial soil moisture condition is different in re
pellent and wettable soil. In wettable soil, the amount of runoff increases
with increasing initial soil moisture (Corona et al., 2013) but in repellent
soil, the result is the opposite. With increasing soil moisture, the soil
changes from repellent to wettable and water can penetrate the soil, thus
reducing runoff. Soil water repellency has a significant effect on soil
infiltration conditions. Therefore, if soil water repellency is not
considered, an accurate estimate of runoff flow in these soils cannot be
obtained.
Field observations and measurements showed that soil hydropho
bicity and runoff caused by soil water repellency were dynamic

4.2. Soil water balances and runoff
Field observations showed that soil hydrophobicity was not uniform
throughout the simulation period. Therefore, for correct evaluation, the
whole simulation period was divided into three periods. The results
showed that by considering water repellency by entering the Fmob
parameter into the model, the soil water storage in the root zone would
change when the Fmob changes. In the first period (August to October),
extreme water repellency was measured at the depth of 0–15 cm and
moderate soil water repellency was measured at the depth of 15–45 cm.
The values of Fmob considered for these layers were 0.5 and 0.7,
respectively. In the second period (November to April), the soils were
wettable in all layers and the values of Fmob increased to one. The results
showed that when the Fmob increased, the amount of water storage also
increased (from 5.59 to 8.97) (Table 5). In the third period, the soils
became repellent again and a smaller value of Fmob was entered in the
model to account for soil water repellency. In this case, the amount of
water storage also decreased (from 9.64 to 7.48) (Table 5). The reason is
that when the Fmob increases, the water in the immobile parts will be
added to the water storage and when the Fmob decreases, water lost to
the immobile parts will decrease the water storage in the mobile parts.
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phenomenon and depend on the season. Sheridan et al. (2007) investi
gated the effect of soil water repellency on runoff generation in clay
loam forest soils in an Australian Eucalypt forest. They reported the
seasonal fluctuations in runoff ratio in repellent finer-textured Euca
lyptus forest soils in the summer months. They used computer simula
tions of infiltration-excess runoff. In this method, the runoff rate is very
sensitive to the selection contact angle and there may be some error in
the calculation of the contact angle.
Moody and Ebel (2014) used a numerical model (Hydrus 1-D) to
estimate post-wildfire infiltration and runoff within the unsaturated
zone. They stated that the time to start the run-off depends on the initial
soil-water saturation deficit and soil wettability. Generally, wettability
of soil particles seems to be a time- and moisture-dependent phenome
non. Zheng et al. (2017) investigated the hydrological behavior of syn
thetic water repellent soils in laboratory studies. To investigate the
influence of wettability change on hydrological responses, they used
flume tests at various scales under artificial rainfall. They stated that
with increasing the soil water repellency, infiltration is inhibited and
runoff is promoted.

simulated data. Depending on the severity of water repellency, water
enters the soil with a delay and causes more or less runoff. The most
runoff was estimated by the model in October, but no runoff was
observed from November to April.
Soil water repellency leads to a reduction of evaporation, which may
be beneficial for vegetation. It concluded that the surface layers of water
repellency, created by pine trees, can delay evaporation significantly for
coarse-textured soils, which may be especially useful for plants in hot
and dry periods in summer.
Previously, the effect of hydrophobicity on runoff generation was not
investigated by the swap model. This study clearly confirmed that the
adapted SWAP.4 model could accurately predict soil water content and
runoff in water repellent soil and is a useful tool to investigate the effect
of water repellency on soil hydraulic properties. The results show that
the effects of water repellency are an important factor in the generation
of runoff. However, further work is necessary to improve process
knowledge about the impact of soil water repellency on runoff
generation.

4.3. Evaporation

Declaration of Competing Interest

Both laboratory measurements and model simulations show water
repellency does reduce the evaporation from the soil. Repellent mate
rials reduce evaporation by reducing the capillary force required to
move water to the soil surface (Bachmann et al., 2001). Soil water
repellency does affect the transfer of moisture in the soil as a capillary to
the soil surface. Therefore, it is expected that the surface repellent layer
will prevent the transfer of moisture to the soil surface, and as result, the
reduction of water supply to the surface will reduce evaporation from
the soil surface. Hallett (2008) stated that a repellent layer on the soil
surface can create a barrier to capillary flow and thus reduce soil
evaporation. The research of Rye and Smettem (2017) showed that the
pattern of wetting in repellent soils is preferential flow and causes water
transfer to the depth of the soil. Therefore, the amount of water in the
topsoil decreases and as a result, evaporation decreases as compared to
wettable soil. Shokri et al. (2009) stated that repellent layers reduce
evaporation mass loss of hydrophobic layers due to the interruption of
capillary flow.
The results of our study show that the soil evaporation rate decreases
with increasing soil water repellency and the impact of the water re
pellent layer is related to the severity of the repellency. As the degree of
hydrophobicity increases, the transfer of moisture through the capillary
flow to the soil surface decreases, and as a result, the rate of evaporation
decreases. These results are in agreement with the findings of Bachmann
et al. (2001) and Lichner et al. (2020).
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