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Farmers along the main reach of the Zarqa River Basin (ZRB) commonly utilize treated
wastewater for irrigation. Deep percolation is expected to occur as a result of irrigation, and it is
expected that preferential ﬂow pathways may facilitate the downward movement of irrigation
water. Therefore, the aim of this research was to investigate the susceptibility of soils near
Zarqa River to preferential ﬂow, and the HYDRUS and Soil and Water Assessment Tool (SWAT)
models were used. The methodology consisted of taking tension inﬁltrometer measurements
along the Zarqa River to determine the main physical properties relevant to preferential ﬂow,
such as inﬁltration rate and macroscopic capillary length, followed by investigating the
downward water movement using HYDRUS and SWAT. The HYDRUS simulations were
conducted using single porosity (SP) and dual porosity (DP) constitutive functions pertaining to
matrix and preferential ﬂow, respectively. The in situ tension inﬁltrometer measurements
were used to parameterize the surface layer of the HYDRUS DP model. HYDRUS simulations
showed that preferential ﬂow occurring in the surface layer of the soil proﬁle controlled the
vertical movement of soil water in excess of ﬁeld capacity. The comparison between SWAT, SP
and DP showed that both SWAT and DP were capable of simulating preferential ﬂow in arid
watersheds. However, SWAT simulations of lateral discharge and deep percolation resemble
that of the DP only when the evaporation soil compensation factor (ESCO) was set to a value of
0.8 and the length of the soil slope was set to its maximum value[1_TD$IF]. This research recommends
using HYDRUS model to verify SWAT model predictions of soil water redistribution in the soil
proﬁle and to improve the parameterization of the SWAT model. The research also suggests an
approach for the combined use of both models.
ß 2019 European Regional Centre for Ecohydrology of the Polish Academy of Sciences.
Published by Elsevier B.V. All rights reserved.
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[1_TD$IF]1. Introduction
Preferential water ﬂow movement is a natural phenomenon that occurs in most soils, and it has been widely
recognized as the major contributor to deep percolation
and subsequent groundwater recharge (Hatiye et al., 2017;
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Vásquez et al., 2015). The preferential ﬂow process has
been identiﬁed on the local and ﬁeld scales through in situ
measurements and the use of tracers. Field observations
showed high variability of preferential ﬂow both in
magnitude and mode of occurrence (Wiekenkamp et al.,
2016; Sheng et al., 2012; Hardie et al., 2011; Wang and
Zhang, 2011). Despite the variability in preferential ﬂow,
HYDRUS provided satisfactory predictions for solute
transport in soil columns with artiﬁcially conﬁgured
macro-pores (Xu et al., 2017; Wang et al., 2014). HYDRUS
is a three dimensional (3D) numerical model that
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simulates saturated and unsaturated soil water movement
and redistribution. HYDRUS uses a ﬁnite element scheme
to solve Richard’s equation in single or dual permeability
domains. The model is equipped with a user-friendly
interface that allows the handling of homogenous or
heterogeneous problem domains and accommodates
complex geometries. The constitutive equations that
account for unsaturated hydraulic conditions in a single
permeability domain were described by van Genuchten
(1980) (VG equations), Brooks and Corey (1964), and Vogel
and Cı́slerová (1988), who described modiﬁed VG equations. These equations describe the unsaturated hydraulic
conditions in a single pore space (single porosity;
henceforth SP). The single permeability domain in HYDRUS
model also includes constitutive equations that accommodate porous media of two overlapping pore spaces (dual
porosity; henceforth DP). In contrast with the single
permeability domain, the dual permeability model enables
HYDRUS to simulate water ﬂow in fracture and matrix
domains (Šimůnek et al., 2016).
Among the many uses of HYDRUS[12_TD$IF] there are enhanced
determination of soil physical characteristics from ﬁeld
measurements (Bordoni et al., 2017; Cong et al., 2014;
Antonopoulos et al., 2013), determination of soil water
dynamics (Wegehenkel et al., 2017; Li et al., 2015), and
evaluation of groundwater recharge (Wu et al., 2016).
HYDRUS has also been used to simulate interactions between
soil and groundwater, as well as the impact of irrigation
practices on return ﬂow and contaminant transport to
groundwater (Hu et al., 2017; Shang et al., 2016).
Although diverse in scope, the HYDRUS model is
conﬁned to small scales and is not suitable for evaluating
soil water movement at the watershed scale. The Soil and
Water Assessment Tool (SWAT) is more commonly used for
evaluation of water and environmental problems in midsized to large catchments (Gassman et al., 2007). SWAT is a
conceptual hydrological model based on the soil water
balance equation. The change in soil water storage in any
given time step is determined by the net difference between
precipitation and other components of the hydrological
cycle including evapotranspiration, lateral subsurface
discharge to the main reach, surface runoff and deep
percolation. A SWAT model setup may consist of several
sub-watersheds, and each sub-watershed is divided into
different Hydrological Response Units (HRUs). The soil
water balance equation is solved for each HRU, so the HRU
is the basic simulation unit in SWAT. Each HRU is deﬁned by
a unique set of parameters. SWAT also incorporates a
comprehensive set of hydrological and hydraulic functions
that account for streamﬂow and sediment routing between
sub-watersheds, and the inﬂuence of management practices. SWAT also allows interaction between surface water
and groundwater (Arnold et al., 1998).
Recent implementations of SWAT have mainly been
focused on evaluation of the impact of irrigation,
urbanization, and changes in agricultural land use on
watershed hydrological pathways (Hartwich et al., 2016;
Neupane and Kumar, 2015; Rahbeh et al., 2013). Another
major area of SWAT utilization is assessment of short- and
long-term climate change impacts on water yield (Neupane et al., 2015; Musau et al., 2015; Narsimlu et al., 2013).
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Indeed, SWAT can be instrumental to planning present and
future watershed management activities.
However, some important environmental processes
occurring at the ﬁeld and farm scales may not be well
represented in the SWAT model, especially in arid areas
where the annual rainfall is not sufﬁcient to produce
substantial runoff (Cho et al., 2009). Studies conducted by
Al-wadaey et al. (2016) and Ouessar et al. (2009) highlight
another hurdle of implementing SWAT in arid regions.
Both studies showed the potential of SWAT to pinpoint
ideal locations for introducing conservation practices and
water harvesting structures. However, due to scarcity of
runoff data, they were unable to conduct a standard
calibration–validation procedure. Instead, they validated
their model by relying on expert knowledge and comparisons with a limited number of runoff measurements. The
lack of observed data at the study watershed prompted
Taddele et al. (2016) to calibrate and validate SWAT on a
watershed encompassing the study watershed. Then, the
optimized parameters were transferred into the SWAT
model developed for the study watershed. For an
agricultural watershed that hardly produced any runoff,
Awan and Ismaeel (2014) calibrated and validated SWAT
by contrasting the SWAT simulated evapotranspiration
(ET) with the ET determined by the surface energy balance
algorithm (SEBAL). The calibrated SWAT model was then
used to assess groundwater recharge. Ahn et al. (2018)
studied the impact of drought on irrigation practices in an
arid watershed where runoff was minimal, hence 90% of
the streamﬂow originated from a reservoir located
upstream of the watershed inlet. Also, streamﬂow tended
to dwindle in the downstream direction due to withdrawals of irrigation water from the main reach. Nevertheless, Ahn et al. (2018) successfully used the SWAT
model to simulate the impact of irrigation on the main
hydrological components within the study watershed.
Zarqa River Basin (ZRB) is one of the most important
basins in Jordan; it is the home of half the Jordanian
population and also supplies the farmers of the Jordan Valley
with irrigation water. It drains an area of approximately
3900 km2 into the King Talal Dam (KTD). Most of the runoff
water originates from the northwestern part of the watershed, where the long-term annual rainfall is approximately
650 mm. The average annual rainfall generally decreases
rapidly in the north-to-south and west-to-east directions and
drops below 100 mm in the eastern part of the watershed.
One of the main concerns about the ZRB is that preferential
ﬂow and transport may be occurring in the cultivated areas
along the main reach of the river. Similar to the case study
presented by Ahn et al. (2018), farmers draw irrigation water
directly from the river or from groundwater wells adjacent to
the river. The groundwater level is increasing by an average
of 20 cm per year (Bajjali et al., 2017), as the groundwater is
recharged from the river bed and irrigated areas. The rise of
the groundwater level raises the concern that water and
solutes move faster than anticipated through preferential
pathways that can potentially occur in soils located around
the main reach (Al-Kuisi et al., 2014). The average annual
rainfall in the cultivated areas along the Zarqa River is less
than 150 mm. Consequently, because of the minimal
anticipated runoff generation from this area, its relative
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importance can be easily underestimated for a model
calibrated to streamﬂow data. Therefore, downscaling from
the watershed scale to the farm scale is necessary for proper
assessment of hydrological processes occurring at local
scales. In this regard, HYDRUS can be a useful tool for indepth assessment and improvement of SWAT handling of
preferential ﬂow.
This study aims to investigate the (1) inﬂuence of
preferential ﬂow on the vertical and lateral redistribution of
water in soil adjacent to Zarqa River using the HYDRUS model,
and (2) the ability of the SWAT model to predict preferential
ﬂow in a selected sub-watershed within the study area.
2. Methodology
2.1. Study area
The area adjacent to the main reach of Zarqa River
(henceforth ‘‘study area’’) extends between the Khirbat Es-

[(Fig._1)TD$IG]

Samra treatment plant (KTP) and the KTD (Fig. 1), and it is
cultivated with forage crops and vegetables as well as olive
and citrus orchards. A land use map for the entire ZRB is
available (Al-Bakri et al., 2013). Irrigated areas constitute
7% of the ZRB, while rainfed barley, urban areas, mixed
agricultural areas, sparsely vegetated areas, and gravel
plains constitute 8, 11, 16, 24 and 28% of the ZRB,
respectively. However, the land use data of the study area
were reﬁned based on Landsat Images covering the period
from September 2013 to September 2014. The red and near
infrared bands of the Operational Land Imager (OLI) of
Landsat 8 were processed to derive multi-temporal images
of the normalized difference vegetation index (NDVI)
(Fig. 2).
Daily discharge records for the KTP are available from
1986 to 2010 (Water Authority of Jordan, unpublished data
ﬁles). From January 2000 to December 2009, KTP provided
an average daily discharge of 1.5  105[13_TD$IF] m3 of reclaimed
water. However, in 2010 the average daily discharge
increased to 1.77  105 m3. A signiﬁcant portion of the KTP
outﬂow is used to irrigate the agricultural lands adjacent to
the main reach of the Zarqa River. The farm land is 300–
500 m above sea level, and characterized by fertile loamy
soils with 1.5–3% organic content (Table 1). The relatively
warm weather with an average temperature of approximately of 19 8C enables intensive farming. The average
rainfall depth of about 132 mm provides only a small
fraction of total crop water requirements, so the agricultural practices are mainly dependent on irrigation water
from the river or local wells. As water is readily available,
farmers tend to over irrigate their crops.
2.2. Climatic record

[(Fig._2)TD$IG]

Fig. 1. The location of the study area within the Zarqa River Basin. The
study area (indicated by the rectangular box) is located between the
Khirbat Es-Samra treatment plant (KTP) and the King Talal Dam (KTD) and
is adjacent to the main reach.

Rainfall data were requested directly from the Jordanian Ministry of Water and Irrigation (MWI). The unpublished database of the MWI contains rainfall records from
56 stations distributed throughout the ZRB. Other forms of
climate data such as wind speed, sunshine hours, solar
radiation and temperature were acquired from the Climate
Forecast Reanalysis System (CFSR, 2014).

Fig. 2. The land uses in the study area and the delineated SWAT watershed. The land use map is based on the work of Al-Bakri et al. (2013) and is reﬁned
using Landsat images covering the period from September 2013 to September 2014.
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Table 1
Description of the soil units encountered in the SWAT watershed (MOA, 1994). SOM denotes soil organic matter. The %CaCO3 values are reported from soil
sample analysis conducted by the research team.
Soil unit

Name

Sub group

Texture

Depth (m)

Porosity (%)

SOM

%CaCO3

AYD/8
Tha/15
NIS/11

Aydoun
Ramtha
Nisab

Typic Xerochrepts
Xerochreptic Camborthids
Xerochreptic Camborthids

Silty clay loam
Clay loam
Silt loam

1.42
0.86
0.48

50
44
44

3.9
1.8
1.5

47
42
37

Daily rainfall was collected from the Hashimiya station,
located at 328080 07.700 N 368060 47.400 E, approximately
1800 m from the selected site for HYDRUS modeling
(henceforth ‘‘HYDRUS site’’) (Fig. 3). The station provides
over 30 years of recorded data. Temperature, solar
radiation, and sunshine hours were collected from a grid
point (CFSR, 2014) located at 328000 14.400 N 358560 16.800 E,
approximately 20 km from the HYDRUS site. Fig. 4 shows
considerable variability in annual rainfall, ranging from
42 to 245.9 mm. The maximum rainfall of 245.9 mm
occurred in 1992 and was preceded by near average
rainfall of 158.2 mm in 1991 and below average rainfall of
94.5 mm in 1990. Also, it was followed by an extreme low
annual rainfall of 47 mm in 1993. Since the period from
1990 to 1993 represents heterogeneous climate conditions
including low to maximum annual rainfall, the comparison
between HYDRUS and SWAT models was conducted

[(Fig._3)TD$IG]

during the period (henceforth ‘‘simulation period’’) between January 1st 1990 and December 31st 1993.
2.3. Site measurements
In situ measurements of the soil physical properties of
the surface layer along the Zarqa River were conducted
using a standard tension inﬁltrometer equipped with a
pressure transducer and a data logger (supplied by ICT
international), similar to the device described by Ankeny
et al. (1988). The measured soil properties include
macroscopic capillary length and inﬁltration rate. The in
situ tension inﬁltrometer measurements were conducted
at 73 locations. The measurements at each location were
conducted at tensions of 6, 3, and 0 cm. The inﬁltration
at each tension was maintained until a steady-state
condition was attained. The measurement time varied
between 20 to 90 minutes depending on the soil type. The
macroscopic capillary length was determined using
Wooding’s equation (1968):


4
Q ðhi Þ ¼ pr 2 K s expðahi Þ 1 þ
pr a

Fig. 3. The soil map for the SWAT watershed. Also shown [6_TD$IF]are the
distribution of macro-porosity, the Zarqa River Basin, location of the
HYDRUS site, and the location of the Hashimiya rainfall gauge.

[(Fig._4)TD$IG]

Fig. 4. Annual rainfall observed at the Hashimiya rainfall station
(328080 07.700 N 368060 47.400 E).

(1)

where Q(hi) is the ﬂow rate at tension hi (L3/T), Ks is the
saturated hydraulic conductivity (L/T), a is the inverse
macroscopic capillary length (1 L–1), and r is the radius of
the tension inﬁltrometer disk (L).
Based on the work of White and Sully (1987), a
macroscopic capillary length of less than 80 mm was
considered an indication of preferential ﬂow. The macroscopic capillary length values (Fig. 3) showed that most soils
along the Zarqa River are susceptible to preferential ﬂow,
especially in the vicinity of KTP. Therefore, the HYDRUS site
was selected downstream of KTP for further investigation of
soil water redistribution and downward movement using
HYDRUS and subsequent comparison with SWAT model
simulations (Fig. 3). It was delineated based on land use
boundaries. It is cultivated with vegetables (cauliﬂower,
lettuce, and cabbage) and characterized by steep slopes.
The HYDRUS site comprises a relatively small area of
70,160 m2[14_TD$IF] and cannot be delineated as a watershed. To
enable comparisons between HYDRUS and SWAT, an onstream watershed (henceforth ‘‘SWAT watershed’’), deﬁned by an inlet and an outlet that encompasses the
HYDRUS site was delineated along the main reach (Fig. 3).
Fig. 3 shows that there are three types of soils in the
watershed (MOA, 1994). These are (i) AYD/8 (Aydoun),
characterized by a soil depth of approximately 142 cm and
a silt clay texture; (ii) NIS/II (Nisab), a silt loam soil with a
shallow soil proﬁle of 48 cm; and (iii) Tha/15 (Ramatha)
with a clay loam texture and a depth of 86 cm. The soils in
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distribution parameter. This parameter is set to 10 (its
default value in SWAT model), which means that 50% of
water uptake will occur from the upper 6% of the root zone.

the SWAT watershed belong to Typic Xerochrepts and
Xerochreptic Camborthids subgroups (Table 1).
2.4. SWAT model

2.4.2. Setup of the SWAT model for SWAT watershed
The land use map, soil map and four slope classes (0–5,
5–10, 10–15, and 15–9999%) were overlaid using threshold values of 8, 8, and 0% for land use, soil, and slope
classes, respectively. Overall, SWAT generated 38 HRUs for
the SWAT watershed. The two soil types within the
HYDRUS site are associated with four slope classes
distributed over seven HRUs (Table 3). The results of the
SWAT model were expressed as the area weighted
averages of the HRU outputs. For SWAT initialization,
the simulation period (January 1st, 1990 – December 31st,
1993) was preceded by a warm-up period that started on
January 1st, 1984 and ended on December 31st, 1989. A
daily time step was used for all SWAT runs.

2.4.1. General description
SWAT uses a simpliﬁed soil physical characterization
based mainly on the available soil water content (AWC)
deﬁned as the difference between permanent wilting point
and ﬁeld capacity. If the soil water content within the soil
proﬁle exceeds the ﬁeld capacity, then the excess water
goes to deep percolation according to the following routing
model (Neitsch et al., 2002):



Dt
(2)
wperc;ly ¼ SW ly;excess  1exp
TT perc
where wperc,ly is the amount of water percolating to the
underlying soil layer, and SWly,excess is the drainable volume
of water in soil layer on a given day.
The travel time TTperc is calculated on a daily basis for
each soil layer:
TT perc ¼

SAT ly FC ly
K sat

2.4.3. Parameterization of SWAT model for SWAT watershed
The premise of this study is to downscale from the
watershed scale to the local scale. That would enable
assessing and enhancing SWAT handling of the processes
occurring at the local scale. The HYDRUS model can be used
to assess the soil water redistribution within the soil proﬁle.
Then the results of the HYDRUS model can be compared
with the output produced by the SWAT model. Meaningful
comparison between the two models requires matching
parameterization. The saturated hydraulic conductivity,
bulk density and soil texture in the SWAT model should
reﬂect their counterpart values in HYDRUS model. Also, a
full calibration for the soil properties of the SWAT model
requires continuous monitoring of the soil water content,
which is not practically possible. Therefore, both models
were parameterized based on prior knowledge deduced
from the soil maps and in situ soil measurements (Table 2).

(3)

Root distribution inﬂuences the actual transpiration
and redistribution of soil water. Typically, the maximum
root density is located near the surface and decreases
vertically. In SWAT this distribution is handled by the
following function (Neitsch et al., 2002):
wuptake ¼

i
PT t h
B  z
 1e w zroot
B
w
1e

(4)

where wuptake (mm) is the root water uptake, PTt (mm)
is the potential transpiration, z (mm) is the potential water
uptake from the soil surface to speciﬁed depth, zroot (mm)
is the maximum rooting depth, and Bw is the water use

Table 2
Soil physical characteristics of two soil types occurring within the HYDRUS site. The soil physical properties of the surface layer were derived from the
tension inﬁltrometer measurements and the soil map. Qr is the residual soil water content (m3/m3), Qs is the saturated soil water content (m3/m3), a (1 m–1)
and n are ﬁtting parameters of the soil water retention function for the main region (Eq. (5)) or the ﬁrst region in the case of Eq. (7), a2 (1 m–1) and n2 – ﬁtting
parameters of the second region (Eq. (7)), and w – the weighting factor for the second region of Eq. (7).
Soil physical parameters of shoulder slope (Aydoun)
Depth

Clay

(mm)

%

Silt

Sand

Qs

Qr
(1 m–1)

a

n

Ks

Dual porosity parameters for the surface layer
320
15
16.8
68.2
0.051

0.3819

1.68

1.1832

0.6905

Single porosity parameters
320
15
16.8
870
42.7
37.7
1420
49.4
39.7

0.3819
0.4726
0.4968

3.13
1.33
1.44

1.388
1.3543
1.3204

0.3219
0.1286
0.1817

68.2
19.6
6.90

0.053
0.093
0.101

w

a2

n2

0.15283

18.559

3.902

(1 m–1)

(m/day)

Soil physical parameters of the back slope Tha/15
Depth
(mm)

Clay

Silt

Sand

Qs

Qr
–1

%

(1 m )

a

n

Ks

(m/day)

a2

N2

0.26

6.8E–05

1.001

(1 m )

Dual porosity parameters for the surface layer
320
6.8
30
63.2

0.035

0.3906

2.14

1.101

0.546

Single porosity parameters
320
6.8
30
590
24.9
56.2
870
39.8
48.2

0.035
0.096
0.090

0.3906
0.4851
0.4826

2.92
1.10
1.26

1.041
1.422
1.368

0.4978
0.1331
0.1426

63.2
18.9
12.0

w
–1
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2.4.4. Calibration and validation of SWAT model for the whole
ZRB
A reasonable prediction of runoff generation from the
SWAT watershed was ensured by calibrating the SWAT
model for the whole ZRB. For this purpose, the ZRB was
subdivided into 12 sub-watersheds (Fig. 5). Fig. 5 also
shows the Thiessen polygons used to determine the areal
average rainfall for each sub-watershed and that subwatershed 6 is the same as the SWAT watershed shown in
Fig. 3. The SWAT model for the ZRB consisted of 520 HRUs
produced by overlaying soil map, land use map and ﬁve
slope classes (0–5, 5–10, 10–15, 15–20, and 20–9999%)
using threshold values of 5, 5 and 5% for land use, soil, and
slope classes, respectively. The observed record was split
into calibration period (January 1st, 1986–December 31st,
2000), validation period (January 1st, 2001, December
31st, 2010) and warm-up period (January 1st, 1984 to
December 31st, 1985). The parameters selected for
calibration include curve number (CN), AWC, plant uptake
compensation factor (EPCO), soil evaporation compensation factor (ESCO), slope length, baseﬂow recession
constant (ALPHA_BF), and surface runoff lag time (SURLAG). The ALPHA_BF and SURLAG were calibrated on the
basin level, while all the other parameters were calibrated
on the HRU level.
2.5. HYDRUS model
2.5.1. General description
HYDRUS uses two constitutive functions to describe
unsaturated hydraulic conditions: the traditional single
porosity (SP) function of VG (van Genuchten, 1980), and a
DP derivation of VG (Durner et al., 1999). Both functions
are applicable to the HYDRUS 3D domain. The original VG
equation (1980) (SP) is

uðhÞ ¼ ur þ

u s u r
½1 þ jahjn 

m

(5)

where us is the saturated water content (m3/m3), ur is
the residual soil water content (m3/m3), a (m/day), m, and
[(Fig._5)TD$IG] are ﬁtting (empirical) parameters, with m = 1  1/n.
n

The unsaturated conductivity is determined according
to the following VG function (SP):
h 
m i 2
1=m
KðhÞ ¼ K s Sle 1 1Se

(6)

where Se is the effective water content, Ks is the
saturated hydraulic conductivity (m/day), and K(h) is the
hydraulic conductivity at matric potential h (m/day).
Durner et al. (1999) extended the VG function into a DP
function as follows:
n

m

Se ¼ w1 ½1 þ ða1 hÞ 1 

KðSe Þ ¼ K s

n

þ w2 ½1 þ ða2 hÞ 2 

m2


h 
m i
h 
m i2
1=m
1=m
ðw1 Se þ w2 Se Þl w1 a1 1 1Se
þ w2 a2 1 1Se
ðw1 a1 þ w2 a2 Þ2

(7)

(8)

where w1 and w2 are weighting factors for the overlapping
regions. The subscripts 1 and 2 denote region 1 and region
2, respectively.
2.5.2. Setup
2.5.2.1. Geometric conﬁguration. The geometric conﬁguration of the HYDRUS 3D domain was established from
contour lines with 1-m intervals interpolated from the
30 m Digital Elevation Model (DEM) acquired from Landsat. The terrain was then digitized and transferred to
HYDRUS. The domain was split geometrically into two
subdomains representing the Aydoun and Ramtha soil
types. Subsequently, each subdomain was divided into
three layers. The total soil proﬁle depth of the Aydoun and
Ramtha soil was 142 and 86 cm, respectively. The surface
layer was set to a depth of 32 cm for both domains, but the
remaining depth of the soils was divided equally into the
second and third layers. Thus, the depth of the second and
third layers depended on the total depth of the soil proﬁle
and the vertical discretization of the two soil proﬁles was
32, 55, 55 cm, and 32, 27, 27 cm for the Aydoun and
Ramtha soils, respectively (Table 2).
2.5.2.2. Finite element mesh and time discretization. The
mesh was created using a triangular prism elements with a
uniform size of 18 m. Thus, the mesh consisted of 26,060
nodes and 76,033 elements. HYDRUS uses variable time
steps that maintain numerical stability and ensure efﬁcient
use of the CPU. The HYDRUS time algorithm requires the
speciﬁcation of the initial, minimum and maximum time
steps, which were set to values of 105, 106 and 5 days,
respectively.
2.5.2.3. Boundary conditions. Three types of boundary
conditions were applied to the HYDRUS site:

Fig. 5. Setup of Soil and Water Assessment Tool (SWAT) model for the
Zarqa River Basin. The basin was divided to 12 sub-watersheds. Thiessen
polygons were used to determine the average areal rainfall for each subwatershed.

1. Atmospheric boundary condition, which allows rainfall
and evapotranspiration simultaneously from the same
nodes. The potential evapotranspiration estimates of the
SWAT model were used as input data for the HYDRUS
model. Potential evapotranspiration estimates were
split into potential evaporation and potential transpiration based on the estimated leaf area index. The rainfall
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was combined with irrigation events previously predicted by SWAT.
2. Free boundary condition imposed on the base layer. This
boundary condition assumes that the water table is far
below the bottom boundary. The percolation is calculated based on a zero-pressure head gradient.
3. Seepage face boundary condition imposed on the side
boundary along the foot slope of the domain.

SP function, while the DP function was applied to the
surface layer of the HYDRUS DP model.
For the HYDRUS SP and HYDRUS DP models, the
distribution of the root water uptake calculated by Eq. (4)
was edited into the HYDRUS soil properties table in order to
allow for root uptake conditions similar to the SWAT model.

2.5.2.4. Initial conditions. Each simulation year started on
January 1st when evapotranspiration rates are low and soil
water contents are near ﬁeld capacity. Soil water was
initiated at ﬁeld capacity, which was implemented in
HYDRUS by setting the initial soil water potential to
350 cm. This was conﬁrmed by a quick examination of the
SWAT HRU output ﬁle, which also indicated that soil water
was near capacity at the beginning of each simulation year.

3.1. SWAT model

2.5.3. Parameterization
The in situ tension inﬁltrometer measurements were
conducted at three locations within the HYDRUS site,
representing the shoulder, back and foot slopes. The
parameters of the DP function of the surface layer were
deduced by performing inverse solution on the in situ
tension inﬁltrometer measurements, while the parameters
of the SP function (Eq. (6)) for all layers were deduced from
the sand, silt, and clay fractions using the neural network
prediction tool included in HYDRUS. Satisfactory inverse
solutions were obtained for the surface layer and the
sublayers of the shoulder and back slope sites (Table 2).
However, both the SP and DP functions led to unsatisfactory inverse solutions at the foot slope sites. For that site,
reasonable ﬁt between the simulated and calibrated data
was obtained by manually calibrating the dual permeability model. Unfortunately, HYDRUS accommodates the dual
permeability model only in the two-dimensional (2D)
context; therefore, the results of the foot slope were not
included in the three-dimensional characterization of the
site. The ﬁnal set of parameters was used to parameterize
the HYDRUS DP and HYDRUS SP models (Table 2). The
[(Fig._6)TD$IG]
subsurface
layers in both models were represented by the

3. Results

3.1.1. Calibration and validation
The curve numbers (CNs) for the HRUs involved were
kept at their default values: 81 for Aydoun and 78 for
Ramtha. Runoff generation simulated by SWAT was near
zero in 1990 and 1993, and 6 and 22 mm of runoff were
generated during 1991 and 1992, respectively (Fig. 6). This
seems reasonable considering the available knowledge of
the SWAT watershed. For example, visual observations
made by landowners and farmers suggest that runoff is
either non-existing or minimal, thus major runoff events
are not anticipated. The low runoff in the SWAT watershed
(Fig. 3) was also veriﬁed by calibrating and validating
SWAT for the whole ZRB. The comparison between
streamﬂow simulated by SWAT and observed streamﬂow
at the Jaresh bridge station (Fig. 5) yielded acceptable
Nash-Sutcliffe coefﬁcients of 0.70 and 0.62 for the
calibration and validation periods, respectively (Figs.
7 and 8). Fig. 9 shows the areal average rainfall of each
sub-watershed during the four-year simulation period
(1990–1993). The annual average runoff from the SWAT
watershed (Fig. 3) was about 4.7 mm, which is close to the
5.7 mm simulated by the SWAT model calibrated for the
whole ZRB area (Fig. 10).
3.1.2. Irrigation schedule
The irrigation schedule was predicted by SWAT using
the automatic irrigation practice option, which was set to
restore the soil water content (SWC) to ﬁeld capacity (FC)
after 20 mm depletion of SWC. The irrigation schedules
simulated by SWAT for each HRU within the HYDRUS site

Fig. 6. SWAT output within the HYDRUS site. The results are for the calendar years 1990, 1991, 1992, and 1993. PERC is the annual deep percolation (mm),
AET is the annual actual evapotranspiration (mm), RQ is the annual runoff (mm), and LQ is the annual lateral discharge (mm).

[(Fig._7)TD$IG]
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Fig. 7. Comparison between observed and simulated average monthly stream ﬂow during the calibration period of January 1986 to December 2000. The
stream ﬂow was measured at Jaresh bridge station. The Nash-Sutcliffe Efﬁciency for the calibration period was 0.70.

[(Fig._8)TD$IG]

Fig. 8. Comparison between observed and simulated average monthly
stream ﬂow during the validation period of January 2001 to December
2010. The stream ﬂow was measured at Jaresh bridge station. The NashSutcliffe Efﬁciency for the validation period was 0.62.

were similar but not identical. For example, the cumulative
irrigation depths simulated by SWAT during the calendar
year of 1993 were between 940 and 1280 mm (Fig. 11). A
record low rainfall of 47 mm (Fig. 4) was observed during
1993. Therefore, a cumulative irrigation depth of 1280 mm
simulated by SWAT for the Ramtha/15-999 HRU during
1993 would reasonably account for the crop water
requirement for all seven HRUs located within the HYDRUS
site (Table 3). Hence, a ﬁxed irrigation schedule was
adopted in order to facilitate similar irrigation schedules
for SWAT and HYDRUS.
3.1.3. Soil water
SWAT estimated area weighted average actual evapotranspiration rates of 1128, 1117, 1070 and 1094 mm, for
the calendar years of 1990, 1991, 1992, and 1993,
respectively (Fig. 12). Water stress was not indicated in
any of the HRUs, hence the ﬁxed irrigation schedule was
adequate and enough water was supplied to the crops.
The area weighted average of the percolation depth
simulated by the SWAT model showed that deep percolation was induced by daily rainfall greater than 20 mm
(Fig. 13). Approximately one third of total deep percolation
was inﬂuenced by rainfall events during 1991 and 1993,

the years that saw near and above average annual rainfall,
respectively. A steady increase in deep percolation was
simulated during the dry summer season as the result of
the ﬁxed irrigation schedule that tends to keep the soil
water content slightly above ﬁeld capacity. SWAT results
also suggested that deep percolation is inﬂuenced by slope
class (Fig. 14). The percolation values of the 0–5, 5–10 and
10–15% slope classes oscillated around the area weighted
average, but the excess soil water from the 15–9999% slope
class was removed from the soil proﬁle via subsurface
lateral ﬂow. SWAT predicted an annual lateral ﬂow
between 108 and 140 mm, which was not simulated by
the SP and DP HYDRUS models.
Two SWAT parameters were adjusted in order to
eliminate the discrepancy between SWAT and DP, ESCO
and the slope length parameter. ESCO is deﬁned as the
evaporation soil compensation factor and was initially set
to a default value of 0.95, which only allows evaporation to
occur from the top 100 mm of the soil. During calibration,
ESCO was reduced to a value of 0.8 to allow SWAT to meet
the evaporative demand from the upper 200 mm of the soil
proﬁle. The reduction of the ESCO parameter resulted in a
net decrease in deep percolation as more soil water was
extracted to meet the evaporation demand. The slope
length is the subsurface length used in SWAT for the
calculation of lateral discharge. A short slope length means
that most of the soil water saturating the lower, semiimpermeable soil layer will be discharged to the main
stream as lateral ﬂow. To reduce the lateral discharge
simulated by SWAT, the slope length was set to an upper
limit value of 150 m. Thereby 90% of the lateral ﬂow
simulated by SWAT was eliminated (Fig. 13). Overall, the
gap between the SWAT and the HYDRUS DP models was
narrowed by calibrating ESCO and the slope length.
3.2. HYDRUS model
3.2.1. Soil water
The SWAT results were contrasted with two HYDRUS
simulations. The ﬁrst simulation assumed no preferential
ﬂow, so the soil physical properties were characterized by

[(Fig._10)TD$IG]
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Fig. 9. Four year (1990–1993) average areal rainfall depth (mm) for each sub-watershed within the Zarqa River Basin.

Fig. 10. Four year (1990–1993) average of runoff depth (mm) from each sub-watershed within the Zarqa River Basin.

the SP model. For the second HYDRUS simulation, preferential ﬂow was considered by using the DP model (Table 2). The
cumulative ﬂux from the free drainage boundary condition
for both HYDRUS simulations reiterated the general deep

percolation pattern found in SWAT results, especially the
peaks of deep percolation induced by substantial rainfall
events (Fig. 13). The total deep percolation simulated by the
SP model was approximately half the deep percolation

[(Fig._1)TD$IG]
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Fig. 11. Cumulative irrigation depth simulated by SWAT for the seven HRUs encountered within the HYDRUS site.

Table 3
The area fraction of each Hydrologic Response Unit (HRU) contained
within the HYDRUS for numerical modeling.
HRU

Aydoun

Ramtha

5–10 10–15 15–999 0–5

[(Fig._12)TD$IG]

Area fraction 0.01

0.03

0.32

5–10 10–15 15–999

0.09 0.2

0.09

0.24

simulated by the DP model. However, for the calendar year of
1992, the SP model simulated 200 mm of deep percolation,
i.e. two thirds of the deep percolation predicted by the DP
model. This was due to the above average rainfall during
1992. The SP model demonstrated a gradual decrease in the
percolation rates and a smooth response to major rainfall
events.
In contrast, HYDRUS DP and SWAT models demonstrated abrupt increases in the cumulative percolation
rates, which coincided with major rainfall events. For
example, percolation rates spiked at Julian days 334 in
1991 and 33 in 1992. SWAT-simulated annual percolation

Fig. 12. Comparison between SWAT, HYDRUS dual porosity (DP), and HYDRUS single porosity (SP) simulations of actual evapotranspiration. AET SP is the
HYDRUS single porosity model simulation of AET (mm). AET DP is the HYDRUS dual porosity model simulation of AET (mm). AET SWAT_1 is the SWAT
model simulation of AET (mm) with ESCO = 0.95 and default slope length. AET SWAT_2 is the SWAT model simulation of lateral ﬂow (mm) with
ESCO = 0.80 and slope length is 150 m.

[(Fig._13)TD$IG]
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Fig. 13. Comparison between SWAT, HYDRUS dual porosity (DP), and HYDRUS single porosity (SP) simulations of cumulative deep percolation and
cumulative lateral discharge. PERC DP is the HYDRUS dual porosity model simulation of cumulative deep percolation (mm). SWAT_1 PERC is the SWAT
model simulation of deep percolation (mm) with ESCO = 0.95 and average slope length 12 m. SWAT_1 LQ is the SWAT model simulation of lateral ﬂow (mm)
with ESCO = 0.95 and default slope length. SWAT_2 PERC is the SWAT model simulation of deep percolation (mm) with ESCO = 0.80 and slope length 150 m.
SWAT_2 LQ is the SWAT model simulation of lateral ﬂow (mm) with ESCO = 0.80 and slope length 150 m.

[(Fig._14)TD$IG]

Fig. 14. SWAT output of each HRU within the HYDRUS site. The results are for the calendar year of 1992. PERC is annual deep percolation (mm), AET is the
annual actual evapotranspiration (mm), RQ is the annual runoff (mm), and LQ is the annual lateral discharge (mm). AYD and Tha denote Aydoun and Ramtha
soils. Each HRU is deﬁned by soil_name/slope_category.

exceeded annual percolation simulated by the HYDRUS DP
model by an average of 40 mm.
Lateral ﬂow from the seepage boundary conditions was
not simulated by the SP or the DP model. Lateral ﬂow
through the side boundary only occurs when the seepage
boundary is saturated, i.e. the soil water potential is zero.
This condition was not met during the simulation period.
The SP model estimated a four year average of 1200 mm
of actual evapotranspiration (AET), compared to 1120 and
1045 mm of AET simulated by the DP and SWAT models,
respectively (Fig. 13). Thus, the difference in cumulative

percolation between the SP and DP models was partially
compensated by a comparable increase in AET.
4. Discussion
4.1. Inﬂuence of preferential ﬂow
The DP model was applied to the surface layer. The
physical parametrization of this layer was based on in situ
ﬁeld measurements using a tension inﬁltrometer. Although the subsurface layers were represented by the SP
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model, the ﬂow within the soil proﬁle was a function of
preferential ﬂow occurring in the surface layer. The fast
drainage of soil water from the surface to the subsurface
layer reduced the amount of water available to meet the
evaporative demand and subsequently increased the deep
percolation. This was evident from the comparison of the
SP and the DP models. Rahbeh et al. (2013) discussed the
role of evapotranspiration in controlling runoff and deep
percolation rates. Irrigation can boost crop growth, which
increases the evapotranspiration, but the presence of
preferential pathways within the surface layer may
provide quick release routes for the soil water, which
may prompt farmers to add more water. HYDRUS
simulations also showed that the differences in the deep
percolation simulation between the SP and DP models
occurred during the rainy season and was particularly
associated with major rainfall events with depths greater
than 20 mm. Similarly, Gish et al. (2004) suggested that
preferential ﬂow may be initiated by a critical input ﬂux.
McGrath et al. (2010) also found that preferential ﬂow is
triggered by major rainfall events.
4.2. Implications for the SWAT model
The SWAT model predicted more rapid percolation than
the HYDRUS SP and DP models. This can be attributed to
the structure of the soil water routing equation in SWAT
(Eq. (2)), which approximates the total percolation time
based on the saturated hydraulic conductivity (Eq. (3))
without adjusting for unsaturated conditions. Therefore,
SWAT not only overestimates the deep percolation rates,
but it also alters the hydrological pathways by reducing
evaporation from the depleted surface layer and redirecting water from evaporation to deep percolation. Therefore,
it is important to adjust the total amounts of deep
percolation with respect to evaporation. This may be done
by reducing the ESCO parameter to 0.8 or less, which
extends the subsurface depth from which the evaporative
demand can be met, thus at least partially restricting the
rapid downward movement of soil water.
The soil water in excess of ﬁeld capacity may become
lateral discharge if the horizontal saturated water movement exceeds the percolation rate through the bottom soil
layer. This condition was simulated by SWAT for HRUs
characterized by steep slopes, where rapid downward
movement of soil water caused an overestimation of
lateral discharge. The results of the HYDRUS models
showed that subsurface layers never reached saturation, so
lateral discharge was not simulated by either the SP or the
DP models. Besides the saturated hydraulic conductivity,
the lateral discharge in SWAT is also governed by the soil
slope length. A short slope length means fast removal of
excess soil water via the lateral discharge route. However,
on a typical hillslope there is a gradual transition between
steep (shoulder) and gentle (foot) slopes. Furthermore, the
actual discharge of lateral ﬂow occurs at the interface of
the stream and the foot slope. It is not possible to measure
the actual length of the soil slope in SWAT because the
HRUs are not geo-referenced within each sub-watershed.
Therefore, the length of the soil slope should be considered
as a parameter that can be adjusted in order to alter the
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subsurface water movement from horizontal to vertical
directions. This is especially justiﬁed in arid watersheds,
where the lack of vertical saturation of the soil proﬁle
prevents the initiation of horizontal water movement.
4.3. The combined use of HYDRUS and SWAT models
The comparison between the results of HYDRUS and
SWAT models provided two beneﬁts for this research. The
ﬁrst beneﬁt is that the HYDRUS model provided a better
physical interpretation of the SWAT model results. The
results suggested that the SWAT model resembles the
HYDRUS DP model, indicating that the SWAT model
already contains some aspects of preferential ﬂow. Such
an outcome is favorable for this research because the in
situ soil measurements conducted along the Zarqa River
strongly suggested the presence of preferential ﬂow. For
other case studies where matrix ﬂow prevails, the HYDRUS
model can be used to address and verify necessary
improvements in the SWAT model, such as adjusting the
soil water routing module (Eqs. (2) and (3)) for unsaturated
conditions. It is noteworthy that SWAT model simulations
of deep percolation and groundwater recharge may be
difﬁcult to verify using the standard calibration and
validation process (Rahbeh et al., 2011). In this regard,
the HYDRUS model can provide an additional veriﬁcation
of SWAT model results.
The second beneﬁt is that the HYDRUS model helped in
narrowing the range of values for two SWAT parameters,
ESCO and the soil slope length. The standard calibration
and validation approach of the SWAT model produces
several combinations of calibrated parameters that can
provide a satisfactory ﬁt between the simulated and the
observed data. However, several possible sets of calibrated
parameters may also lead to contradictory conclusions.
The HYDRUS model can help in selecting the most
plausible set of calibrated parameters.
5. Conclusion
The in situ measurements using a tension inﬁltrometer
and the results of the HYDRUS DP model showed that
preferential ﬂow processes occurring in the upper 30 cm of
the soil proﬁle control the downward movement of excess
soil water.
Both the SWAT and HYDRUS DP models are suitable for
predicting preferential soil water movement in arid
watersheds. In fact, the deep percolation simulations
obtained from SWAT resemble the results of the DP model
provided that proper parameterization is applied. The
ESCO parameter should be set to a value of 0.8 or less. The
soil slope length should be set to its maximum possible
value (i.e. 150 m) or adjusted to reﬂect realistic simulation
of lateral discharge.
The research results imply that the soil water module of
the SWAT model (Eqs. (2) and (3)) requires further
consideration because it cannot accommodate the matrix
ﬂow.
This research recommends using HYDRUS model to
verify SWAT model predictions of soil water redistribution
in the soil proﬁle and to improve the parameterization of
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the SWAT model. The research also suggests an approach
for the combined use of both models including the
following basic steps:
1. Select a site or sites within the study watershed for the
setup of HYDRUS model.
2. Conduct an initial calibration and validation of the
SWAT model for the whole watershed.
3. Select a sub-watershed or sub-watersheds that include
the HYDRUS model site or sites and prepare the setup of
the SWAT model for the selected sub-watersheds. The
sub-watersheds should be small enough to accommodate HRU(s) that have management practices, land use
and soil properties similar to the HYDRUS model site(s).
4. Adjust the soil properties values of the SWAT model at
the HRU level according to the HYDRUS model results.
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