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A B S T R A C T

A simple root zone salt balance model was developed for long-term soil salt prediction. A groundwater balance
module was integrated to obtain the water flux at the bottom of the root zone, since groundwater level is easily
and reliably measured data. An assumption that the net percolation at the bottom of root zone equals to the net
recharge from root zone to unconfined groundwater system was used, which makes capillary rise and infiltration
water leaching of root zone obtainable. The model accuracy and limitation were evaluated by comparing the
simulation results with those from HYDRUS-1D under various soil texture and bottom boundary conditions. The
mean relative error (MRE) of soil salt content ranged from −6.25% to 9.95%, and the root mean square error
(RMSE) from 0.02 kg/100 kg to 0.05 kg/100 kg, which suggest the model accuracy. The determination coeffi-
cient (R2) of the cumulative percolation at the bottom of root zone and recharge to groundwater at the end of
each calculation period was 0.99, which validates the model assumption. The model was then applied to predict
soil salinity in the Longsheng irrigation district of Hetao Irrigation District, China. The soil salinity and water
table depth data from 1999 to 2016 were used to calibrate and validate the model parameters. TheMRE values of
water table depth and average soil salt content were 10.08% and 10.84%, and RMSE values 0.37m and 0.04 kg/
100 kg in the validation period. Subsequently, the validated model was used to simulate the soil salinity in future
100 years under various water saving conditions. Water table depth and autumn irrigation for salt leaching were
the two major factors to control soil salinity. The required autumn irrigation to keep root zone in mild salinity
level (0.3 kg/100 kg) can decrease by 25.1mm with 0.1 m water table depth increase, while it should increase by
64mm with 1.0 kg/m3 groundwater salinity increase in the crop growing season. Moderate groundwater ex-
ploitation to increase water table depth is recommended to save autumn irrigation water and control soil sali-
nity.

1. Introduction

Salt-affected soils present in more than 100 countries (Letey et al.,
2011; Munns and Tester, 2008; Rengasamy, 2006). 4.5× 1011 m2

agricultural area are under the risk of salt content increasing in the root
zone (Rozema and Flowers, 2008). Many measurements are proposed to
control soil salinity, e.g., dry drainage, well-canal conjunctive irriga-
tion, improvement of irrigation efficiency and land retirement (Mao
et al., 2017; Schoups et al., 2005; Wu et al., 2009). The key to the
success of management strategies is to reduce input salt and to raise the
outflow in the subsoil (Singh, 2015, 2017). Applying additional water
to drive salt out of root zone has been proved as an effective way.
However, it is difficult to determine the amount of leaching water as it
is influenced by various factors, e.g., climate conditions, soil

characteristics, irrigation schedules, irrigation water salinity, and water
table depth (Ritzema, 2006; Rozema and Flowers, 2008). This problem
may be resolved by using efficient and reliable models that can predict
long-term soil salinity at the regional scale.

The site of this study is the Hetao Irrigation District, located in the
upper reaches of the Yellow River. The saline-cultivated land occupies
more than 50% of the total irrigated cropland (5.7×109m2) (Feng
et al., 2005). To relieve soil salinization, autumn irrigation is taken
after harvest for washing soil salt out, and it consumes more than 30%
of total irrigation water from the Yellow River (Hao, 2016). Given that
regulation agencies decreased the diversion allocation from the Yellow
River from 5.4 billion m3 to 4 billion m3 in recent years, water saving
and salinity control have been the main concerns for sustainable agri-
culture development. It is necessary to estimate the amount of
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appropriated autumn irrigation and to optimize irrigation schedule so
that the salt accumulated in the crop growing season can be washed out
thoroughly. Thus, it is a great challenge to investigate the soil salt dy-
namics under different irrigation management strategies.

Many soil salt models have been developed to calculate root zone
salt dynamics, including numerical models and mass balance models.
The numerical models, including HYDRUS (Šimůnek et al., 2013),
SWAP (Kroes and Dam, 2003), ENVIRO-GRO (Pang and Letey, 1998),
and Q3D (Zhu et al., 2012), have solid theoretical foundation and are
widely used for simulating water flow and solute transport in the sub-
surface systems. However, for the numerical models, fine spatial dis-
cretization and small time step are always needed to obtain accurate
results, which may result in high computational cost especially for long-
term and large-scale modeling. Setting up the numerical models also
requires intensive hydrogeological information, which is not always
available in practice (Zhu et al., 2013).

Soil salt mass balance models are not subject to the problems above
for numerical models. There are two kinds of soil salt balance models.
The first kind is multi-reservoir model with subsurface system divided
into multiple reservoirs and each reservoir is a simulation layer, e.g.,
SaltMod (Oosterbaan, 1998) and OASIS_MOD (Askri et al., 2010). An-
other is simple root zone model, which considers water and salt balance
in the divided layers of root zone, e.g., TETrans (Corwin and Waggoner,
1990), SALTIRSOIL (Visconti et al., 2011), WATSUIT (Rhoades and
Merrill, 1976; Corwin et al., 2007), and Salt storage model (Ritzema,
2006). The development and application of these salt mass balance
models are listed in Table 1. The multi-reservoir models usually con-
sider water flow and salt transport from the root zone to groundwater
system. They have solid foundation to calculate the percolation and
capillary rise. The root zone models focus on the major processes that
impact water flow and salt dynamics in the root zone. For example,
TETrans and SALTIRSOIL contain two modules to represent soil water
balance and soil salt balance. The “tipping-bucket” method (Kendy
et al., 2003) is used to simulate infiltration, redistribution, and drainage
processes. However, water can only be drained downward or directly
depleted in the soil water module, while ignoring the upward soil water
movement (Corwin et al., 2007; Mao et al., 2018b). It is thus difficult
for these models to predict salt accumulation in areas with strong
evapotranspiration under shallow water table depth due to capillary
rise. Accurate estimation of the water flux at the bottom of root zone is
necessary for calculating the soil salt dynamics. The salt storage model
(Ritzema, 2006) considered capillary rise with the assumption that salt
concentration of capillary rise equals to that of percolation. This as-
sumption is suitable for areas where the groundwater is fully fed by
percolation from the root zone with no seepage from elsewhere
(Ritzema, 2006). However, the assumption has been challenged in arid
and semi-arid agricultural areas, where seepage from irrigation canal or
from an irrigated field towards fallow land is unavoidable.

In this study, a simple root zone salt balance model integrated with
a groundwater balance module was developed. Three parameters were

needed by the soil salt balance model to calculate root zone salt content
while the water flux at the bottom of the root zone are available from
the groundwater balance module, which makes it suitable for real-
world application with limited data. The groundwater balance module
was used to obtain the water flux at the bottom of the root zone, by
assuming that the net percolation at the bottom of root zone equals to
the net recharge from root zone to shallow unconfined aquifer. This
makes the model validation be easily carried out with the indicator of
groundwater level, which is very reliably measured data. The model
accuracy and limitation were evaluated by comparing the results with
those from HYDRUS-1D (Šimůnek et al., 2013). A real-world applica-
tion of the developed model at the Longsheng irrigation district in the
Hetao Irrigation District was presented. The major impact factors and
measurements to control soil salinity were also discussed.

2. Model description

2.1. Model development

The concept and flow chart of the developed model are shown in
Fig. 1(a) and (b), respectively. The model included a root zone salt
balance module and a groundwater balance module as shown in
Fig. 1(a). The model was developed based on the salt mass balance
considering three major sources of salt input (i.e., irrigation water,
precipitation, and capillary rise) and three major sources of salt output
(i.e., uptake by crop, leaching to subsoil by irrigation and precipita-
tion). The percolation from irrigation or precipitation and the capillary
rise were considered in the groundwater balance module Those items
were assumed to be equal to those at the bottom of root zone. The
model first ran the groundwater balance module to obtain the perco-
lation from irrigation or precipitation and the capillary rise. Then it
started running the salt balance module to calculate the salt con-
centration at the bottom of the root zone and average salt content in the
root zone. The model flowchart can be found in Fig. 1(b).

2.1.1. Groundwater balance module
There were seven items considered in the developed model for si-

mulating groundwater level, which were seepage from canals, perco-
lation from irrigation and precipitation, lateral flow of groundwater,
drainage, capillary rise from groundwater system, and pumping water.
The equations are as follows,

+ + + − − − =Q Q Q R D Q W ΔQ,canl irri prec L e (1)

= ×Q η J ,canl (2)

= ×Q α I,irri (3)

= ×Q λ P,prec (4)

= × ×− ×Q ε ETexp ,e
d h

0 (5)

= ×ΔQ ΔH μ, (6)

Table 1
The salt mass balance models.

Model Reservoirs Model application

Multi-
reservoir models

SaltMod Surface reservoir,
root zone,
transition zone,
and aquifer

Predicting long-term soil water and salinity dynamics in agricultural areas under varying water management
options (Oosterbaan, 1998; Bahçeci et al., 2006; Mao et al., 2017; Yao et al., 2014)

OASIS_MOD Unsaturated zone,
and saturated zone

Predicting soil salinity within modern Tunisian oases(Askri et al., 2010)

Root zone
models

Salt storage model Root zone Predicting long-term salt equilibrium and short-term salt fluctuation(Ritzema, 2006)
TETrans Solute transport and leaching requirement estimation (Corwin and Waggoner,1990; Corwin et al., 2007)
SALTIRSOIL Long-term prediction of soil salinity and irrigation recommendation (Visconti et al., 2014, 2011)
WATSUIT Soil chemistry distribution and salinity hazard evaluation; Estimating leaching requirement (Rhoades and

Merrill, 1976; Corwin et al., 2007)
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where Qcanl is the seepage water from canal system (m); Qirri and Qprec

are the percolation from irrigation and precipitation (m); RL is the
lateral flow to aquifer (m); D is the drainage to ditches or pipe drains
(m); Qe is the capillary rise from groundwater aquifer (m), assuming
that it depends on the water table depth and atmospheric evaporation
capacity; W is the pumping water (m); ΔQ is the groundwater storage
change (m); η is the recharge coefficient of canal seepage (-); J is water
diversion (m); α is the recharge coefficient of irrigation (-); I and P are
irrigation and precipitation (m); λ is the recharge coefficient of pre-
cipitation (-); ε and d are the capillary rise coefficients (-); h is the
average water table depth (m); ET0 is the reference crop evapo-
transpiration (m); ΔH is the water table change (m); μ is the specific
yield (-). It should be noted that Qirri, Qprec and Qe were the variables we
concerned in the groundwater balance module, which were subse-
quently needed by the root zone salt balance module.

2.1.2. Root zone salt balance module
The salt entering into the root zone included salt from irrigation,

precipitation, and capillary rise. The salt discharged from the root zone
included leaching of irrigation, precipitation, and salt uptake by crops.
It was the average salt content of the root zone that was calculated by
the developed model, and the salt balance equations are as follows,

+ + − − − =S S S S S S ΔS,irri prec e d irri d prec crop, , (7)

= ×S I C ,irri irri (8)

= ×S P C ,prec prec (9)

= ×S Q C ,e e e (10)

= ×S Q C ,d irri irri d irri, , (11)

= ×S Q C ,d prec prec d prec, , (12)

= × ×ΔS ΔSC ρ h ,r (13)

where Sirri, Sprec, and Se are the input salt to the root zone from irriga-
tion, precipitation and capillary rise, respectively (kg/m2); Sd,irri, and
Sd,prec are salt leaching from the root zone by irrigation and precipita-
tion (kg/m2); Scrop is salt uptake by crop (kg/m2); ΔS is the salt storage

change in the root zone (kg/m2); Cirri, Cprec and Ce are the salt con-
centration of irrigation, precipitation and capillary rise water (kg/m3);
Cd,irri and Cd,prec are the salt concentration of the percolation water at
the bottom of root zone due to irrigation and precipitation (kg/m3);
ΔSC is the change of soil salt content in the root zone (kg/100 kg); ρ is
the soil bulk density (kg/m3); hr is the root zone depth (m).

The Cd,i (i=irri, prec) terms mainly depended on the salt con-
centration of soil solution and the irrigation water or precipitation in
the following ways (Ritzema, 2006; Oosterbaan, 1998),

= × − + × =C C f C f i irri prec(1 ) ( , ),d i i t, (14)

= ×C SC ρ θ ,t a tc (15)

where Cd,i (i=irri, prec) are the salt concentration of irrigation or pre-
cipitation percolation at the bottom of root zone during the calculation
period (kg/m3); Ci (i=irri, prec) is the salt concentration of irrigation or
precipitation (kg/m3); Ct is the salt concentration of soil solution at the
beginning of the period (kg/m3); f is the leaching efficiency (-); SCa is
the root-zone salt content at the beginning period (kg/100 kg); θtc is the
coefficient transforming soil salt content to salt concentration (-). This
parameter is defined as field capacity in the salt storage model
(Ritzema, 2006), and is set as half of the saturated water content in
SaltMod (Oosterbaan, 1998). In the proposed model, the physical
meaning of θtc was the average volumetric water content of root zone
within the simulation duration. However, the proposed model did not
calculate the soil water content. So, it was defined as a coefficient
herein.

Since the model cannot calculate the salt concentration of capillary
rise directly, it assumed that the average salt concentration of capillary
rise was proportional to the average salt concentration of the percola-
tion water at the bottom of root zone during the simulation period,

= ×C β C ,e d (16)

where β is the salt concentration conversion coefficient of capillary rise
(-). Since β is difficult to be measured, the parameter value was dis-
cussed in the case study as shown in section 3. Cd is the average salt
concentration of the percolation water at the bottom of root zone,
which is calculated as follows,

Fig. 1. The components and flowchart of the developed model. I and P are the irrigation and precipitation; Qi (i=irri, prec) are percolation from irrigation and
precipitation at the bottom of root zone; Qe is the capillary rise; Cirri is the irrigation water salinity; Cprec is the precipitation salinity; Cd,i (i=irri, prec) are the salt
concentration of percolated irrigation and precipitation water; Ce is the salt concentration of capillary rise; Scrop is salt uptake by the crop; RL, D, W, Qcanl are the
lateral flow, drainage, pumping water, and canal seepage of groundwater system.
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i irri prec

d i i
i irri prec
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,

,
, (17)

Since items Qirri, Qprec and Qe have been obtained by the ground-
water balance module, three more parameters, i.e., f, θtc, and β, were
required in the root zone salt balance module.

Three metrics were used to evaluate the model performance, i.e.,
the mean relative error (MRE), the root mean square error (RMSE) and
the determination coefficient (R2), which can be found in Ren et al.
(2016).

2.2. Model evaluation and application cases

Two cases were adopted to evaluate the model accuracy and lim-
itation as well as its application in real world complicated conditions.
Case 1 was a synthetic case with two purposes. One was to test the
model accuracy for calculating salt concentration at the bottom of the
root zone in salt balance module by comparing the results with those
obtained from HYDRUS-1D. Another was to test the model assumption
that the net percolation at the bottom of root zone was equal to the net
recharge from the root zone to groundwater table. Case 2 was a real
world application in Longsheng irrigation district to investigate the
model suitability in complex conditions. Various scenarios considering
the water saving policy were set to discuss the future soil salt dynamics
and soil salinity control measurements. The results and discussion were
presented in section 3.

2.2.1. Case 1: synthetic case for model evaluation
This case considered vertical salt transport subject to a changing

upper boundary condition by comparing the results of the proposed
model with those obtained by using HYDRUS-1D. The soil column was
20m in length, with a top soil layer of 3m in thickness overlaying a
sandy layer of 17m in thickness, and four different soil types (i.e.,
sandy loam, loam, clay loam, and silt) were applied in the top soil layer
respectively. The soil hydraulic parameters of the four soil types given
by Carsel and Parrish (1988) are listed in Table 2, and they were used
by HYDRUS-1D. Fig. 2 (a) shows the daily irrigation and potential
evaporation (Ep) and transpiration (Tp). In this case, the reference crop
evapotranspiration (ET0) was calculated by the actual daily meteor-
ological data of Linhe weather station (shown in Fig. 3) using FAO-56
Penman-Monteith equation. Then the potential evapotranspiration
(ETp) was adopted by multiplying the ET0 with the crop coefficient. The
potential evaporation (Ep) and transpiration (Tp) were calculated by
partitioning ETp using Beer’s law (Šimůnek et al., 2013). The details can
be found in the supplementary document. The root zone was 0.6 m in
depth. The column bottom was prescribed as four scenarios of changing
head boundary condition marked as W1, W2, W3 and W4 (shown in
Fig. 2(b)). The average water table of W1, W2, W3 and W4 was located
at the depth of 1.4 m, 1.9 m, 2.4 m, and 2.9 m from the soil surface
respectively. So, there were 16 scenarios totally. The initial salt con-
centration within the top 0.6m was 8 kg/m3, while it was 2 kg/m3 for
groundwater, and the salt concentration changed linearly from 8.0 to
2.0 kg/m3 from the depth of 0.6 m to water table. The salt

concentration of irrigation water was 2 kg/m3. The simulation period
lasted 2140 days. There were 20 calculation periods divided based on
the upper boundary condition, which assumed the first 153 days as crop
growing season and next 61 days as no crop. It should be noted that
there is no measured data used in this case, and the simulation results
from HYDRUS-1D is used as comparison benchmark for evaluation.

2.2.2. Case 2: real world application in an arid agricultural district
Longsheng irrigation district is located in the central region of the

Hetao Irrigation District, Inner Mongolia, China (Fig. 3). Its area is
3.667×107m2, 10.5 km long from north to south and 3.8 km wide
from east to west (Mao et al., 2017). The average annual precipitation
and pan evaporation (with 20 cm diameter) from 1981 to 2010 were
148.8 mm and 2327mm, respectively. The top soil within the depth of
5m is sand mixed with clay, and the top soil is underlain by a sand layer
with the thickness of 95m (Mao et al., 2017). The water table depth and
soil salinity from 1999 to 2016 were used to calibrate and validate the
developed model. There were 10 monitoring wells and 10 soil sampling
locations from 1999 to 2006, with water table depth observed every 5
days, and soil salinity measured 4 times every year. There were 14
observation points from 2009 to 2010, and the water table depth and
soil salinity were measured once every 10 days from May to November.
During the latest three years from 2014 to 2016, there were 10 mon-
itoring wells and 24 soil samples measured by our research group. Also,
there is a conventional groundwater observation well (122#) in the
area, with water table depth observed every 5 days by Irrigation Bureau
of Hetao Irrigation District, and data from 2002 to 2013 were collected.
The data used in the developed model were averaged over space. The
water diversion of Xiji canal was monitored from 1999 to 2015 by Ir-
rigation Bureau of Hetao Irrigation District, and the average salt con-
centration of irrigation was 0.5434 kg/m3. The precipitation during
1999 to 2016 was from the Linhe Weather Station. The evaporation
from a 20 cm evaporation pan (Epan) was measured. The reference crop
evapotranspiration (ET0) was then estimated multiplying the Epan with
the coefficient 0.56 (Cobaner, 2013; Doorenbos and Pruitt, 1977;
Gundekar et al., 2008; Hao, 2016). The precipitation, ET0, and water
diversion used in the model are shown in Fig. 4. Three periods per year
were used in the simulation based on the climate and land use condi-
tions at the study site, which were the period of crop growing from May
to September, the autumn irrigation period from October to November
and the no crop growing period from December to the next April (Yang
et al., 2017). The seasonal averaged precipitation, ET0 and water di-
version were used in the simulation.

Given the plan of using groundwater for irrigation in the Hetao
Irrigation District, the water table depth, irrigation schemes, and salt
concentration of irrigation water will be changed. Thus, the validated
model was used to predict the future soil salt dynamics under various
scenarios with different water table depths, different autumn irrigation
schemes, different groundwater salinity for irrigation in the crop
growing season. The water table depths were set as 1.7 m, 2.1m, and
2.5 m, respectively. The 1.7 m was same as the current condition, and
2.5 m was the average water table depth in this area with groundwater
irrigation (Hao, 2016; Yang et al., 2017), and 2.1m was between the

Table 2
Parameters of different soil types used by HYDRUS-1D and the developed model of case 1.

Depth
(m)

Parameters used by HYDRUS-1D Parameters used by developed model

Soil type θr θs α
(m−1)

n(-) Ks (m/d) L(-) Disp.
(m)

f β θtc

0-3 Sandy loam 0.065 0.41 7.5 1.89 1.0610 0.5 0.03 0.5 1.06 0.11
Loam 0.078 0.43 3.6 1.56 0.2496 0.5 0.03 0.9 1.06 0.19
Clay loam 0.095 0.41 1.9 1.31 0.0624 0.5 0.03 0.9 1.06 0.24
Silt 0.034 0.46 1.6 1.37 0.0600 0.5 0.03 0.9 1.06 0.24

3-17 Sand 0.045 0.43 14.5 2.68 7.1280 0.5 0.03
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two values of 1.7 m and 2.5 m. Five different autumn irrigation schemes
were set as 209.6mm, 189mm, 168mm, 147mm, and 126mm, which
were 100%, 90%, 80%, 70% and 60% of the current irrigation water,
respectively. According to Mao et al. (2018a), the salinity of ground-
water pumped for irrigation in the crop growing season is below 3.0 kg/
m3. Three scenarios with groundwater salinity of 1.0 kg/m3, 2.0 kg/m3

and 3.0 kg/m3 were set, and the current irrigation salinity of 0.5434 kg/
m3 was used as a reference. The initial root zone salt content in all the
simulation scenarios was set as 0.148 kg/100 kg, which was the average
over the measurements in 2015 and 2016. The precipitation, ET0, and
irrigation scheme in the crop growing season were used as the average
over precipitation, ET0, and irrigation scheme from 2003 to 2016. The
simulation period was for 100 years. It should be noted that this long-
term simulation is hypothetical because these variables including pre-
cipitation, ET0 and irrigation vary in space and time in reality.

3. Results and discussion

3.1. Model accuracy of the root zone salt balance module

Since the accuracy of the model depended on how precisely we can
describe the salt content of root zone and the salt concentration at the
bottom of root zone, four scenarios with different soil types at the
bottom boundary W2 of case 1 were used to test salt balance module
showing in Eqs. (7) – (16). The water flux at the bottom of root zone
calculated by HYDRUS-1D was directly applied in the soil salt balance
module. In the simulation, the values of the three parameters f, β, θtc for
the four different soil types are listed in Table 2. The f indicated the
depletion of salt concentration in the leaching process, which was ob-
tained by reference values from 0.15 to 1.0 (Mao et al., 2017) and
determined by soil types (Zhu, 1981). The β was the ratio of salt

Fig. 2. Boundary conditions of case 1, (a) irrigation, potential evaporation (Ep) and potential transpiration (Tp) at the upper boundary and (b) the four scenarios of
hydraulic head at the bottom boundary marked as W1, W2, W3, and W4.

Fig. 3. Location of groundwater monitoring wells and soil salt sampling locations in Longsheng irrigation district.
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concentration of capillary rise to that of percolation as evaluated by the
simulation results of HYDRUS-1D, and θtc was close to the average
volumetric water content in the root zone obtained by HYDRUS-1D.
The simulated salt concentrations at the bottom of root zone in the
calculation period and average salt content of root zone with different
scenarios were compared with those from HYDRUS-1D, as shown in

Figs. 5 and 6. The average salt content within the root zone given by
HYDRUS-1D was used as comparison benchmark to evaluate the model
accuracy. The developed model can estimate the salt concentration of
percolation and capillary rise and capture the salt content change
process well. The MRE of salt concentration of percolation or capillary
rise simulated by the developed model ranged from -5.26% to 0.41%,

Fig. 4. Precipitation, ET0 and water diversion used in the model from 1999 to 2016.

Fig. 5. The comparison of simulated salt concentration at the bottom of the root zone by the developed model and HYDRUS-1D.
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and the corresponding RMSE from 2.00 kg/m3 to 4.65 kg/m3, and
R2> 0.50. The MRE of salt content of root zone ranged from -6.25% to
9.95%, and the corresponding RMSE from 0.02 kg/100 kg to 0.05 kg/
100 kg, and R2 from 0.59 to 0.82. These results indicate that the de-
veloped model can match HYDRUS-1D precisely with only three para-
meters, and the root zone salt balance module is credible. The detailed
values of the three evaluation metrics, MRE, RMSE and R2 can be found
in the supplementary document.

3.2. Model comparison and limitation

Since the model was developed with the assumption that the per-
colation at the bottom of root zone equals to the recharge from root
zone to groundwater system, sixteen scenarios of case 1 with four soil
types and four bottom boundary conditions were used to (1) investigate
to what extent the assumption was valuable in the simulation with
shallow water table in agricultural areas, and to (2) examine the model
capacity using water table depth as an indicator to obtain the perco-
lation and capillary rise at the bottom of root zone, and to (3) test
model accuracy to predict root zone soil salinity under different bottom
conditions. The groundwater balance module was run to obtain the
parameters (i.e., μ, α, ε, and d) shown in Eqs. (3),(5) and (6). The

parameters used by the developed model under the 16 scenarios are
listed in Table 3.

The simulated water table depth from the developed model and
HYDRUS-1D with loam soil under four bottom boundary scenarios are
shown in Fig. 7(a)–(d). All water table depth comparison results under
the 16 scenarios are demonstrated in Fig. 8(a). The change amplitude of
simulated water table depth was larger than that in HYDRUS-1D, which
greatly depended on the specific yield. The MRE of water table depth
ranged from -9.62% to 13.43%, and most were smaller than 10%, RMSE
from 0.18m to 0.93m, and R2 from 0.44 to 0.79 with most R2 values
larger than 0.60. The percolation to groundwater and discharge of ca-
pillary rise from groundwater with loam soil under four bottom
boundary scenarios were compared with those at the bottom of root
zone in HYDRUS-1D as shown in Fig. 7(e)–(h). The comparison of water
flux under the 16 scenarios are plotted in Fig. 8(b). It can be found that
the percolation and capillary rise in every simulation period predicted
by the developed model were highly consistent with those from HY-
DRUS-1D, with the R2 being 0.94 and 0.95 respectively. The MRE va-
lues of percolation ranged from 1.13% to 19.36% (most of them are
smaller than 10%), and the RMSE values were around 10.0 mm, with
the R2 values more than 0.85. The MRE of capillary rise ranged from
-11.37% to 19.36%, RMSE from 0.49mm to 18.11mm, and R2 larger

Fig. 6. The comparison of simulated average salt content of root zone by the developed model and HYDRUS-1D.

Table 3
Parameters of the developed model of case 1.

Soil types Groundwater Groundwater balance module Salt balance module

μ α1 α2 ε1 d1 ε2 d2 f β θtc

Sandy loam W1 0.09 0.13 0.64 0.030 0.5 0.003 0.5 0.5 1.06 0.11
W2 0.09 0.13 0.66 0.030 0.5 0.002 0.5 0.5 1.06 0.11
W3 0.09 0.13 0.68 0.030 0.5 0.002 0.5 0.5 1.06 0.11
W4 0.09 0.13 0.66 0.030 0.5 0.002 0.5 0.5 1.06 0.11

Loam W1 0.07 0.07 0.43 0.210 0.84 0.042 0.84 0.9 1.06 0.19
W2 0.07 0.08 0.51 0.210 0.84 0.021 0.84 0.9 1.06 0.19
W3 0.07 0.08 0.5 0.210 0.84 0.021 0.84 0.9 1.06 0.19
W4 0.07 0.08 0.48 0.210 0.84 0.042 0.84 0.9 1.06 0.19

Clay loam W1 0.06 0.07 0.5 0.240 0.66 0.032 0.66 0.9 1.06 0.24
W2 0.06 0.06 0.48 0.108 0.66 0.030 0.66 0.9 1.06 0.24
W3 0.06 0.06 0.48 0.200 0.66 0.030 0.66 0.9 1.06 0.23
W4 0.06 0.07 0.46 0.240 0.66 0.040 0.66 0.9 1.06 0.23

Silt W1 0.08 0.07 0.34 0.341 0.73 0.124 0.73 0.9 0.88 0.24
W2 0.08 0.06 0.34 0.279 0.73 0.155 0.73 0.9 1.06 0.23
W3 0.08 0.07 0.36 0.310 0.73 0.155 0.73 0.9 1.06 0.22
W4 0.08 0.08 0.3 0.310 0.73 0.202 0.73 0.9 1.06 0.21

Note: αi, εi, di (i= 1,2) represent the coefficients in the crop growing season and non-crop growing season respectively.

G. Sun et al. Agricultural Water Management 213 (2019) 486–498

492



than 0.90 except sandy loam under W1. The predicted average salt
content of root zone under different water table depths of loam soil
were compared with those from HYDRUS-1D as illustrated in
Fig. 7(i)–(l). The comparison of average salt content of root zone under
the 16 scenarios are plotted in Fig. 8(c). The salt content of root zone at
the end of each calculation period predicted by the developed model
were close to those from HYDRUS-1D with R2 being 0.92. The MRE
values ranged from -9.67% to 6.60%, smaller than 10%, the RMSE
values from 0.01 to 0.08 kg/100 kg, and the R2 values from 0.65 to
0.93, which demonstrate the good performance of the developed model

in predicting salt content of root zone. The detailed values of the three
evaluation metrics, MRE, RMSE and R2 can be found in the supple-
mentary document.

The cumulative water flux at the bottom of root zone (at the depth
of 0.6m) and at the water table under various soil types and bottom
boundary conditions simulated by HYDRUS-1D were further compared,
as shown in Fig. 9. Fig. 9(a) shows the results of different soil types with
bottom boundary W2, and Fig. 9(b) shows the results of four different
water table depths with soil type of clay loam. The values of cumulative
percolation at the bottom of root zone were close to the cumulative

Fig. 7. Water table depth, water flux at the bottom of the root zone and average root zone salt content calculated by the developed model compared to those by
HYDRUS-1D with loam under different water table depths.
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recharge from root zone to the water table. Comparison of the cumu-
lative percolation at the bottom of root zone and cumulative recharge
from root zone to groundwater at the end of each calculation period are
shown in Fig. 9(c), which showed good correlation with R2 being 0.99.
The results show that the average water flux at the bottom of root zone
equals to that at the water table, and the model development assump-
tion is applicable. However, from Fig. 9(a) and (b), it can also be found

that the cumulative water flux at the bottom of root zone fluctuated
more strongly than that at the water table. A relative larger difference
can be found with the deeper water table as shown in Fig. 9(b). The
reason is that the bottom of root zone is closer to the ground surface,
which is more sensitive to the upper boundary condition. It takes longer
time for the infiltration arriving at the deeper water table, which shows
more steady increase of the cumulative water flux. So, larger error will

Fig. 8. Comparison of water table depth, water flux at the bottom of root zone and salt content of root zone by the developed model and HYDRUS-1D.

Fig. 9. Relationships between cumulative water flux at the bottom of root zone and that at groundwater table.
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be induced when small time step is used. The model is suitable for large
time steps with complete infiltration to ensure that the cumulative
water flux at the bottom of root zone equals that at the water table.

3.3. Model parameters analysis

The parameters for groundwater balance module and root zone salt
balance module under the 16 scenarios of case 1 are shown in Table 3.
The parameters for groundwater balance module were mainly impacted
by soil types rather than by the bottom boundary conditions. The irri-
gation recharge coefficients of sandy loam, loam, clay loam and silt
decreased in sequence, while the capillary rise coefficient ε increased in
that order. ε values in the no crop growing season were smaller than
those in crop growing season, which are consistent with the findings
reported in literature (Ayars et al., 2005; Gao et al., 2017; Liu et al.,
2006; Yang et al., 2011). The leaching efficiency f of sandy loam was
0.50 and 0.90 for loam, clay loam and silt, which are within the range
of 0.15–1.00 reported in literature (Mao et al., 2017). The salt con-
centration conversion coefficient of capillary rise β for different soil
types was very similar, and was 1.06 for most conditions, which is close
to the assumption of the salt storage model that salt concentration of
capillary rise equals to that of percolation (Ritzema, 2006). The coef-
ficient transforming soil salt content to salt concentration θtc of sandy
loam, loam, clay loam and silt was about 0.11, 0.19, 0.23 and 0.22,
respectively. The sandier soil type and deeper water table had smaller
θtc values. As a summary, the f and θtc were relatively stable concerning
soil types and the β was relatively stable fluctuating around 1.00.

3.4. Model calibration and validation in Longsheng irrigation district

The measured water table depth and soil salinity data from 1999 to
2008 were used to calibrate the developed model and the cross-vali-
dation period was from 2009 to 2016. The simulated and measured
water table depth in the calibration and validation periods are shown in
Fig. 10(a). The MRE values of water table depth were 6.96% and
10.08%, RMSE values 0.33m and 0.37m, and R2 values 0.71 and 0.78
in the calibration and validation periods respectively, which indicate
that the groundwater balance module can reasonably capture the water
table depth. The validated parameters of the groundwater balance
module are listed in Table 4. The specific yield was 0.07, which is
consistent with the result of Zhang (2011) in the same study area and

close to the average specific yield of Yongji sub-district in Hetao Irri-
gation District with the value 0.056 (Yang et al., 2017). The recharge
coefficient of canal seepage η was 0.17, which ranges between 0.16 to
0.40 in other areas of Hetao Irrigation District (Xu et al., 2010; Xue
et al., 2017; Yue et al., 2016). The recharge coefficients of irrigation in
the crop growth period and autumn irrigation period were 0.20 and
0.45 respectively, and the recharge coefficient of precipitation was
0.12. These values are close to the results obtained by Zhang (2011) and
Yang et al. (2017). The drainage in the crop growing period and au-
tumn irrigation period was about 1/9 and 1/7 of water diversion, which
is consistent with the ratio of drainage water to the water diversion in
the Hetao Irrigation District (Hao, 2016). The capillary rise ranged from
100 to 188mm in the year of 1999 to 2016, which is in accordance with
the results that the annual contribution of groundwater to evapo-
transpiration ranges from 156.4 to 173mm in its neighboring regions
(Xue et al., 2017; Yue et al., 2016).

The parameters of soil salt balance model were further calibrated
and validated by comparing the salt content of root zone with the
corresponding measured data from 1999 to 2016. The salt uptake by
crop in the model were set as 0.0225 kg/m2, according to Hao (2016).
The simulated and measured soil salt content in the calibration and
validation periods are shown in Fig. 10(b). The MRE values were
-17.38% and 10.84%, RMSE values 0.04 kg/100 kg and 0.04 kg/100 kg,
and R2 values 0.64 and 0.31 in the calibration and validation periods,
respectively. These results imply that the modeling are acceptable,
considering the limited number of samples and the strong variability of
soil salt in space and time due to the climate and irrigation conditions.
They confirm that the developed model is practical for predicting long-
term soil salinity in the arid area with shallow water table depth. The
validated parameters concerning the soil salt balance module are listed
in Table 4. The three parameters f, β, θtc were 0.50, 0.99, and 0.23. The
f value used in the model agrees with the recommended value (Zhu,
1981; Mao et al., 2017). The θtc was 0.23, which is close to average
root-zone moisture content 0.21 in the year of 2009 and 2010 (Zhang,
2011). β was 0.99, which is consistent with the verification results of
the soils based on HYDRUS-1D shown in Table 3. As a summary, the
developed model performed well for calculating long-term soil salinity.

Fig. 10. Simulated and measured water table depth and root zone salt content in the calibration and validation periods.
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3.5. Long-term soil salinity dynamics prediction under water saving
conditions

The calibrated model of Longsheng irrigation district was further
used to predict the soil salinity dynamics in the next 100 years under
the current and future changing irrigation conditions for implementing
the better water resources management for sustainable development of
agriculture. The soil salt content dynamics under the different water
table depths are shown in Fig. 11(a). The root zone was in a desalina-
tion state with all three water table depths, and the desalination was
more obvious with the deeper water table. The soil salt contents after
100 years were 77.34%, 50.22%, and 42.29% of the current soil content
at the end of crop growing period with the water table depth of 1.7m,
2.1 m and 2.5 m, respectively. It demonstrates that the current irriga-
tion at the study area is reasonable for sustainable development of
agriculture from the perspective of controlling soil salinization. It also
confirms that increasing water table depth to reduce capillary rise is an
effective way to control soil salinization in arid area with shallow water
table depth.

Fig. 11(b) shows the soil salt content dynamics under different au-
tumn irrigation schemes. The soil salt achieved a steady state at the end

of the simulation, with input salts being equal to the output (Visconti
et al., 2011). According to the classification criteria of saline land from
Wang (1993) and Mao et al. (2017), in the future 100 years, the soil
salinity of root zone was categorized as the non-saline (salt content ≤
0.2 kg/100 kg) land under the current or 90% of current autumn irri-
gation. The soil salinity of root zone increased with the decrease of
autumn irrigation water, and it varied slowly from non-saline land to
mild saline (0.2 kg/100 kg≤ salt content≤0.3 kg/100 kg) land with
80% autumn irrigation of the current level, to middle saline (0.3 kg/
100 kg≤ salt content≤ 0.5 kg/100 kg) land with 70% autumn irriga-
tion of the current level, and to strongly saline (0.5 kg/100 kg≤ salt
content≤1.0 kg/100 kg) land with 60% autumn irrigation of the cur-
rent level. Therefore, the autumn irrigation schedule is the key to
control the soil salinity in the root zone.

Fig. 11(c) shows the soil salt content dynamics under different salt
concentration of irrigation groundwater in the crop growing season.
The root zone salt content and its amplitude of different periods in a
year increased with groundwater salinity. According to the prediction
results shown in Fig. 11(c), the soil salinity of root zone would vary
slowly from non-saline land to mild, middle and strongly saline land in
the future 100 years, with groundwater salinity 1.0 kg/m3, 2.0 kg/m3

Table 4
Parameters of the developed model in Longsheng irrigation district.

Groundwater balance Root zone salt balance

μ η crop growth period Autumn irrigation period f θtc β

α1 λ1 ε1 d1 α2 λ2 ε2 d2

0.07 0.17 0.20 0.12 1.17 1.279 0.45 0 0 1.279 0.50 0.23 0.99

Note: αi, λi, εi, di (i= 1,2) represent the coefficients in the crop growing period, autumn irrigation period respectively, and α and λ are 0 and capillary rise is a fixed
value 8mm in the no crop growing period.

Fig. 11. Root zone soil salinity change in future 100 years under different (a) water table depth, (b) autumn irrigation, (c) groundwater salinity conditions.
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and 3.0 kg/m3, respectively. Influence of groundwater salinity on soil
salinity in the root zone cannot be ignored.

Given that decreasing autumn irrigation is an effective way for
saving irrigation water, Fig. 12 shows the required amount of reason-
able autumn irrigation water which can sustain root zone within mild
salinity level (0.3 kg/100 kg) under different water table depth and
groundwater salinity calculated by the model. A logarithmic relation-
ship was observed between the required autumn irrigation water
amount and water table depth (Fig. 12(a)), which indicates that shal-
lower water table requires more autumn irrigation water. It can be
found from Fig. 12(b) that, when groundwater salinity increased by
1.0 kg/m3, the amount of required autumn irrigation would increase by
about 64mm–78mm with water table depths vary from 1.70m to
2.90m. Under the current conditions, the amount of autumn irrigation
can be decreased by 25.1mm with 0.1m water table depth increase,
and the amount of autumn irrigation should increase 64mm with
1.0 kg/m3 groundwater salinity increase.

4. Conclusions

A simple root zone salt balance model was developed for predicting
long-term soil salinity by integrating a groundwater balance module to
obtain water flux at the bottom of root zone in arid shallow water table
areas. The performance of the developed model was evaluated by
comparing the results with those obtained by HYDRUS-1D. The model
was applied to soil salinity prediction in Longsheng irrigation district of
Hetao Irrigation District. The major conclusions were drawn as follows:

(1) Water table depth is a reliable and effective indicator to obtain the

water flux at the bottom of root zone through groundwater balance
module in shallow water table depth area with a large time step.

(2) The model requires three parameters to simulate soil salt balance.
The parameters f and θtc are relatively stable concerning soil types,
and β is fluctuating around 1.00.

(3) Water table depth and autumn irrigation amount are the two major
factors to control soil salinity. Increasing water table depth or in-
creasing the autumn irrigation can alleviate the problem of soil
salinity. Moderate groundwater exploitation to increase water table
depth is an effective and practical way to save autumn irrigation
water and to control soil salinity.

(4) The required autumn irrigation varies with water table depth and
groundwater salinity in the crop growing season, and it can de-
crease by 25.1mm with 0.1m water table depth increase, and
should increase by 64mm with 1.0 kg/m3 groundwater salinity
increase.

(5) Since the model assumption of accumulative water flux at the
bottom of root zone equaling to that at the water table is valid
within a large time step, the model is limited to be used for large
time step soil salinity simulation.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.agwat.2018.10.043.
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