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Abstract

Soil secondary salinization is a major limiting factor of sustainable agricultural production
in arid and semi-arid irrigation zones, yet predictive tools for regional water—salt dynam-
ics remain limited. The Yichang Irrigation District, located within the Hetao Irrigation
Area, has experienced persistent salinity challenges due to shallow groundwater tables
and intensive irrigation. In this study, we aimed to simulate long-term soil water—salt dy-
namics in the Yichang Irrigation District and evaluate the effectiveness of different engi-
neering and management scenarios using the SaltMod model. Field monitoring of soil
salinity and groundwater levels during summer and fall (2022-2024) was used to calibrate
and validate SaltMod parameters, ensuring accurate reproduction of seasonal soil salinity
fluctuations. Based on the calibrated model, ten-year scenario simulations were con-
ducted to assess the effects of changes in soil texture, irrigation water quantity, water
quality, rainfall, and groundwater table depth on root-zone salinity. Our results show that
under baseline management, soil salinity is projected to decline by 5% over the next dec-
ade. Increasing fall autumn leaching irrigation further reduces salinity by 5-10% while
conserving 50-300 m3-ha! of water. Sensitivity analysis indicated groundwater depth and
irrigation water salinity as key drivers. Among the engineering strategies, drainage sys-
tem improvement and groundwater regulation achieved the highest salinity reduction
(15-20%), while irrigation regime optimization provided moderate benefits (~10%). This
study offers a quantitative basis for integrated water—salt management in the Hetao Irri-
gation District and similar regions.

Keywords: soil secondary salinization; SaltMod model; Hetao Irrigation District;
groundwater depth; leaching irrigation
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1. Introduction

Soil secondary salinization is a common problem in arid and semi-arid irrigation ar-
eas globally, which seriously constrains agricultural yield, ecological stability, and sus-
tainable regional development [1]. Taking the Hetao Irrigation Area in northwest China
as an example, the average annual precipitation is only 150-200 mm, while potential evap-
oration reaches 2000-3000 mm. This large evaporation—precipitation gap causes rapid sur-
face moisture loss, leading to salt accumulation in the root zone and shallow soil, with
continuous upward migration through capillary action, resulting in worsening soil salini-
zation [2].

Under long-term diffuse irrigation, irrigation water brings large amounts of soluble
salts to the root zone. Simultaneously, lagging or imperfect drainage systems hinder the
timely discharge of salt, causing chronic salt accumulation over multiple years. This pro-
cess reduces soil biological activity, decreases crop yields, and may even lead to land
abandonment [3]. Sustained root-zone salinity of 1.5-2.0 g-kg™! in the Hetao basin is typi-
cally associated with 5-12% maize yield losses and a 5-10% decline in leaf area index,
underscoring the agronomic relevance of seasonal desalination.

In the Yichang Irrigation Area, a key agricultural zone within the Hetao Irrigation
District, the terrain is flat, with loamy clay as the predominant soil texture. Groundwater
depth is consistently between 1.0 and 2.0 m, with mineralization levels of 3-6 g-L. In
recent years, Huanghuang-induced irrigation has continued to meet the water demand
for crop growth, but a serious imbalance exists between the irrigation water volume and
evaporation demand in spring and summer, with surface recharge far exceeding evapo-
ration demand [4]. However, surface recharge also exceeds drainage capacity, and the
drainage ditches are inefficient, especially during dry periods, resulting in surface soil sa-
linity (0-20 cm) peaking at 1.8 g-kg™ after summer irrigation. Salinity drops to only 1.2
g-kg following fall drenching, but cumulative salt leaching remains insufficient, and the
area of high-salinity patches in the surface soil expands year by year. Salinization is even
more severe in downstream low-lying areas, where salt content in some locations exceeds
3.0 g-kg™ [5]. This cyclical “accumulation—drenching accumulation” process has exacer-
bated salinization, posing serious challenges to food security and soil quality [6].

Currently, several engineering problems hinder effective irrigation and drainage
management in the Yichang Irrigation Area: (1) a lagging drainage system: the sparse dis-
tribution of agricultural canals and poor maintenance make it difficult to remove excess
water, leading to persistently high groundwater levels [7]; (2) an inefficient irrigation sys-
tem: the diffuse irrigation mode lacks precision scheduling, with mismatches between ir-
rigation quotas and crop water demands, and insufficient attention to fall autumn leach-
ing irrigation for salt leaching [8]; (3) deteriorating water quality: increased pressure on
basin water use has raised the salinity of incoming Yellow River water, contributing fur-
ther to salt accumulation [9]; (4) high engineering and management costs: investments
required for efficient drainage are high, and limited management and maintenance fund-
ing make it difficult to achieve sustainable benefits across the entire area [10]. Achieving
optimal irrigation and drainage support and precise scheduling have become key chal-
lenges for controlling salinization and ensuring the sustainable development of the Yi-
chang Irrigation Area.

Additionally, the spatial and temporal variability in soil salinity and its driving
mechanisms have not been deeply and systematically understood. The salinization pro-
cess is influenced by multiple factors: soil texture determines the efficiency of seepage and
capillary rise; groundwater depth affects the degree of surface salt accumulation; irriga-
tion water quantity and quality directly influence salt input; and climatic rainfall provides
natural leaching or concentration effects. Existing studies have mostly focused on single-
factor effects or small-scale experiments and lack numerical predictions for long-term,
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multi-scenario conditions under the combined influence of multiple factors [11]. In semi-
arid plains, root-zone salinity is primarily modulated by the groundwater table position
and salinity, soil hydraulic properties controlling capillary rise and leaching, and seasonal
water inputs from rainfall and irrigation.

This is reflected in the following gaps: (1) incomplete understanding of soil texture
and salt migration: under different soil conditions, water flow paths and salt transport
rates vary significantly, but quantitative coupling analyses are lacking; (2) unclear
groundwater—soil interactions: the feedback between groundwater-level dynamics and
surface salt concentration is complex, and long-term trend predictions are needed to sup-
port management; (3) unclear irrigation—rainfall interactions: the combined leaching and
concentration effects of irrigation and rainfall require simultaneous consideration, espe-
cially as salt accumulation trends differ between dry and wet years; (4) limited assessment
of combined engineering measures: the cumulative effects of drainage, irrigation, and
groundwater regulation have not been systematically evaluated, making it difficult to de-
sign optimal management strategies under resource constraints.

Therefore, an urgent need exists for a numerical model capable of addressing long-
term, multi-factor, and multi-scenario predictions of salinity dynamics, identifying key
control factors through sensitivity analysis and providing a scientific basis for engineering
measures.

The SaltMod model is based on the principle of empirical water—salt balance at sea-
sonal scales [12]. It divides the soil-groundwater system into several reservoirs (surface
water layer, root zone, transition layer, and deep aquifer). It sequentially calculates the
water balance of rainfall, irrigation, evapotranspiration, capillary recharge, seepage, and
drainage. Salt balance is modeled within the same framework, simulating the salt concen-
tration in each reservoir over time [13]. The model’s data requirements are relatively sim-
ple, requiring only seasonal rainfall, irrigation quota and salinity, potential evapotranspi-
ration, soil layer thickness and water-holding capacity, groundwater depth and salinity,
drainage coefficient, and drenching efficiency. This enables assessment of salinization
trends and drainage needs over multi-year scales [14].

Internationally, SaltMod has been validated and applied in the Nile Delta, the middle
Ganges, and arid regions of Europe and the United States. However, its application at the
branch-canal scale in China’s Hetao Irrigation District remains rare, with a lack of system-
atic calibration and validation using field monitoring data. Table 1 summarizes the Salt-
mod model’s research cases across different regions.

Table 1. Representative applications of the SaltMod model in different regions.

Study Location Research Objective

Yao et al. (2014) [15] ern China (coastal reclaimed

Simulate long-term soil wa-

) . ter/salt balance under vari-

North Jiangsu Province, East- / . .
ous drainage scenarios; de-

velop management strategies
farmland . .
) to accelerate soil desalina-

tion.

Mao et al. (2017) [16] Hetao, Inner Mongolia,

Develop a “loose coupling”
of SaltMod to predict 100-
year soil water and salinity
dynamics under conjunctive

Longsheng well-canal area,

China o
canal and well irrigation in a

semi-arid district.

Chang et al. (2019) [17]

Hetao Irrigation District, Simulate long-term soil salin-
Northern China ity trends in cultivated land
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vs. salt wasteland under cur-
rent irrigation—drainage re-
gimes; evaluate improved ir-
rigation scheduling for salin-
ity control.

Eishoeei et al. (2019) [18]

Predict soil salinity evolution
over 10 years near a hyper-
Dizaj-e Dowl area, Urmia saline lake; test effects of
Lake Basin, Northwest Iran ~ drainage depth and irriga-
tion amount on salinity and
water-table level.

Khan et al. (2004) [19]

Calibrate and apply SaltMod
to evaluate the impact of a
new subsurface drainage
project (SCARP) and
changed irrigation schedul-
ing on waterlogging and sa-
linity control.

SIB-9 area, Rechna Doab (Fai-
salabad), Pakistan

Idris Bahceci(2006) [20] Konya-Cumra Plain, Turkey

Simulate the effect of differ-
ent drain depths on the
amount of drainage water,
root-zone salinity, and depth
of water table in the Konya-
Cumra Plain, Turkey.

Sarangi et al. (2006) [21]

Examine subsurface drainage
performance in coastal rice
Coastal paddy fields, Andhra fields by comparing SaltMod
Pradesh, India simulations with an artificial
neural network (ANN)
model.

SaltMod has mostly been applied at the irrigation district scale to predict future sa-
linity trends, revealing a slight decrease in salinity under current management, but with
limited regulation potential [17]. The model has also been used to assess water salinity
dynamics under different irrigation and drainage management scenarios, demonstrating
that increasing drenching irrigation and lowering irrigation conductivity considerably
help control salinization [22]. Other studies have analyzed soil salinity evolution and key
drivers in the Hetao Irrigation Area using principal component and stepwise regression
analyses but have not conducted predictive assessments for future multi-scenario condi-
tions or engineering measures [23]. In summary, while researchers have gained a prelim-
inary understanding of salinity mechanisms and management options, gaps remain in
integrating recent observations, conducting long-term simulations, and assessing engi-
neering solutions at the branch-canal scale.

Alternative tools include HYDRUS (rich process detail and short-term infiltration—
solute transport at plot scale), SWAP coupled with crop models (soil-water—crop interac-
tions at field scale), and district-scale water allocation models. Compared with these, Salt-
Mod requires modest data, operates at seasonal resolution, and is well suited to branch-
canal management analyses while capturing the accumulation-leaching cycle.

We address this gap by implementing a systematic, branch-canal-scale calibration
and validation of SaltMod using a two-year multi-season dataset, followed by scenario
experiments that couple irrigation scheduling, drainage enhancement, and groundwater
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regulation. This design moves beyond prior district-level trend assessments by quantify-
ing the relative contributions of management levers to root-zone salinity dynamics and
by producing transferable parameter sets for semi-arid canal command areas.

In response to these engineering and scientific challenges, this study focuses on the
Yichang Irrigation Area of the Hetao Irrigation District. Using monitoring data on soil
salinity and groundwater depth from summer and fall of 2022 to 2024, the SaltMod model
is systematically calibrated and validated to ensure stable simulation of seasonal salt ac-
cumulation and leaching processes. Multiple scenarios covering soil texture, irrigation
quota, water quality change, rainfall conditions, and groundwater regulation were de-
signed for the next 10 years to quantitatively predict the spatial and temporal evolution
of salinity [21]. Based on the simulation results, numerical experiments were carried out
to assess the long-term effects of three key engineering measures—construction of drain-
age ditches, optimization of irrigation systems, and groundwater level control —of salinity
management.

This study addresses three focused questions at the branch-canal scale: (i) How accu-
rately can SaltMod reproduce seasonal accumulation-leaching cycles under local hy-
dro-agronomic conditions? (ii) Which factors most strongly control root-zone salinity? (iii)
What is the expected ten-year desalination under practical management interventions?
Accordingly, our objectives were to (1) calibrate and validate SaltMod against observed
soil salinity and groundwater depth; (2) perform one-way and Sobol sensitivity analyses
to rank key controls; and (3) evaluate the effectiveness of drainage system improvement,
irrigation-regime optimization, and groundwater regulation through forward scenarios.

2. Materials and Methods
2.1. Study Area Description

Yichang Irrigation Area is located in the central part of Hetao Irrigation Area in Inner
Mongolia, which is a typical branch irrigation area of Hetao Irrigation Area (longitude,
106°45'-106°55" E; latitude, 38°50'-39°00" N) [24]. The data for this study were obtained
with support from the Inner Mongolia Autonomous Region Field Scientific Observation
and Research Station for Agricultural Water and Soil Environment and Comprehensive
Utilization of Saline—Alkali Land in the Hetao Irrigation District in China. The total area
of the region is about 50 km? (Figure 1), and the terrain is extremely flat, with an average
elevation of 1100 m above sea level, field slopes of less than 0.1%, and negligible surface
runoff [25].
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Figure 1. Schematic diagram of topography, main channel, and sampling point distribution in the

study area.

The area has a temperate continental semi-arid climate [26]. Long-term observation
data show that the average annual precipitation is approximately 180 mm, with more than
70% falling between June and August. The annual potential evapotranspiration is approx-
imately 2200 mm, indicating that evaporation greatly exceeds precipitation. The soil is
predominantly loamy clay, and the topsoil layer (0-20 cm) has a soil bulk density of
p,~130¢g-em”, a field water-holding capacity of 6, ~0.25m’.m*, an effective water-holding
capacity of 6, ~0.15m* -m?, and a saturated hydraulic conductivity of K, ~0.05-0.10m-d".

Corn is the main crop in the area, with a growing season from May to September. Its
crop water demand can be calculated using the FAO Penman-Monteith equation for daily
potential evapotranspiration, as shown in Equation (1):

900
o 0408M(R, ~G)+y -,
A+y(1+0.34u,)

(e,-e,)

)

In the formula, arepresents the slope of the saturated water vapor pressure curve
(kPa°C), Rurepresents the net radiation value (MJm=d"), G represents the surface heat
flux MJm=d1), , represents the dry and wet constants (kPa°C), T represents the aver-
age daily air temperature (°C), u2 is the average daily wind speed at a height of 2 m (ms),
and esand e. are the saturated and actual water vapor pressure (kPa), respectively. Long-
term data on groundwater depth show an average groundwater depth z_ of 1.5 m, with
a seasonal fluctuation range of 1.0-2.0 m. The groundwater mineralization ¢, is 36 g

L.

2.2. Field Data Collection

To calibrate and validate the SaltMod model and provide baseline data for scenario
simulations, systematic field observations were conducted in the Yichang Irrigation Area
from 2022 to 2024.

1. Soil salinity. Sixty sample points were arranged on a 1 km x 1 km grid, covering typ-
ical plots in the upper, middle, and lower reaches. At each point, three soil samples
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from 0 to 20 cm were collected and combined. Electrical conductivity (£C,, dS-m™)

was measured on-site using the 1:5 saturated paste extract method, and soil salinity (
5., g-kg) was calculated from EC, using Equation (2).

S, =0.64x EC,, )

where 0.64 was obtained from regional laboratory calibration. The mean §, standard

.. n 1 & = .
deviation o, §:lz s, and o= }—IZ(S,—SZ) of the sample points were calcu-
nig n—1%g

lated for each period (July for summer and October for fall).
Groundwater level and water quality. Ten observation wells were set up within 50 m
of the sample points, and the depth of groundwater z,, and salinity ¢, , were

measured regularly. The average value of each well was used as the initial ground-
water depth and salinity boundary conditions for the SaltMod model.

Meteorology and hydrology. Two automatic weather stations provided daily data on
rainfall, air temperature, wind speed, humidity, and daily radiation, which were used
to calculate seasonal rainfall and potential evapotranspiration ETo. Combined with
surface hydrological measurements (channel flow, irrigation infiltration, etc.), field
irrigation quotas and drainage capacity were estimated. All observations were qual-
ity-controlled and used for parameterization and validation of the SaltMod model.
The spatial distribution of monitoring points and the statistical characteristics of key
variables are illustrated in Figure 1 and Table 2, respectively. To enhance representa-
tiveness for long-term simulation, we combined the observed seasonal means with
multi-year station climatology to define baseline rainfall and potential evapotranspi-
ration, and we used measured canal operations to constrain irrigation quotas.
Groundwater salinity was characterized by repeated sampling at ten wells, and its
interannual variability was propagated through sensitivity analysis. These settings
ensure that the calibrated parameters reflect process behavior rather than a single-
year anomaly.

Table 2. Statistics of measured soil parameters in the Yichang Irrigation District in summer and fall
of 2022-2024.

Indicator Unit Summer Average Fall Average Range
Soil salinity S gkg! 1.80 +£0.55 1.20+0.48 0.5-3.5
Groundwater depth z,, m 1.20 + 0.30 1.80 +0.35 1.0-2.5
Salinity of groundwater c,, gLt 450 +1.10 4.80+1.20 3.0-6.0
Annual rainfall P mm 180 +25 - 145-210
Potential evapotranspiration ETo mm-a-! 700 + 50 350 + 40 55(1;%00/ 300~
h T o
Saturated hydraulic conductiv med-t 0.08 = 0.03 ) 0.05-0.12

lty Ksat

2.3. Fundamental Principles and Structure of the SaltMod Model

Configuration used in this study: We implemented SaltMod with two seasons (grow-

ing and non-growing) and four vertical reservoirs, calibrated a small set of process-gov-

erning parameters (soil hydraulic conductivity, leaching efficiency, groundwater dis-

charge coefficient, and layer thicknesses), and prescribed boundary conditions from sta-

tion climatology and canal operations. The calibrated model outputs seasonal soil water

content, salt content, groundwater depth, and drainage volumes, which are then analyzed

under management scenarios.
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The SaltMod model is an empirical water—salt balance model operating on a seasonal
scale. Its core idea treats the soil-water—salt system in irrigation areas as a multilayer sys-
tem of tandem reservoirs, enabling long-term prediction of regional soil moisture, salinity,
and groundwater dynamics by establishing water and salt balance for each reservoir.The
schematic diagram of the model workflow framework is shown in Figure 2.

_____________________

Field data collection \
! !
Parameter initialization H
il i

Model calibration and i
validation

-

Various scenario design
(irrigation, rainfall quality,etc)

Engineering evaluation
(drainage, groundwater,
irngation, etc.)

-
14

:

™ Output analysis
1

[}

1

1

[}

i

1,

e

1
Management
. . 1
\ SaltIMod simulation —r"‘T’ recommendation )
~ -7 ~ 7’
__________ l_ S — S S S
End

Figure 2. Model flow framework diagram.

2.3.1. Principle of Water and Salt Mass Conservation

For any horizontal unit (or subarea), SaltMod divides the profile vertically into four
reservoirs: the surface water layer, the root-zone soil layer, the transition layer, and the
aquifer (submersible aquifer) [27]. Each reservoir adheres to principles of water and salt
mass conservation over the simulation period, typically divided into two seasons, “irri-
gated” and “non-irrigated”.

The water balance equation for the root zone is expressed as Equation (3):

AW, =P+1+U, —ET —-D,-R (3)

up

where AW, represents the change in soil water storage in the root zone (mm), P represents

rainfall infiltration (mm), I represents irrigation infiltration (mm), U« represents capillary
recharge (lower groundwater rising to the root zone, mm), ET;represents actual evapo-
transpiration from the root zone (mm), D represents the amount of water leaking out of
the root zone and into the transition layer (mm), and R represents surface runoff (mm).
The corresponding salt balance equation for the root zone is provided by Equation (4):

AS, = PC, +IC, +U,C,, ~(D,C, +ET,C,) 4)

gw

where AS, represents the change in salt storage in the root zone (kg-ha™); C,, C,, and
C, represent the salt concentration in rainfall, irrigation water, and groundwater, respec-
tively (g L); ¢, represents the salt concentration in the root-zone leaching water (g L™);
and C, is the equivalent salt concentration in the soil water of the root zone (converted

from the saturated electrical conductivity EC,, g L.

2.3.2. Model Structure and Time Domain Division

SaltMod divides the year into 1-4 simulation seasons; in this study, a two-season
system of growing and non-growing seasons was adopted. Vertically, the model repre-
sents the soil-water—salt system as four sequentially linked reservoirs, each governed by
water and salt balance equations. The vertical layers were divided into a surface layer
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(considering rainfall, infiltration from diffuse irrigation, evaporation, and runoff), a root-
zone layer (considering vegetation evapotranspiration, capillary rise, and infiltration), a
transition layer (connecting the root zone to the aquifer and buffering upward and down-
ward seepage), and a deeper aquifer (simulating submerged recharge, discharge, and
drainage from wells and canals) [28].

The outflow from each reservoir serves as the inflow to the layer below. The ground-
water layer can be modeled either with a natural discharge coefficient or a fixed water
table boundary to simulate lateral groundwater flow beyond the modeled area [29]. Key
model input parameters include seasonal rainfall », potential evapotranspiration £T,, ir-
rigation quota ;, water quality C,, crop cover and water consumption, number of grow-
ing seasons, land-use ratio, soil thickness, soil water-holding parameters (6., 6,,, and

P, ), leaching efficiency ( 7, and F£, ), initial soil and groundwater salinity (c,, c,,),

groundwater depth, and groundwater discharge coefficients. The output parameters were
soil water content of each layer in each season (A'), salt content (AS ), groundwater depth
(z, ), drainage volume ( Q, ), and drainage salt concentration ( C, ).

Water-salt coupling was achieved through sequential layer-by-layer mass balance,
allowing for simultaneous simulation of water flow and salt transport. Capillary rise was
calculated based on the groundwater depth and soil capillary properties [20]. The drain-
age process was divided into field drainage via agricultural ditches and main canal drain-
age, which can be established with varying drainage efficiencies. Boundary conditions in-
cluded an upper boundary driven by rainfall and irrigation, while the lower boundary
was set as a fixed water level, specific flux, or no flux conditions [30].

SaltMod enables reliable, large-scale, long-term prediction of soil salinity with low
data requirements and efficient seasonal balance calculation, providing quantitative deci-
sion support for irrigation and drainage management in irrigated regions.

2.4. Key Modules and Functions of the SaltMod Model

The SaltMod simulation engine consists of three interrelated modules: the soil water
balance module, the salt transport module, and the groundwater module, each perform-
ing mass conservation calculations at user-defined seasonal intervals [31].

2.4.1. Soil Water Balance Module

For any soil layer i (e.g., surface layer, root-zone layer, or transition layer), this mod-
ule applied the water balance equation:

AW, =P+I+U,,,~ET,~D,, )

where AW, represents the change in soil water storage in layer i (mm), P is rainfall infil-
tration (mm), I is irrigation infiltration (mm), U_, represents lower layer capillary re-
is

i,i+]

charge (mm), ET, represents actual evapotranspiration from the layer (mm), and D
water leakage to the lower layer (mm). Rainfall P and irrigation infiltration I are calcu-

lated by subtracting surface runoff from effective rainfall and irrigation quotas. Actual
ET, is calculated by multiplying the FAO-PM potential ET, by the crop coefficient &, :

ET,=K, [T, (6)

Capillary rise U, is parameterized using an empirical function based on groundwa-

ter depth and soil water-holding properties. Leakage D, is determined by the soil’s sat-

Jitl

urated hydraulic conductivity and saturated water content.
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2.4.2. Salt Transport Module

Based on the water balance, the model establishes salt conservation equations for
each soil layer i:

AS, =PC,+I1C,+U,_, C, —(D,

i1 gw i.it+l

C,, +ETC) )

where AS, represents the change in salt storage in layer i (kg-ha™'); €., C,,and C, rep-

resent the salt concentration in rainfall, irrigation water, and groundwater, respectively (g
L7); ¢, is the salt concentration in drainage (leaching) water (g L); and C, is the

equivalent salt concentration in soil water, calculated from saturated electrical conductiv-
ity EC,, g L-1. The leachate salt concentration is coupled with the in-layer salt concentra-

tion via the leaching efficiency £, :

C,, =F,C, 0<F,<l (8)

Li~is

All salts in water lost through evapotranspiration are assumed to remain in the soil,
resulting in elevated residual salt concentrations that are not directly discharged.

2.4.3. Groundwater Module

The groundwater module simulated the water and salt exchange between the deep-
est aquifer, the overlying transition layer, and the external drainage system:

AW =D,y g =U gt = Quvain + Qrecharge ©)
AS v = D, Cy Ugw,n—] ng = OoainCrain

n-l.gw~Dn-1

and U

gwan-1

where D

n-1,gw

represent leakage infiltration and capillary rise from the transition

layer, respectively; D,

drain

represents artificial drainage (ditches, pipes, or pumping);

D is the salt concentra-

recharge

represents recharge (channel seepage, recharge); and C

drain

tion of the drainage outflow (g L. The rise and fall of the groundwater table, in turn,
affect capillary rise v,,,,, thus closing the soil-groundwater—salt cycle. By iteratively cal-

culating Equations (5)—(9) layer by layer over two simulation seasons, SaltMod simulates
coupled water and salt dynamics between soil layers at different depths and groundwater,
enabling long-term, large-scale salinity evolution prediction and comparative scenario
analysis.

2.5. Parameter Setting and Configuration Under Local Conditions

Based on findings in field observations and the literature, the following key parame-
ters were locally calibrated in this study: (1) soil thickness and water-holding parameters:
based on soil drilling results, the root-zone thickness was set to 0-0.30 m, and the transi-
tion layer thickness was set to 0.30-2.00 m. The field water-holding capacity and effective
water-holding capacity were set as the average values from sample points in the study
area [32]. (2) Saturated hydraulic conductivity: the saturated hydraulic conductivity of
each layer was determined using double-ring infiltration experiments and corrected to the
simulated single-layer values from the root zone and transition layer [33]. (3) Drenching
efficiency: root zone and transition layer washing efficiency ( £, and £, ) were set at 0.65
and 0.45 by inversion of the net salt change in summer and fall of 2022-2024, respectively
[34]. (4) Groundwater discharge coefficient: the seasonal drainage coefficient of the aquifer
was determined by inversion, using the density of drainage ditches and measured drain-
age flow k,=0.024d".

For the initial and boundary conditions, the measured soil salinity and groundwater
depth before the summer of 2022 were used as the initial values to ensure dynamic con-
sistency for the first simulation season. The upper boundary conditions included seasonal



Agronomy 2025, 15, 2239

11 of 26

rainfall, irrigation volume, and water quality concentration. Crop coefficients K. were

categorized into early stage (0.7), peak stage (1.15), and late stage (0.8) according to the
growth stages of typical maize varieties in the region. For the lower boundary conditions,
the aquifer was set as a free water level boundary, allowing groundwater depth to update
dynamically during simulation; artificial drainage flux was linked to the deep drainage
term based on the ditch drainage efficiency model.

To identify the most critical uncertain parameters, we combined one-factor sensitiv-
ity analysis and Sobol global sensitivity analysis. In the one-factor analysis, each parame-
ter was varied by +20% from its baseline values to assess its impact on end-of-year root-
zone salinity and groundwater depth. In the Sobol analysis, key hydraulic and manage-
ment parameters, such as hydraulic conductivity, leaching efficiency, and drainage coef-
ficient, were used to calculate first-order and total effects indices, quantifying their relative
importance under multifactor interactions. The sensitivity results informed the selection
of key parameters for subsequent model calibration and scenario design. The workflow —
field-based calibration, factor screening, and management scenario testing—is generic
and can be ported to other semi-arid canal command areas where seasonal irrigation gov-
erns the accumulation-leaching cycle. For reporting uncertainty, we propagated parame-
ter ranges (+20% about calibrated values) through 500 Latin hypercube samples to derive
95% confidence intervals for simulated end-of-year root-zone salinity.

Initial and boundary conditions for reproducibility: Initial root-zone salinity at t0
(summer 2022) was set to the measured 0-20 cm mean within each of the upstream, mid-
stream, and downstream subareas, and assigned uniformly within each subarea. Ground-
water depth was initialized from the ten-well network averages. Upper boundary forcings
used seasonal rainfall, potential evapotranspiration, and canal-recorded irrigation quotas;
groundwater salinity was initialized from repeated well sampling.

2.6. Model Calibration and Validation Methods

The observed values of soil salinity and groundwater depth (a total of 60 time data
points) from the summer and fall periods of 2022, covering locations in the upper, middle,
and lower reaches, were selected for model calibration. The residual sum of squares be-
tween the simulated output and the measured values was used as the evaluation index,
applying the objective function minimization method. To test the model’s extrapolation
capability, an independent set of observations (60 sample points) from the summer and
fall of 2024, which were not used in the parameter optimization process, was employed
for validation.

Root mean square error (RMSE), Nash-Sutcliffe efficiency (NSE), and the coefficient
of determination (R?) were chosen as model evaluation metrics, as defined by the follow-

RMSE= |30, -5 (10)

>0, -5)
NSE=1-+H—— (11)
> (0,-0)

i=1

ing equations:

3(0,-0)(S, -5y’
RZ - i=l

>(0,-0F (5, - 57

i=1

(12)

where O, ands are the observed and simulated values of the i-th time, respectively; 0

is the mean of the observed values; and N is the total number of samples. Generally, lower
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RMSE values and NSE and R? values closer to 1 indicate better model performance.
Long-term projections (2025-2034) therefore represent conditional scenarios under ob-
served management baselines and tested perturbations, rather than forecasts of specific
year-to-year weather sequences.

We report 95% confidence intervals (Cls) for the evaluation metrics. For R?, we com-
pute the Pearson correlation r between observed and simulated values, transform with
Fisher’s z = atanh (r), use SE = 1/V(n — 3), and back-transform the 95% z interval (z +
1.96-SE) to obtain the CI for r and hence for R? (=r2). For RMSE and NSE, we apply a non-
parametric bootstrap with 2000 resamples of the paired observations; the 2.5th and 97.5th
percentiles of the bootstrap distribution define the 95% CI. We report values as estimate
[lower-upper].

2.7. Scenario Design for Future Simulations

To evaluate soil water and salt dynamics under different management and climatic
conditions, we designed three sets of scenarios on the calibrated SaltMod model. The first
set focused on changes in irrigation amount. In the baseline scenario, the average total
irrigation volume of 667 mm-a! observed from 2022 to 2024 was used. In the decreased
irrigation scenario, the irrigation volume was reduced by 20% to approximately 534
mm-a~ to assess the risk of salt accumulation under water-saving conditions. In the in-
creased scenario, the irrigation volume was raised by 20%, to approximately 800 mm-a~,
to evaluate the impact of enhanced leaching efficiency and changes in the groundwater
table on soil desalination.

The second set examined changes in irrigation water quality. In the clear water sce-
nario, irrigation water conductivity was reduced from the baseline of 1.05 dS'm to 0.6
dS-m™ to analyze the effects of low-salinity water on root-zone salt balance. In contrast, in
the high-salt scenario, irrigation water conductivity was increased to 1.5 dS'm™ to simu-
late salt accumulation under deteriorating water quality conditions.

The third set of scenarios explored rainfall variation. In the dry scenario, annual rain-
fall was decreased by 20%, to approximately 144 mm-a™, to examine the impact of in-
creased dependence on groundwater and irrigation on salinity dynamics. In the wet sce-
nario, annual rainfall was increased by 20%, to approximately 222 mm-a~, to investigate
how enhanced rainfall influences root-zone leaching and groundwater level decline.

These six one-way scenarios were analyzed in comparison with the baseline scenario
to quantify the effects of irrigation management and climatic factors on soil salinity trends
over the next 10 years. The simulation scenarios and boundary conditions for SaltMod are
summarized in Table 3.

Table 3. Simulation scenarios and boundary settings for SaltMod.

Scenario Irrigation Volume (mm) Water EC (¢-L') Rainfall Change Groundwater Purpose
Baseline 450 mm 4.5 0% O0Om Reference
High irrigation 600 mm 45 0% Om Dilution potential
Low-quality water 450 mm 6.0 0% Om Salt stress test
Wet climate 450 mm 4.5 +20% 0m Climate resilience
GW controlled 450 mm 4.5 0% 1.8 m Drainage effect

2.8. Engineering Management Scenarios

To assess the effects of different engineering measures on salinity control in the sim-
ulation, we established three types of engineering management scenarios based on the
baseline scenario, with parameterization as follows. The first scenario involves drainage
system improvement. In this scenario, the depth of field drainage ditches was increased
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from 1.5 m to 2.0 m, and the lateral spacing of the ditches was reduced from 100 m to 75
m, increasing the drainage coefficient 4, from 0.02 d-!to 0.035 d-'. Additionally, an un-
derground seepage pipe network (pipe diameter, 0.1 m; burial depth, 2 m; spacing, 50 m)
was installed at the bottom of the transition layer, simulating a 20% increase in the drain-
age capacity and a corresponding improvement in the aquifer discharge coefficient.

The second scenario focuses on adjusting the frequency and regime of irrigation. For
the “additional fall leaching” case, the annual irrigation quota increased by 80 mm (from
667 to 747 mm-a). For the “frequency increase” case, the annual quota was kept at 667
mm-a~' but redistributed across seven events. Under the phased drenching intensification
approach, a small additional quota of autumn irrigation was introduced alongside the
baseline spring and summer irrigation, specifically aimed at removing residual salts from
the root zone. In the irrigation cycle optimization approach, the interval between individ-
ual irrigations was shortened from an average of 20 d to 15 d, increasing the total number
of irrigations from five to seven times per year. This ensures that the soil water content
was maintained at 70% to 80% of the field water-holding capacity, achieving a balance
between salt control and water conservation.

The third scenario addresses artificial groundwater regulation. In this case, pumping
wells were installed in downstream low-lying areas, with three groups of deep wells (well
depth, 3 m; pumping capacity, 10 m3-h), raising the average groundwater depth from 1.5
m to 1.8 m and reducing the intensity of capillary recharge. Additionally, during peak
drainage seasons, combined with agricultural and industrial water reuse, quantitative re-
charge was applied to the transition layer to simulate a “pumping-return” cycle in the
aquifer. This process allows for the gradual dilution of groundwater salinity through the
optimization of return irrigation water quality [35]. Figure 3 illustrates the seasonal vari-
ation trends of soil salinity and groundwater depth in the Yichang Irrigation Area from
2022 to 2024.
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Figure 3. Seasonal variation in soil salinity (mean + SD) and groundwater depth (2022-2024).

By parameterizing the three engineering solutions described above and applying
them to the SaltMod model, we quantified the emission reduction effect of each measure
on soil salinity dynamics over the next 10 years, providing decision support for prioritiz-
ing and combining engineering measures under limited resource conditions in the irriga-
tion area.
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3. Results
3.1. Calibration and Validation of the SaltMod Model

To evaluate the applicability of the SaltMod model in the Yichang Irrigation Area, we
used observation data from the summer and fall of 2022 to 2023 for parameter calibration
and data from the summer and fall of 2024 for independent validation. The calibration
process employed a genetic algorithm to minimize the residual sum of squares between
soil salinity and groundwater depth as the objective function.

As shown in Table 4, the SaltMod model demonstrates strong agreement between
simulated and observed values for both soil salinity and groundwater depth. During the
calibration period, the RMSE for soil salinity was 0.12 g-kg™, with an NSE of 0.87 and a
coefficient of determination (R?) of 0.90. The relative error was controlled within 6.7%,
indicating excellent consistency between simulations and measurements. For groundwa-
ter depth, the model successfully reproduced seasonal fluctuation patterns, achieving
RMSE = 0.20 m, NSE = 0.83, and R2 = 0.88. The relative error remained within 11.1%, re-
flecting reliable simulation accuracy.

Table 4. SaltMod model calibration and validation metrics.

Relative

Variable Period RMSE (95% CI) NSE R2 (95% CI) Error

Soil salinity
(gkg™)
Groundwater
depth (m)
Soil salinity
(kg™
Groundwater
depth (m)

Calibration  0.12 [0.10-0.15] 087  0.90[0.84-0.94]  6.7%
Calibration  0.20 [0.17-0.24] 083  0.88[0.81-0.93] 11.1%
Validation ~ 0.15 [0.13-0.18] 081  0.85[0.76-0.91]  8.2%

Validation =~ 0.25 [0.21-0.30] 0.78 0.82[0.72-0.89]  13.0%

In the validation period, the model maintained robust predictive performance. Sim-
ulated soil salinity remained well aligned with observations, despite slight data disper-
sion, yielding RMSE = 0.15 g-kg™!, NSE = 0.81, and R? = 0.85. Similarly, the groundwater
depth simulations effectively captured the seasonal decline following autumn drainage,
with minor deviations in peak and valley amplitudes. Groundwater depth metrics
reached RMSE = 0.25 m, NSE = 0.78, and R? = 0.82, with a relative error of 13.0%. These
results confirm the model’s ability to simulate key soil-water—salt dynamics in the Yi-
chang Irrigation Area with acceptable accuracy.

Although the model’s extrapolation performance during the validation period was
slightly lower than during calibration, its overall predictive capability remained strong.
The model reliably captured both the salt accumulation and leaching cycles, as well as
seasonal variations in groundwater depth.

3.2. Observed Spatiotemporal Characteristics of Soil Salinity

Using measured data from two growing seasons in 2022-2023, this study revealed
significant spatial and temporal variability in soil salinity across the Yichang Irrigation
Area. Spatially, in the upstream zone (sample points 1-10), the average root-zone salinity
(0-20 cm) was 1.62 + 0.48 g-kg™ in summer, which decreased to 1.05 + 0.42 g-kg™ in fall
after washing owing to higher topography and relatively favorable drainage conditions.
In the middle reaches, average salinity was 1.85 + 0.60 g-kg™! in summer, decreasing to 1.25
£ 0.55 g'kg in autumn. In the low-lying downstream area (sample points 21-30), the av-
erage root-zone salinity was 1.62 = 0.48 g-kg™ in summer, decreasing to 1.05 + 0.42 g-kg!
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in autumn after drenching. Within this area, peak salinity levels reached as high as 2.10 +
0.70 g-kg™! in summer due to the shallow groundwater table before dropping to 1.40 + 0.65
g-kgin fall. In Figure 3, error bars represent +1 standard deviation across the 60 sampling
points sampled each season, summarizing spatial variability within the branch-canal com-
mand area.

In the vertical distribution, the surface root zone (0-20 cm) was most significantly
affected by evapotranspiration concentration and irrigation water washing, showing the
highest salinity level, averaging 1.80 + 0.55 g-kg™! in summer. The middle layer (20-50 cm)
exhibited slightly lower salinity due to the accumulation of downward seepage, with sa-
linity levels of 1.42 + 0.50 g-kg in summer and 1.05 + 0.46 g-kgin fall, respectively. Over-
all, the salt concentration showed a gradient distribution from the midstream to the up-
stream and downstream areas, with the greatest fluctuation occurring in the surface layer,
reflecting the differences in how topography and drainage conditions influence saliniza-
tion.

In the time dimension, soil salinity exhibited a typical “accumulation—-drenching” cy-
cle. During the period of high temperatures and strong evaporation from May to Septem-
ber each year, continuous irrigation combined with intense transpiration led to gradual
accumulated surface salt accumulation, peaking in August at an average of 1.80 g-kg'.
After October, the combined effects of rainfall and fall drenching irrigation significantly
reduced surface salinity, with the average dropping to 1.20 g-kg. Interannual compari-
sons showed that the summer peak in 2023 (1.75 g-kg™) was slightly lower than in 2022
(1.82 g-kg™), and the fall peak decreased from 1.22 g-kg™ to 1.17 g-kg'. This was mainly
attributed to an approximately 8% increase in annual rainfall in 2023 and improvements
in localized drainage works. Overall, the seasonal cycle remains the dominant pattern of
salinity dynamics in the area, while the interannual trend shows a slight decrease due to
the combined influence of climatic and engineering interventions. These patterns are con-
sistent with the sensitivity ranking, which points to groundwater depth and irrigation
salinity as first-order controls, with soil texture and rainfall exerting secondary effects.

3.3. Predicted Soil Salinity Dynamics Under Different Scenarios

After the successful calibration and validation of the SaltMod model, we simulated
the evolution of root-zone soil salinity (0-20 cm) from 2025 to 2034 under the baseline and
four alternative scenarios: autumn leaching, groundwater regulation, irrigation regime
adjustment, and reduced rainfall (Figure 4).
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Figure 4. Simulated soil salinity under management and climate scenarios (median + 95% CI, 2025—
2034). Shaded bands denote the 95% confidence intervals (2.5th-97.5th percentiles) obtained from a

500-member Latin-hypercube ensemble with +20% parameter perturbations.

Under the baseline scenario, which maintained the average management conditions
observed during 2022-2024 (irrigation volume of 667 mm-a, irrigation water EC = 1.05
dS‘m™, rainfall = 180 mm-a™, and groundwater depth = 1.5 m), soil salinity gradually de-
creases from 1.80 to 1.71 g-kg™ over 10 years—a cumulative reduction of ~5%. The decline
was most pronounced during the first five years, after which it stabilized.

In the autumn leaching scenario, additional post-harvest irrigation significantly en-
hanced salt leaching efficiency. Therefore, soil salinity steadily declined to 1.55 g-kg™! by
2034, representing a cumulative reduction of approximately 14%—the most effective
among all tested interventions.

Under the groundwater regulation scenario, where groundwater levels were artifi-
cially lowered to enhance drainage, salinity decreased to 1.60 g-kg™ by 2034 (~11% reduc-
tion), indicating notable benefits for salt removal through deeper percolation.

The irrigation regime adjustment scenario introduced optimized irrigation frequency
and timing to improve water-use efficiency. This strategy reduced salinity to approxi-
mately 1.66 g-kg™ (~8% reduction), balancing effective salt control with practical water-
saving benefits.

Conversely, the reduced rainfall scenario simulated a 20% decline in annual precipi-
tation, reflecting a potential climate change stressor. This led to a gradual accumulation
of soil salinity, reaching 1.75 g-kg™ by 2034 (~5% increase), highlighting the sensitivity of
the root zone to reduced natural leaching.

These results collectively suggest that while salinity shows a mild declining trend
under current management, proactive interventions —particularly autumn leaching and
groundwater regulation—can markedly enhance soil desalination. In contrast, unfavora-
ble climatic conditions such as reduced rainfall could reverse these gains and exacerbate
salt accumulation.

These results indicate that irrigation quantity, water quality, and rainfall changes all
had significant effects on the evolution of soil salinity. Among them, irrigation water qual-
ity and irrigation quantity adjustment emerged as the most direct and effective means of
salinity regulation, while rainfall changes primarily influenced interannual variability.
The synergistic effects of drainage and groundwater level control measures will be further
evaluated in subsequent engineering scenarios. Across scenarios, the 95% confidence half-
width for year-10 salinity was 0.03-0.05 g-kg, indicating that the relative ranking of in-
terventions is robust.

3.4. Sensitivity Analysis of the SaltMod Model

To clarify the extent of the influence of different input parameters on soil salinity
prediction results, we used a combination of one-way variability analysis and Sobol global
sensitivity analysis to evaluate the sensitivity of five types of key parameters: groundwa-
ter burial depth, irrigation water conductivity, root-zone saturated hydraulic conductiv-
ity, leaching efficiency, and drainage coefficients. The results showed that groundwater
depth and irrigation salinity were the most sensitive parameters affecting soil salinity sim-
ulation in SaltMod, while soil texture and rainfall exhibited relatively lower sensitivity
(Figure 5).
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Figure 5. Sensitivity analysis of the SaltMod parameters.

First, the response of root-zone (0-20 cm) salinity to parameter perturbations was
calculated using a one-factor sensitivity test in which each parameter was varied individ-
ually within +20% of its baseline value while keeping other parameters constant. The re-
sults showed that groundwater depth and irrigation water conductivity were the most
sensitive parameters influencing salinity. When the groundwater depth decreased by 20%
(i.e., from 1.5 m to 1.2 m), root-zone salinity increased by about 8% after 10 years. Simi-
larly, when irrigation water conductivity increased by 20% (from 1.05 to 1.26 dS-m™), sa-
linity rose by nearly 7%. In contrast, changes in root-zone saturated hydraulic conductiv-
ity and leaching efficiency had a moderate impact on salinity (3-5% increase or decrease),
while the drainage coefficient had the smallest effect (around 2%).

Secondly, Sobol global sensitivity analysis was conducted to quantify both the indi-
vidual effects and the interactions among the five parameters, by calculating the first-or-
der sensitivity index (5;) and the total effect index ( s, ). The results showed that ground-

water depth had the highest sensitivity, with Si=0.42 and St = 0.53, followed by irrigation
water conductivity (Si=0.30, and Sti = 0.40). Leaching efficiency and root-zone saturated
hydraulic conductivity showed moderate sensitivity (St = 0.25 and 0.22, respectively),
while the drainage coefficient exhibited the lowest sensitivity (Sri < 0.15).

These findings revealed that a shallower groundwater depth intensified capillary
rise, leading to continuous recharge of the root zone by saline groundwater. Simultane-
ously, irrigation water conductivity directly determined the salt input from irrigation, and
the combined effect of these two parameters played a dominant role in salt accumulation.
Drenching efficiency and saturated hydraulic conductivity influenced the rate of salt in-
filtration, while the drainage coefficient adjusted the aquifer’s drainage capacity but had
a limited direct effect on root-zone salinity due to constraints of the drainage system.

In summary, future applications of the model and the mitigation strategies should
focus on groundwater level management and irrigation water quality control to achieve
the most significant salinity reduction.

3.5. Impact of Engineering Measures on Soil Salinity

Based on the three types of engineering management programs designed, we numer-
ically simulated root-zone soil salinity (0-20 cm) over the next 10 years (2025-2034), and
the results are as follows. Figure 6 illustrates that groundwater regulation and drainage
system improvement were the most effective engineering measures for reducing soil sa-
linity, achieving reductions of 0.20 and 0.18 g-kg, respectively.
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Figure 6. Reduction in root-zone soil salinity after 10 years for candidate engineering measures
(mean + 95% CI).

Under the drainage system improvement scenario, the depth of field drainage ditches
was increased from 1.5 m to 2.0 m, and the ditch spacing was reduced from 100 m to 75
m, which improved the drainage coefficient from 0.02 d-! to 0.035 d-!. The simulation re-
sults showed that after 10 years, soil salinity in the root zone decreased from 1.71 g-kg™!
(baseline) to 1.40 g-kg, representing a cumulative reduction of about 18%. When a net-
work of infiltration pipes (0.1 m pipe diameter and 50 m spacing) was further deployed
at the bottom of the transition layer, salinity decreased to 1.45 g-kg™, a reduction of ap-
proximately 15%.

Under the irrigation regime optimization scenario, based on the baseline irrigation
(five times per year, totaling 667 mm-a™), two improvements were simulated: adding one
additional fall autumn leaching irrigation of 80 mm and increasing irrigation frequency
from five to seven times per year. The results showed that additional fall irrigation re-
duced soil salinity to 1.56 g-kg™ after 10 years, a reduction of about 9%, while increasing
irrigation frequency reduced salinity to 1.60 g-kg™, a reduction of around 7%. This opti-
mization achieved a balance between water conservation and desalination.

Under the groundwater regulation scenario, the average groundwater depth was
raised to 1.8 m by deploying deep wells in the downstream low-lying area (3 m deep wells
with a pumping capacity of 10 m*h"' x three ports) or through rhythmic recharge com-
bined with industrial and agricultural water reuse to dilute saline water. The pumping
scenario reduced soil salinity to 1.48 g-kg after 10 years, a reduction of about 13%, while
the combined recharge scenario reduced salinity to 1.50 g-kg™, approximately a 12% de-
crease.

Autumn leaching improves desalination at the cost of approximately 80 mm-a of
additional water, whereas the frequency increase option preserves the annual quota by
redistributing events. Thus, these simulations indicated that drainage system improve-
ment and groundwater regulation were the most effective measures, each achieving 15-
20% desalination, while irrigation regime optimization enhanced water-use efficiency but
reduced salinity by only about 10%. The synergistic application of multiple engineering
measures could provide practical solutions for managing salinized irrigation areas.
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4. Discussion
4.1. Mechanisms and Implications of Observed Spatiotemporal Salinity Dynamics

By comparing the measured data with the simulation results of the SaltMod model
for 20222023, we quantitatively verified the model’s reliability in reproducing the char-
acteristics “summer salt accumulation-autumn flushing” cycle in the Yichang Irrigation
Area. The SaltMod simulations faithfully reproduced this seasonal fluctuation and suc-
cessfully captured the salinity gradient across different soil depths and topographic units.
This comparison indicated that the model’s parameterization of key processes—capillary
rise, seepage flushing, and drainage —accurately represented the underlying mechanisms
of water—salt cycling in the field.

Figure 7 illustrates the spatial distribution of soil salinity across different sampling
rows (I-VI) and columns (A-J), revealing significant spatial heterogeneity. Localized salt
accumulation was observed in areas such as point III-E.
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Figure 7. Spatial distribution of soil salinity.

The region-specific soil salinity patterns were mainly driven by the following factors:
first, topographic differences created a clear groundwater depth gradient between up-
stream (deeper groundwater) and downstream (shallower groundwater) areas. In the up-
stream, weak capillary rise led to lower salt accumulation, while the downstream area
experienced a high-water table and strong capillary rise, resulting in pronounced salinity
accumulation. The midstream area, characterized by flat but poorly drained topography,
showed the highest peak salinity.

Secondly, irrigation management played a decisive role in the seasonal salt cycle:
large-volume irrigation during spring and summer exacerbated salt accumulation, while
a single low-volume autumn leaching irrigation was insufficient to fully remove residual
salts from the root zone.

Third, while interannual rainfall fluctuations influenced drenching efficiency to some
extent, their overall impact on salinity dynamics was weaker compared to the effects of
irrigation volume and water quality.

Both the simulation and field observation consistently highlighted that effective wa-
ter—salt management in semi-arid irrigation areas requires an integrated approach which
carefully balances topography, groundwater regulation, and irrigation practices to
achieve sustainable salinity regulation and agricultural productivity.
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4.2. Reliability and Uncertainty in Model Predictions

Although the reproducibility of the SaltMod model in the Yichang Irrigation Area
was improved through systematic calibration and validation in this study, multiple
sources of uncertainty remained in the prediction results.

First, soil physical parameters (e.g., saturated hydraulic conductivity, field water-
holding capacity) and leaching efficiency, which were obtained from field experiments or
inversion, were subject to measurement errors and spatial variability. These uncertainties
could lead to biases in simulation results across different grids or years. Second, uncer-
tainties in meteorological and irrigation data (e.g., uneven rainfall distribution, statistical
errors in irrigation volume) could also amplify inaccuracies in water—salt balance calcula-
tions. In addition, SaltMod assumed homogeneous soil layers and stable boundary con-
ditions, thereby overlooking the sudden impacts of surface runoff, small-scale topo-
graphic variations, and extreme climatic events on water and salt transport within the
watershed.

The sensitivity analysis indicated that a 20% perturbation in key parameters could
result in more than a 10% fluctuation in simulated root-zone salinity. This finding under-
scored the importance of careful attention to parameters such as groundwater depth and
irrigation water conductivity. Structurally, SaltMod adopted a seasonal equilibrium
method, which limited its ability to capture short-term pulsations and nonlinear pro-
cesses, such as transient leaching after heavy rainfalls or changes in capillary rise during
extreme droughts. Consequently, its predictive accuracy at interannual and plot scales
was constrained. Quantitatively, interval widths from the sampling-based propagation
(0.03-0.05 g-kg! at year ten) are small relative to intervention effects, supporting the sta-
bility of management rankings.

In conclusion, although SaltMod effectively reflected long-term and large-scale sali-
nization trends, it remained limited by parameter uncertainty, data resolution, and struc-
tural simplifications. To enhance reliability and accuracy in regional applications, inte-
grating SaltMod with mesoscale or high-resolution models and strengthening field mon-
itoring and data collection are necessary.

4.3. Practical Implications of Scenario Predictions and Management Recommendations

The scenario simulation results demonstrate that various management strategies of-
fer distinct advantages in alleviating salinization but must be tailored to local conditions,
including cost, technological maturity, and water resource availability. Based on the sim-
ulations and sensitivity analyses, the following practical implications and priority recom-
mendations are proposed:

1. Prioritize improved drainage systems. Deepening field drainage ditches and reason-
ably reducing ditch spacing significantly improve drainage efficiency (with the drain-
age coefficient increased from 0.02 d-! to 0.035 d! in the model), achieving a 15-20%
long-term reduction in soil salinity. This measure involves manageable civil invest-
ment, relies on mature construction technology, and is recommended as the primary
engineering intervention.

2. Implement groundwater-level regulation in parallel. Deploying shallow pumping
wells or establishing synchronized recharge systems can raise the average ground-
water depth to 1.8 m, thereby reducing capillary rise and achieving approximately
14% salt reduction. This strategy can be combined with drainage system improve-
ments, utilizing the extracted saline groundwater for staged reuse or safe discharge
to enhance water resource efficiency.

3. Optimize irrigation quotas and frequency. Adding one fall drenching irrigation event
(80 mm) and increasing irrigation frequency from five to seven times per year can
reduce salinity by 8-10%, with only a modest increase in water consumption. Precise
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scheduling of irrigation quotas and timing meets both crop water demand and salt

leaching requirements. With low technical requirements and minimal management

costs, this measure is suitable for rapid adoption.

4. Improve irrigation water quality. Where feasible, the preferential use of low-salinity
water sources (EC < 0.6 dS'm) or the targeted blending of water sources can achieve
around 15% salinity reduction over ten years. However, this option is often con-
strained by water availability and distribution costs and should be pursued as part of
a medium- to long-term strategy.

Considering construction costs, effectiveness, and technological readiness, the pro-
gram should be gradually implemented in the following order: drainage system improve-
ment > groundwater level control > optimization of irrigation system > water quality im-
provement. Establishing a stable groundwater depth barrier through drainage enhance-
ment and groundwater regulation, combined with precision irrigation and high-quality
water sources, will build a “drainage—control-irrigation—quality” synergistic manage-
ment system to effectively alleviate the risk of salinization in the Yichang Irrigation Area
and similar semi-arid regions. Only by adopting such an integrated management ap-
proach can salinization risks be mitigated and the sustainable development of agriculture
ensured.

4.4. Potential Agricultural Implications of Soil Salinity Dynamics

Based on the simulation results, soil salinity in the root zone (0—20 cm) of the Yichang
Irrigation Basin is projected to decrease gradually, by approximately 5% in the next 10
years, under baseline management conditions. However, a reduction in irrigation quan-
tity or deterioration in water quality may lead to more than a 10% increase in salinity.
Salinity levels between 1.5 and 2.0 g-kg™ can induce salt stress in maize, causing a 5-10%
decrease in leaf area index and an 8-12% reduction in both stem and leaf biomass and ear
kernel yield. The simulation further indicated that adopting low-salinity irrigation water
or enhanced drainage could reduce soil salinity to below 1.3 g-kg™, effectively eliminating
salt stress during mid-to-late growth stages and restoring crop yields to non-stressed lev-
els. We did not explicitly couple a crop growth model; thus, yield responses were not
simulated. Interpreting salinity effects on yields therefore relies on literature-based re-
sponse functions, and the quantitative values reported here should be viewed as indica-
tive rather than predictive.

To mitigate the impacts of salinity on crop growth, agronomic management should
focus on the following strategies:

Variety selection and planting schedule: salinity-tolerant maize cultivars should be
promoted and spring or late sowing should be adopted to avoid peak salinity periods,
reducing the risk of salt stress during seedling establishment and nodulation.

Crop rotation and intercropping: maize should be followed with deep-rooted crops
(e.g., sunflower, alfalfa) to extract salts from the deeper soil layers, improve soil structure,
and encourage the upward movement and subsequent leaching of salts.

Targeted leaching and fertilizer management: an amount of 60-80 mm of water
should be applied during autumn leaching, and fertilizer application should be timed to
coincide with drenching. Supplementation of potassium and phosphorus should be used
to improve salt tolerance, and small nitrogen doses should be provided during drought
to improve crop resilience.

Soil improvement and mulching: straw or plastic mulch should be used to reduce
evapotranspiration and salt concentration at the surface. In heavily salinized areas, soil
amendments such as biochar or gypsum should be applied to improve ion balance, soil
aggregation, and water—salt transport efficiency.
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By integrating these agronomic practices with the engineering interventions recom-
mended by the model, a synergistic approach to drainage, drenching, and nutrient man-
agement can be achieved. This combined strategy will minimize salt stress impacts on
crop performance and support the sustainable development of agriculture in the Yichang
Irrigation Area.

4.5. Study Limitations and Directions for Future Research

Although this study has successfully reproduced the dynamics of soil water and sa-
linity, as well as the anticipated effects of engineering interventions in the Yichang Irriga-
tion Basin through systematic field observations and model calibration, several limitations
remain:

1. Limited spatial and temporal coverage: observations were confined to two years and
limited to summer and fall, making it difficult to fully capture the impacts of long-
term hydrological cycles (e.g., dry and wet years) and extreme climatic events on sa-
linity dynamics.

2. Simplified modeling assumptions: SaltMod assumes a homogeneous and level soil
and groundwater system, overlooking the influence of microtopographic variation,
heterogeneous soil properties, and discontinuous drainage pathways on water and
salt movement.

3. Lack of crop—salt interaction modeling: this model does not directly couple soil salin-
ity dynamics with crop growth processes, limiting its ability to simulate real-time
feedback from salt stress on crop physiology or to reflect the role of root development
in modifying water and salt transport.

4. Insufficient socio-economic and management assessment: this analysis lacks detailed
evaluations of the technical and economic feasibility of the proposed engineering
measures. Data on local farmer acceptance, operation and maintenance costs, and
long-term sustainability are also lacking. The summary of engineering measures and
expected benefits is shown in Table 5.

Table 5. Summary of engineering measures and expected benefits.

Estimated Salt Water-Saving

Measure Implementation Reduction Potential Remarks
Autumn leaching Extra 100 mm in October 5-10% Hig}r;(;_l}i :(; 300 Low cost and high water use
Irrigatior} optimiza-  Shift to biweekly ditches re- 10% Medium Easy adoption
tion duced per event
Improved drainage 05 m deep olIz)znncllitches every 15% Low Infrastructure needed
GW level control  Subsurface pipe + control wells 20% Medium Long-term stable control

To address these shortcomings, future research should extend the observation period
and continuously monitor changes in soil salinity, groundwater depth, and crop yields
across multiple years, including periods of extreme drought and flooding. This would
enhance the model’s capacity to respond to interannual fluctuations and sudden climatic
changes. Integrating SaltMod with coupled models that simulate soil-water—crop interac-
tions, such as SWAP-EPIC, would enable the joint simulation of salt stress and crop yield
within a unified framework, improving the precision of agronomic management assess-
ments. Incorporating high-resolution spatial data, including topographic elevation and
remotely sensed soil salinity inversion, can support the development of refined grid-based
models that capture the influence of microtopographic variability on salinity dynamics.
Additionally, integrating economic and social analyses, such as cost-benefit evaluations
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and models of farmer decision-making, would provide critical insight into the economic
feasibility, adoption likelihood, and long-term sustainability of various engineering and
management strategies. Advancing research in these directions will strengthen both the
theoretical and practical foundations of water and salinity management in semi-arid irri-
gation regions, supporting more precise, adaptive, and sustainable agricultural develop-
ment.

5. Conclusions

Based on measured data from the summer and fall of 2022-2024, we systematically
evaluated and applied the SaltMod model to calibrate, validate, and simulate soil water
and salt dynamics in the Yichang Irrigation Area of Hetao Irrigation District, Inner Mon-
golia. The main conclusions are as follows:

1.  SaltMod model reliability
After parameter optimization and independent validation, SaltMod accurately
reproduces the seasonal accumulation and leaching processes of soil salts in the root
zone (0-20 cm), as well as the cyclic fluctuations in groundwater depth. The RMSEs
for the calibration and validation periods were below 0.15 g-kg™ and 0.25 m, respec-
tively, and the NSEs exceeded 0.78, indicating good model performance for long-term
regional predictions.
2. Identification of key control factors
Sensitivity analysis showed that groundwater depth and irrigation water con-
ductivity are the two most influential factors affecting salt dynamics in the root zone,
followed by soil leaching efficiency and saturated hydraulic conductivity. The influ-
ence of the drainage coefficient was relatively weak. Future water and salt manage-
ment should prioritize water quality control and groundwater regulation.
3.  Engineering management program preferences
Simulation results showed that improved drainage (deeper furrows, seepage
pipe networks) and artificial water table regulation (deep well pumping or recharge)
can achieve a 15-20% reduction in root-zone salinity. Optimized irrigation regimes

(additional fall irrigation or increased frequency) can reduce salinity by 7-10%, while

using low-salinity irrigation water (EC < 0.6 dS'm™) can further reduce salinity by

about 15%.

4.  Practical implications and recommendations for sustainable management
This study provides an engineering roadmap based on quantitative modeling for

the Yichang Irrigation Area and similar semi-arid regions. Because inputs are limited
to routinely observed variables and canal operation records, the approach is readily
transferable to branch-canal systems in other semi-arid regions. It recommends im-
proved drainage and groundwater regulation to build a dual “drainage—control” bar-
rier, supported by precision irrigation and high-quality water sources to enhance “ir-
rigation—quality” synergy. Our results validate the applicability of SaltMod for long-
term water and salt prediction at the branch-canal scale and provide a scientific basis
for decision-making on integrated water and salt management in irrigation districts,
supporting sustainable agricultural development and comprehensive saline-alkali
land management. By relying on routinely observed variables and canal operation
records, the workflow provides decision support for sustainable irrigation and drain-
age at branch-canal scale and is readily transferable to other semi-arid systems.
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