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Abstract

During shelterbelt construction in the desert regions of the lower Tarim River,
soil profile water-salt variations are pronounced under saline groundwater irri-
gation conditions and exhibit certain regularities. To characterize vertical soil
water-salt dynamics, the development of a numerical model represents a highly
efficient methodology. Through reconstructing the dynamic processes of water-
salt movement within the soil profile, the underlying principles governing soil
water-salt transport in high-salinity environments can be elucidated, thereby
facilitating shelterbelt ecological engineering construction and subsequent sus-
tainable irrigation management. This study employs HYDRUS-1D to simulate
the spatiotemporal distribution characteristics of soil water-salt under varying
groundwater salinity levels during the initial phase of shelterbelt establishment,
with soil hydraulic parameters optimized based on measured soil water-salt data
to assess model applicability. Results demonstrate that the surface layer (0-30
cm) exhibits substantial irrigation-induced fluctuations in soil water content
and salinity, accompanied by pronounced salt surface accumulation; conversely,
the deep layer (50-150 cm) shows minimal irrigation influence and minor fluctu-
ations. Numerical model simulations show good agreement with observed data,
effectively capturing soil water-salt transport processes. The developed model
can be applied to simulate soil water-salt transport dynamics under various irri-
gation salinity conditions in the mobile desert regions of the lower Tarim River,
providing both theoretical foundation and technical support for ecological shel-
terbelt construction in this area.
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Abstract: During the construction of shelterbelts in desert areas in the lower
reaches of the Tarim River, changes in water and salt in soil profiles under
groundwater saline-water irrigation are pronounced and exhibit certain regular-
ity. To understand the vertical dynamics of soil water and salt, establishing a
numerical model is a highly efficient approach. By reconstructing the dynamic
process of water and salt in soil profiles, the laws of soil water and salt transport
under high-salinity environments can be revealed, serving ecological engineering
construction of shelterbelts and subsequent sustainable irrigation management.
HYDRUS-1D was used to simulate the distribution characteristics and temporal
changes of soil water and salt under groundwater irrigation conditions with dif-
ferent mineralization degrees during the initial stage of shelterbelt construction.
Based on measured soil water and salt data, soil hydraulic characteristic pa-
rameters were optimized and the applicability of the model was evaluated. The
results show that water content and salt content in the surface layer (0-30 cm)
are strongly affected by irrigation, with large numerical fluctuations and strong
salt accumulation; the deep layer (50-150 cm) is less affected by irrigation and
shows smaller numerical fluctuations. The numerical model simulations agree
with measured values and can well reflect soil water and salt transport. The es-
tablished model can be used to simulate soil water and salt transport in mobile
desert areas of the lower reaches of the Tarim River under irrigation conditions
with different mineralization degrees, providing a theoretical basis and technical
support for ecological shelterbelt construction in the region.

Keywords: saline-water irrigation; soil water and salt transport; HYDRUS-1D
model; lower reaches of the Tarim River
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The Golmud-Korla railway is an overland transport corridor from China to West
Asia, the Mediterranean, and the Black Sea regions, and is of great significance
for national economic development and the consolidation of national defense.
The railway passes through ecologically fragile areas in the lower reaches of the
Tarim River[1-2], where wind-sand activity is intense; ecological shelterbelts
need to be established to ensure the safe operation of the railway. However,
because water resources in this region—especially surface water—are preferen-
tially used for agricultural production, groundwater is affected by evaporation
and drainage processes, has very high mineralization, and can hardly be used
directly for conventional plant irrigation. Using such poor-quality groundwa-
ter to irrigate highly salt-tolerant trees and shrubs is an important technical
pathway for shelterbelt construction in the region. Studies have shown that
saline-water irrigation has a significant inhibitory effect on the growth of most
desert plants[3-4], and high-salinity irrigation can even lead to plant death[5].
At present, scholars in China and abroad have carried out extensive research on
saline-water irrigation, covering soil physics, chemistry, and biology[6-8], and
also including analyses of soil water and salt transport and salt distribution[9-
11]. However, previous studies have mainly focused on saline water with mineral-
ization less than 5 g+ L—1, with a maximum not exceeding 30 g+ L—1. Research
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involving saline-water irrigation above 30 g+ L—1 is almost absent. Under high-
salinity irrigation environments, the viscosity coefficient and dispersivity of soil
increase to a certain extent, and the laws of soil water and salt transport also
differ from those under low-salinity conditions. According to measurements, the
groundwater TDS (total dissolved solids) in the proposed shelterbelt area com-
monly exceeds 30 g+ L—1, and may reach 50-70 g+ L—1 or more at its highest.
Therefore, from the perspective of groundwater utilization, investigating the
distribution characteristics of water and salt in soil profiles is of profound signif-
icance for the efficient use of saline groundwater resources in desert areas and
for the cultivation and management of salt- and alkali-tolerant desert plants.

Establishing a water and salt transport model is one of the important means
of analyzing soil water and salt transport. Compared with traditional field
measurements, using models to simulate water and salt patterns can save large
amounts of manpower and material resources. At present, several soil water
and salt transport models widely applied in China and abroad include HY-
DRUS, PROFLOW, WAV-ES, 2DFATMIC, SHAW, and others. Among them,
the HYDRUS-1D model is a freely available model developed by the U.S. Salin-
ity Laboratory
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The model program for simulating variably saturated and porous-medium water,
heat, and solute transport[ 12| can couple atmospheric processes (evaporation,
rainfall, irrigation), soil water and solute transport, heat, plant root water up-
take, and other processes for integrated simulation. In recent years, HYDRUS
software has been widely used to simulate soil water movement[~13-15] and
solute transport[~16-17] under different land-use patterns, and has been proven
to have good applicability and effectiveness.

Based on measured soil water data for one complete irrigation cycle in each of the
summer and autumn seasons under drip irrigation with groundwater of different
salinities, as well as soil-profile salinity data at the end of the irrigation cycles in
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Fig. 1 Geographic location of the study area

Figure 1: Fig. 1 Geographic location of the study area

summer and autumn, this study combined local meteorological, irrigation, and
vegetation conditions and used the HYDRUS-1D model to simulate soil water-
salt transport processes within the drip-irrigated belt of Tamariz chinensis Lour.
By comparing and analyzing simulated and measured values, the reliability and
accuracy of the model were verified. The results can provide a theoretical basis
and effective technical support for the construction of shelterbelt projects in this
region.

1 Data and Methods

1.1 Overview of the study area

The study area is located in the desert along the Gewu Railway in the 33rd
Regiment of the Second Agricultural Division, on the northeastern margin of the
Tarim Basin, at 40°45'N, 87°18’E (Fig. 1). The mean annual air temperature
in this region is 12 °C; the extreme maximum air temperature can reach 44.3
°C, and the extreme minimum air temperature exceeds —30.9 °C. Mean annual
precipitation is 24.7-54.1 mm, and annual potential evaporation is 2000-3000
mm. The windy season occurs from April to July each year; the prevailing
wind directions are mainly easterly and northeasterly winds. The mean annual
wind speed is 1.6-3.2 m - s~ !, and the maximum wind speed is 13.3-20.5 m - s~ .
The soil texture in the experimental area is sandy soil. During the experiment,
groundwater depth fluctuated between 4.25 and 4.65 m.

1.2 Experimental methods

This study adopted a field-controlled experiment conducted in the Tamarix
planting experimental shelterbelt. The experimental area was equipped with
water-supply wells for groundwater-level monitoring and pumping irrigation. To
study the effects of saline-water irrigation at different salinities on plants and
soil, local groundwater was desalinated and used for drip-irrigation afforestation.
The irrigation-water salinity gradient was divided into four levels (10 g+ L™,
25 g+ L7 40 g+ L™, and raw water), where raw water refers to untreated
groundwater. The salinity stability of the irrigation water is shown in Fig. 2.
Except that the raw water varied over a relatively large range (33.32-54.14 g -
L~1), the desalination equipment was generally able to maintain irrigation-water
salinity at the salinity levels shown in Fig. 2.

1 RRTEE
Fig. 1 Geographic location of the study area
2 RIOHAEER K L E
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Fig. 2 Monitoring of irrigation water salinity during the experiment

Figure 2: Fig. 2 Monitoring of irrigation water salinity during the experiment

Fig. 2 Monitoring of irrigation water salinity during the experiment

Field monitoring was conducted from May 30, 2019 to September 20, 2019.
Monitoring indicators included Tamariz root distribution, plant height, leaf
area index, soil water content, soil electrical conductivity (EC,,5), groundwater
level, groundwater electrical conductivity, and meteorological data.

The spatial distribution of root density was determined by excavating the entire
root system at the end of the growing season, washing and oven-drying the
roots, and weighing them by layer, with three replicates. Soil water content
was measured using a neutron soil moisture meter. The measurement points of
the neutron probe were placed beneath the emitters, and the monitoring depth
range was 0-100 cm (in this paper, soil water contents at soil-layer depths
of 15 cm, 30 cm, 50 cm, and 90 cm were selected as validation data for the
model). Soil electrical conductivity was measured by layered sampling with a
soil auger (measurement depth 0-160 cm, one layer every 20 ¢cm) and a 1:5 soil-
water ratio (EC;,5). An Excel fitted equation was used to convert electrical
conductivity values to salt content. August 1 and September 20 (the ends of
the two irrigation cycles) were the sampling dates; soils were sampled by layer
with three replicates. The spacing between emitters in the drip-irrigation belt
was 60 cm, the emitter discharge was 3.8 L - h™!, the spacing between drip lines
was 2.5 m, the drip-line length could reach 100 m, each continuous irrigation
event lasted 8 h, and the wetted width of the drip-irrigation belt could reach 65
cm.

1.3 Numerical simulation
HYDRUS-1D software was used to simulate soil water and salt in 2019.

transport conditions; the simulated soil-depth range was 0-160 cm. The simula-
tion period was from May 30 to September 30, 2019, totaling 124 d. Measured
soil water-content data from the two irrigation periods of July 22-August 1 and
September 10-September 20, and measured soil-profile salinity data from Au-
gust 1 and September 20, were used to validate the model. The initial time step
was set to 0.001 d, the maximum time step to 0.5 d, and the maximum number
of iterations to 10, allowing the program to automatically adjust the time step
within the prescribed time-step range.

The Van Genuchten-Mualem model was adopted as the soil-water characteris-
tic curve model. The soil water content and electrical conductivity measured
before the irrigation period were input into the model as the initial conditions.
According to the local climate and irrigation conditions, the upper boundary of
the simulated soil body was determined to be an open atmospheric boundary,

chinarxiv.org/items/chinaxiv-202108.00020 Machine Translation


https://chinarxiv.org/items/chinaxiv-202108.00020

ChinaRxiv [$X]

receiving irrigation replenishment, soil-surface evaporation, precipitation, etc.;
the potential evapotranspiration ET,, was calculated from meteorological data
and leaf-area index using the FAO-recommended Penman-Monteith equation.
The groundwater table in the study area fluctuated between 4.25 and 4.65 m.
According to the studies of Zhou Hong, Zheng Bowen, et al.[18-19], the capillary
rise height of sandy soil above the phreatic layer is 120 c¢m; therefore, ground-
water had almost no influence on the simulated soil body (0-160 cm), and the
lower boundary condition was set as free drainage.

1.3.1 Water-movement model

In this simulation, the Richards equation was used to describe one-dimensional
vertical soil-water movement in the vadose zone:

where: 6 is the volumetric water content (cm?+cm™2); ¢ is time (d); z is the
vertical soil-depth coordinate (cm), with the ground surface taken as the origin
and downward defined as positive; K (h) is hydraulic conductivity (cm+d=1); h
is negative pressure head (cm); and S is the source-sink term, mainly used to

describe root water uptake (cm? +cm ™3+ d~1).

The hydraulic parameters of unsaturated soil water are described as follows:

o 400 g
oy =4 (1% lahl™)

0., h>0

K(h) = K,S! {1 —(1- Si/m)m]z (3)

where: 0, and 0, refer respectively to saturated water content and residual
water content (cm?®-cm™3); o, m, and n are empirical parameters, of which
m = 1—1/n; K, is saturated hydraulic conductivity (cm-d=t); S, is the
dimensionless relative water content; and [ is the pore-connectivity parameter,
usually taken as 0.5.

1.3.2 Salt-transport model

Without considering solid-phase adsorption, the equilibrium convection-disper-
sion equation was selected to describe solute transport in the root zone:

ot 9z

00Cc 0 ( 876')75"000 )
0z 0z
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where: C represents solute concentration (mol-cm~3); D represents the hydrody-
namic dispersion coefficient (cm? - d~1); and v represents the average pore-water
velocity (cm - d™1).

1.3.3 Root water-uptake model

Because the distribution of potential transpiration (i.e., potential root water
uptake) in the root zone is consistent with the spatial distribution of root density,
this study, based on the results of field-layered excavation of roots, input the dry
weight of roots in each layer into the model, and the model transformed them
to generate the root distribution function. The model converts the root water-
uptake parameters into a water-stress response function to represent root water
uptake. In this study, the Feddes trapezoidal function was used to describe the
water-uptake process of Tamarixz roots. According to the research results of
Moayyad and Grinevskii[20], the water-uptake parameter values are shown in
Table 1. Root water uptake in HYDRUS-1D uses the modified Feddes model,
as shown in Eq. 5:

S(h, hy,x,2) = a(h, by, z,2)b(z, 2)S,T, (5)

p

where: «a(h, h,, z,2) is the soil-water stress response function; h,, is osmotic
pressure (cm); b(z, 2) is the root distribution function (cm=2); S, is the surface
length related to transpiration (cm); and 7}, is the potential transpiration rate
(cm«d1).

Table 1 Root water-uptake parameters

Tab. 1 Water absorption parameters of roots

Top/cm+  rop /cm
hy/cm hy/em  hs y/em  hg o/cm h,/cm d-! d-!

—0.1 —2.0 —80.0 —250.0 —15000.0 0.5 0.1

Note: hy is the soil matric potential at the wilting point for root water uptake;
hy is the soil matric potential at the beginning of the optimum range for root
water uptake; h4 is the soil matric potential at the end of the optimum range
for root water uptake (hs_; is —80 soil matric potential, and hg 5 is —250 soil
matric potential); h, is the soil matric potential at the wilting point of root
water uptake; roy and ry; are two assumed potential crop transpiration rates,
respectively.

1.3.4 Calculation of potential evapotranspiration

When meteorological data are input into the model as the upper boundary
condition, the Penman-Monteith equation is used to calculate potential evapo-
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transpiration. The applicability of this equation in arid environments has been
verified by many scholars[21-22]. Its main form is:

 0.408A(R, — G) + vy 72%us (e, — €,)

(6)

where: ETj is evapotranspiration (mm -h~1); R, is net radiation at the crop
surface [MJ+(m?+d)~1]; G is soil heat flux [MJ+(m?+d)~!]; v is the psychrometric
constant; 7' is the daily mean air temperature at 2 m height (°C); u, is the daily
mean wind speed at 2 m height (m - s™!); e, is saturated vapor pressure (kPa);
e, is actual vapor pressure (kPa); and A is the slope of the saturation vapor
pressure curve with temperature.

1.4 Model calibration and evaluation

According to the vertical distribution characteristics of the measured soil texture,
soil profiles at different depths were divided into 5 layers (the specific soil-layer
depth division is shown in Table 2). The water-characteristic parameters of each
layer were obtained by using the Rosetta module of the HYDRUS-1D model:
measured soil particle size and bulk density for each layer were input to obtain
the initial parameters for each layer. Parameter calibration was performed us-
ing the measured soil water-content data during the summer irrigation period;
the soil longitudinal dispersivity was 60 cm. To improve the accuracy of the
numerical simulation, it was necessary to adjust the soil-water characteristic
parameters.

Table 2 Soil particle size and soil water characteristic parameters in
the study area

Soil
bulk
Soil den-
depth sity 0./ 0,/ K,/
/ /eg+ cm® cm?s cm- o/
em  Sand  Silt Clay cm™® cm® cm d!  cm! n l

0- 79.6  19.6 0.8 146 0.015 0.382 100 0.047 2.82 0.5

20
20- 989 1.1 0.0 1.52 0.013 0.377 56 0.031 2.59 0.5
60
60- 975 2.5 0.0 1.55 0.011 0.368 86 0.032 3.26 0.5
80

80- 94.1 5.9 0.0 1.58 0.017 0.370 o6 0.035 3.13 0.5
100
100- 97.5 2.5 0.0 154 0.013 0.372 100 0.032 4.04 0.5
150
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Fig. 3 Simulated and measured values of soil moisture content

Figure 3: Fig. 3 Simulated and measured values of soil moisture content

Note: 6, is residual water content; 6, is saturated water content; K is saturated
hydraulic conductivity; « is the air-entry value; n is an empirical parameter
related to pore-size distribution; [ is the pore-connectivity coefficient.

The parameters were adjusted. According to sensitivity analysis, optimization
was mainly performed for the saturated hydraulic conductivity K, and the em-
pirical parameter n; the optimized results are shown in Table 2. The water-salt
observation data were divided into two periods: 22 July 2019 to 1 August 2019
was used for model calibration, and the other period was used for model vali-
dation. Three methods—the root mean square error (RMSE), the coefficient of
determination (R?), and the Nash-Sutcliffe model efficiency coefficient (NSE)—
were used to evaluate the performance of the numerical simulation in this study.

2 Results and Analysis
2.1 Simulation of soil moisture

It can be seen from Fig. 3 that the simulated values of soil moisture were rela-
tively consistent with the measured values. After irrigation, the water content
of the surface soil layer (0-30 cm) first increased rapidly, reaching 15%-20%,
and then quickly decreased to below 10%. The water content of the 50-90 cm
soil layers changed little and generally fluctuated between 5% and 10%; among
them, the response at the 90 cm soil layer to irrigation showed an obvious lag,
and the numerical changes were not very sharp. During the stage of water re-
distribution, the water content of the surface soil was lower than that of the
lower layers, indicating that the surface soil was strongly affected by irrigation
infiltration and evaporation. The model was able to simulate well the changes
in soil moisture from infiltration to redistribution. The above results indicate
that the HYDRUS-1D model has strong applicability for simulating soil water
movement in the study area.

Fig. 3 Simulated and measured values of soil moisture content

The overall simulated effect for soil water content was evaluated. The results
show that the calibrated HYDRUS-1D model can simulate the dynamic changes
in soil moisture with relatively high accuracy (Fig. 3). This is mainly reflected
in the small RMSE and the high R? and NSE. Generally, RMSE indicates the
deviation between simulated and measured values, but it cannot reflect the
goodness of fit between simulation and observation, whereas R? and NSE can
provide a good explanation of model fit. Under the four irrigation treatments
with different mineralization levels, the RMSE of soil moisture ranged from
0.014 to 0.020, R? ranged from 0.71 to 0.88, and NSE ranged from 0.67 to 0.85.

Under the four irrigation treatments with different mineralization levels, the
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evaluation results for different soil layers are shown in Table 3. The RMSE
values for soil moisture at different depths during the calibration and validation
periods were all between 0.005 and 0.032. From the numerical perspective, the
model simulation results were relatively satisfactory and had a certain degree
of reliability. However, from the feedback of the two evaluation indices R? and
NSE, the simulation performance for different soil layers followed the order: 30
cm > 15 cm > 50 cm > 90 cm. The simulation accuracy for the 50 cm and 90 cm
soil layers was low; in particular, the model efficiency coefficient for the 90 cm
soil layer was shown to be unreliable (NSE < 0). The simulation performance
for the surface soil layer (0-30 cm) was better than that for the lower layer (50-
90 cm).

2.2 Soil salinity simulation

Figure 4 compares the simulated and measured values of soil profile salinity on
August 1, 2019 and September 20, 2019. The simulated values and measured
values basically agreed. As can be seen from Fig. 4, under irrigation treatments
with different water mineralization levels, the soil salt content first decreased
rapidly from the surface layer to the deep layer, and then maintained a stable
distribution pattern. A relatively obvious salt-accumulation zone existed in the
surface soil layer. With the increase in irrigation water mineralization, the salt
content in each soil layer increased correspondingly, and surface accumulation
of salt became more pronounced.

As shown in Table 4, under the four irrigation treatments with different miner-
alization levels, the RMSE values between simulated and measured soil salinity
were 0.13, 0.23, 0.33, and 0.59, respectively; R? values were 0.92, 0.85, 0.86, and
0.74, respectively; and NSE values were 0.92, 0.78, 0.89, and 0.65, respectively.
The smaller RMSE and higher R? and NSE indicate that, under irrigation with
different mineralization levels, the spatial distribution patterns of simulated and
measured soil salinity were relatively consistent, with little difference.

2.3 Scenario simulation

To better reflect the future trends in the transport processes of water and salt
in forest soil after irrigation with saline water, this study set a simulation period
of approximately 4 months from the irrigation start date in the following year
to the end of the plant growing season (May 30-September 22).

For the soil hydraulic characteristic parameters, the summer irrigation pa-
rameters after parameter calibration were used. The plant growth module in
HYDRUS-1D was selected, and the monitored data of Tamariz plant height,
leaf area index, and root depth during the growing period were input into the
model.

Table 3 Statistical analysis of simulated soil moisture results
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Tab. 3 RMSE, R? and NSE of simulated value and measured value
of soil moisture content

Irrigation
water
miner-
aliza- Soil RMSE RMSE R? NSE NSE
tion /  layer / Cali-  Valida- Cali- R? Val- Cali-  Valida-
gLt cm  bration tion bration idation bration tion
10 15 0.027 0.021 0.83 0.83 0.75 0.79
10 30 0.020 0.013 0.83 0.91 0.50 0.85
10 50 0.026 0.021 0.54 0.58 0.29 0.07
10 90 0.025 0.012 0.36 0.58 —5.20 —0.04
10 Overall 0.020 0.75 0.67
effect
25 15 0.021 0.026 0.79 0.69 0.66 0.72
25 30 0.023 0.030 0.81 0.72 0.75 0.64
25 50 0.024 0.023 0.83 0.88 0.75 0.83
25 90 0.017 0.016 0.62 0.79 0.47 0.71
25  Overall 0.020 0.77 0.72
effect
40 15 0.015 0.011 0.91 0.91 0.82 0.81
40 30 0.021 0.008 0.82 0.93 0.59 0.91
40 50 0.032 0.013 0.81 0.71 0.67 0.79
40 90 0.019 0.012 0.58 0.53 —0.60 —0.13
40  Overall 0.014 0.88 0.85
effect
Raw 15 0.022 0.007 0.75 0.93 0.68 0.89
water
Raw 30 0.012 0.007 0.83 0.85 0.77 0.76
water
Raw 50 0.022 0.009 0.69 0.67 0.63 0.69
water
Raw 90 0.019 0.005 0.40 0.52 —3.48 —3.82
water
Raw  Overall 0.015 0.71 0.68
water effect

Note: RMSE is the root mean square error; R? is the coefficient of determination;
NSE is the model efficiency coefficient. The same below.

(al) 10 g - L1 irrigation water (2019-08-01)
(2019-09-20)

Soil salt content / g+ kg™*
Soil depth / cm

(a2) 10 g - L1 irrigation water
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Measured value —Simulated value
(bl) 25 g - L1 irrigation water (2019-08-01) (b2) 25 g+ L1 irrigation water
(2019-09-20)

Soil salt content / g - kg *
Soil depth / cm
Measured value —Simulated value

(c1) 40 g - L7t irrigation water (2019-08-01) (c2) 40 g - L' irrigation water
(2019-09-20)

Soil salt content / g+ kg™*
Soil depth / em
Measured value —Simulated value

(d1) Raw water (2019-08-01)  (d2) Raw water (2019-09-20)

Soil salt content / g+ kg™*
Soil depth / em
Measured value —Simulated value

Fig. 4 Comparison of simulated and measured values of soil salinity
Table 4 RMSE, R? and NSE of simulated and measured soil salinity values
Tab. 4 RMSE, R? and NSE of simulated and measured soil salinity values

10g-L7t 25¢g-L71! 40g-L71t

irrigation irrigation irrigation
Indicator water water water Raw water
RMSE 0.13 0.23 0.33 0.59
R? 0.92 0.85 0.86 0.74
NSE 0.92 0.78 0.89 0.65

and the model defaulted to uniform root growth from the irrigation starting
point to the end of the growing season. Combining the actual irrigation data
and daily meteorological data, soil water and salt were simulated. Because the
roots of the plants in the experimental plot were mainly distributed within the
0-40 cm range, and because the simulation accuracy for soil water in this interval
was relatively high, the 15 cm and 30 cm soil layers were mainly simulated. The
simulation results are shown in Fig. 5.

After irrigation, soil salinity and water are closely related, especially with the
most pronounced response in the surface soil. Figures 5a and 5b show the
process of change in soil water content, in which each increase in water content
indicates that irrigation was carried out on that day (precipitation was relatively
small and can be ignored). As shown in Fig. 5c¢ and Fig. 5d, after irrigation
began, the salts in the soil dissolved in the water, and the water moved downward
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under the action of gravity; salts leached with the water to deeper soil layers.
This process is called salt leaching, during which soil salinity decreases rapidly.
After the irrigation process ended, because evaporation is intense in desert areas,
surface water evaporated rapidly, and water in the lower soil layers carried
salts upward and accumulated in the surface layer, causing salt accumulation in
the surface soil. Moreover, as time progressed, after soil water had undergone
upward and downward movement, water content decreased, and the rate of
increase in salinity in the surface soil also gradually slowed. In analyzing the
change processes of surface soil water content and salt content within a given
period, the dynamic relationship between the two was close. With multiple
irrigations in the experimental area, except under raw-water irrigation, where
the change in mineralization was relatively large, salt accumulation and increases
appeared in the surface soil under the other salinity levels of irrigation.

3 Discussion

The desert area in the lower reaches of the Tarim River has an arid climate
with little rainfall and a harsh natural environment. The application of sandy-
land saline-water drip irrigation technology to establish shelterbelts can provide
a strong guarantee for the safe operation of the Golmud-Korla Railway. In
this paper, the effects of four salinity levels of irrigation water—10 g-L~!, 25
g-L71 40 g- L', and raw water (untreated groundwater)—on soil water and
salt transport were studied. It was found that after irrigation ended, the water
content of the surface soil rapidly decreased to below 10%. This is consistent
with the phenomenon reported by Ding Xinyuan et al. [23]. Water is a key
factor ensuring normal plant growth, and the poor water-retention capacity of
sandy soil in shelterbelts makes how to slow the rapid loss of water from shallow
soil after irrigation a focus of future work.

Soil salinization is a problem frequently encountered during the later construc-
tion and maintenance of shelterbelts. Based on the results of two salt obser-
vations in summer and autumn, this study found that the higher the salinity
of the irrigation water, the more obvious the salt accumulation in the soil sur-
face layer; this also confirms from another perspective the conclusion of Gong
Kaige et al. [10]. Through observation of water-salt movement patterns over
four years, Zhou Zhishan et al. [24] concluded that under the dominance of ir-
rigation and evaporation, the overall soil salt content can maintain a relatively
balanced state in the short term and presents periodic fluctuations. In this
study, the model was used to simulate and reconstruct the fluctuation of salin-
ity in the root-zone soil throughout the growing season, also showing that soil
salinity has periodic fluctuation characteristics. However, from a long-term per-
spective, under continuous high-salinity irrigation, salt is continuously supplied
to the soil; it tends to accumulate slowly at all depths. As seedlings gradually
grow, the salt-accumulation effect of the root system [23] also begins to become
evident, as

Fig. 5 Simulation of soil water and salt migration at depths of 15 cm and 30
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Fig. 5 Simulation of soil water and salt migration at depths of 15 cm and 30
cm

Figure 4: Fig. 5 Simulation of soil water and salt migration at depths of 15 cm
and 30 cm

cm

(a) Soil water content at 15 cm
(b) Soil water content at 30 cm
(c) Soil salt content at 15 cm

(d) Soil salt content at 30 cm

Legends: 10 g+ L~! irrigation water; 25 g+ L' irrigation water; 40 g+ L1 irri-
gation water; raw water.

Axis labels: soil water content / cm? - cm™3; soil salt content / g« kg™!; date /
month-day.

how to balance and regulate the spatial distribution of salts, and to seek effective
desalination pathways, is the direction of further research.

In recent years, the use of software to simulate water-salt dynamics as a means
of participating in water-salt management and regulation has become an in-
creasingly popular approach. Yu Genjian

15

and Li Liang et al.
25

used the HYDRUS model to simulate and study the laws of water and salt trans-
port in the Hetao irrigation district of Inner Mongolia, providing new ideas for
regional water-saving, salt control, and the long-term development of irrigation

districts. Li Kaiming
16

and Shi Peijun et al.
26

applied the HYDRUS model to simulate the laws of soil water and salt transport
under open-ditch and subsurface-pipe drainage conditions, proving that under
these conditions the HYDRUS model can be effectively applied. Li Huijie

27

and Wang Zaimin et al.
28
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used the HYDRUS model to simulate, respectively, the water dynamics in the
maize root zone and the water-salt transport patterns during cotton growth,
showing that the model can be used to monitor soil water and salt conditions
during crop irrigation. According to the above research results, the HYDRUS
model can be applied flexibly under a variety of conditions and has been shown
to have considerable reliability and stability. The use of HYDRUS numerical
simulation methods can, while effectively reducing research costs, provide rela-
tively accurate predictions of future changes in the soil water-salt environment,
and can also play an effective auxiliary role in studies of other soil processes.

Under the severe conditions of continuous irrigation with highly mineralized
saline water, especially when the irrigation-water salinity exceeds 30 g-L~!, the
movement of water in the pore medium is affected by soil adsorption forces
and changes in the pore structure of the soil body, and the solute-transport
parameters of the soil change accordingly. Plants under irrigation with highly
mineralized saline water are subjected to the dual stress of water and salt, and
significant changes occur in physiological and ecological aspects; these issues all
require further research. The actual movement of water after drip irrigation is
three-dimensional, whereas this paper mainly considers the vertical movement
of water beneath the dripper. Although the main water-salt movement process
within the soil body is described, the lack of consideration of lateral movement
and anisotropy results in some loss of spatial information. Preferential flow
during infiltration generally cannot be ignored; however, considering that the
surface of the experimental area was flat and the upper sandy soil was relatively
homogeneous, and that no pores or fissures caused by plant-root growth or
animal factors were observed, the possibility of preferential low was relatively
small. Therefore, this experiment assumed that preferential flow did not exist.
In addition, in the model predictions, the influence of climate change on future
model input parameters was not considered; subsequent research will focus on
this issue.

4 Conclusions

(1) After irrigation, the water content of the surface soil layer (0-30 cm) in-
creased rapidly and could quickly reach 15%-20%. After irrigation ceased,
it again declined rapidly to below 10%. The change in water content in
soil layers below 50 cm was relatively small, generally fluctuating between
5% and 10%.

(2) For the numerical simulation of soil moisture, the depth above 30 cm was
better than the lower soil layer; for the numerical simulation of soil salin-
ity, the simulated values and measured values showed relatively consistent
spatial distribution patterns, with little discrepancy. The salinity simula-
tion results under irrigation with relatively low-mineralization water had
higher reliability.

(3) The HYDRUS-1D model was used to simulate the vertical variation trends
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of soil water content and salt content under high-mineralization water drip-
irrigation conditions. The simulated values had a high degree of fit with
the measured values, indicating strong applicability in the study area and
an ability to provide technical support for the construction of desert shelter
forests.
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Abstract: During shelterbelt construction in the lower reaches of Tarim River,
Xinjiang, China, the water and salt balance of the soil profile clearly changed
because of underground saltwater irrigation. Establishing a numerical model is
a very efficient means of understanding the vertical water and salt dynamics of
soil. By reconstructing the dynamic process of water and salt in the soil profile,
the regularity of soil water and salt migration in a high-salt environment can be
revealed, which would be useful for the construction of shelterbelts in ecological
engineering projects and sustainable management of the subsequent irrigation.
In this study, the distribution characteristics and temporal changes of the soil
water and salt under different salinity conditions for groundwater irrigation in
the early construction stages of the HYDRUS-1D shelter forest were simulated.
Soil water and salt data were collected for optimization of the soil water charac-
teristic parameters, and the applicability of the established numerical model was
evaluated. The results showed that the water and salt contents of the surface
soil (0-30 cm depth) were greatly affected by irrigation with large fluctuations.
Additionally, the salt content was highly concentrated at the soil surface. In
the deep layer (50-150 cm), irrigation had a small influence with small fluctu-
ations in values. The simulated values of the numerical model were in good
agreement with the measured values, which demonstrated that the model could
reflect the soil water and salt migration at the test site. The established model
can be used to simulate the soil water and salt migration in the desert area
downstream of Tarim River under different salinity conditions for irrigation and
provides a theoretical basis and technical support for the construction of an
ecological shelterbelt in this area. Using the HYDRUS numerical simulation
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method effectively reduces the research costs of accurately predicting future
changes in the soil water and salt environment, and it can also play an effective
auxiliary role in research on other soil processes. This experiment was conducted
in a desert environment, and few experimental studies have been performed in
similar environments. Hence, this study is innovative and can provide new ideas
and methods for experimental studies in relevant desert environments.

Key words: salt water irrigation; soil water and salt migration; HYDRUS-1D
model; lower Tarim River

Note: Figure translations are in progress. See original paper for figures.
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