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Abstract


Drought frequently constrains tea production in low-slope hilly regions, where inefficient irrigation scheduling often leads to substantial water losses. This study optimized drip irrigation management for tea plantations by quantifying soil wetting dynamics under different emitter flow rates, spacings, and initial soil water content conditions. Field and laboratory experiments were conducted to investigate wetting-front migration, wetted-body morphology, and soil moisture redistribution. The results showed that emitter flow rate primarily controlled the migration of vertical and lateral wetting fronts, whereas emitter spacing mainly influenced the overlap degree and uniformity of the soil wetted body (SWB). Both vertical and lateral wetting fronts exhibited strong power-function relationships with irrigation duration (R2 > 0.98). The optimal configuration for achieving an effective root-zone wetting depth of 40–45 cm was identified as a flow rate of 2.0 L·h−1 combined with a spacing of 40 cm. Based on multi-depth soil moisture monitoring, a soil water content equivalence model was developed to determine irrigation initiation and duration. Validation experiments demonstrated that the proposed control strategy reduced irrigation water use by 17.6% compared with the conventional method while maintaining adequate root-zone moisture distribution. These findings provide a practical framework for precision irrigation management in tea plantations under drought-prone hilly conditions.






Keywords:


soil wetted body; wetting-front migration; irrigation scheduling; soil moisture redistribution; precision agriculture












1. Introduction


Tea is one of the world’s three most popular non-alcoholic beverages and a vital economic crop in China [1,2]. As a perennial evergreen shrub, the tea plant thrives in warm and humid environments but is highly sensitive to waterlogging. Tea plants are typically grown in areas with annual rainfall exceeding 1000.0 mm and monthly rainfall of at least 100.0 mm [3,4]. Water is a crucial ecological factor for tea plant growth, influencing essential physiological processes such as respiration, photosynthesis, and nutrient transport [5]. Research indicates that tea plants perform optimally when the soil’s relative water content is between 70.0% and 90.0% [6]. Under drought stress, the water content within the plant decreases, stomatal aperture reduces, and both photosynthesis and transpiration rates are hindered. This leads to slower growth, reduced synthesis of amino acids and caffeine in the tea leaves, a 14.0–33.0% reduction in yield, and a mortality rate of 6.0–19.0% [7,8]. The spatial and temporal distribution of rainfall is uneven, resulting in regional and seasonal droughts that constrain tea plant growth and lower tea quality.



Irrigation serves as a critical method to mitigate the effects of intermittent drought on tea plants, directly influencing their growth and quality [3,9,10,11]. The most common irrigation methods are flood irrigation, furrow irrigation, sprinkler irrigation, and drip irrigation [12,13,14,15,16,17,18]. Among these, drip irrigation is the most effective when evaluated in terms of leaf bud growth, biochemical content, yield, and water-saving benefits [19]. Tea roots require stable root-zone soil water content to avoid drought stress and maintain quality. Drip irrigation water movement is controlled by initial soil moisture, flow rate, and emitter spacing, influencing wetting patterns. However, empirical parameter selection often ignores the shape of the soil wetted body (SWB) characteristics, leading to deep percolation and reduced irrigation efficiency.



The soil wetting characteristics vary under different drip irrigation parameter combinations. Thus, understanding the movement and distribution characteristics of water in the soil under drip irrigation is crucial for optimizing parameters in drip irrigation engineering. Numerous studies have explored SWB characteristics under drip irrigation, which can be summarized in three key aspects. The first aspect is the movement characteristics of the wetting front. The wetting front refers to the boundary between the wetted and dry soil layers during water infiltration [20]. In drip irrigation, the vertical infiltration distance and lateral diffusion distance below the emitter are important research objects [21,22]. Naglič et al. used HYDRUS-2D/3D software to simulate the effects of different textures, flow rates, and initial soil water content on wetting dimensions, finding that higher initial soil water content (θ0) expands the wetting range [23]. Dabral et al. studied the movement patterns of the wetting front under varying flow rates in sandy loam and found that the power function provided the best fit for both vertical and horizontal wetting front models [24]. Chu proposed that the wetting radius has a maximum value and derived an extreme value calculation formula for the wetting front movement distance based on the Green–Ampt model [25]. Schwartzman et al. studied water movement patterns under surface drip irrigation and established empirical models relating wetting depth and diameter to flow rate, total irrigation volume, and saturated hydraulic conductivity [26]. Al-Ogaidi et al. developed empirical models for wetting radius and depth over time for both homogeneous and heterogeneous soils under surface and subsurface drip irrigation, showing good predictive accuracy [27]. The second aspect is the SWB morphological characteristics and influencing factors [28]. Ben-Asher et al. suggested that point source drip irrigation can be approximated using a semi-circular equation and derived an analytical expression for the short-term wetting radius [29]. Hachun et al. analyzed water movement and distribution patterns in profiles under different soil types and irrigation volumes, deriving a semi-elliptical empirical model [30]. The third water distribution characteristics within the SWB and influencing factors [31,32]. Soil parameters such as texture and θ0 influence water distribution under drip irrigation [33]. In the research on water movement patterns in sandy loam, there was a decreasing trend in water content from the inside out, forming a triangular shape. The SWB can be divided into three zones (saturated zone, conduction zone, and SWB edge zone) [32,34], with the saturated zone quickly disappearing after irrigation ends, further expanding the wetting zone and reducing spatial differences in water distribution. The emitter spacing and horizontal infiltration distance are key factors influencing the extent of intersection, with greater intersection improving water content uniformity.



Although drip irrigation strategies have been widely studied in annual crops and orchards, their applicability to tea plantations in low-slope hilly regions remains insufficiently investigated due to the unique characteristics of tea root systems, uneven rainfall distribution, and heterogeneous soil conditions. In addition, previous studies have primarily focused on generalized wetting-front behavior without establishing a practical linkage between wetting-body evolution and irrigation scheduling under field conditions. The transferability of wetting-front-based irrigation strategies to different soil textures, climatic conditions, and perennial cropping systems therefore requires further validation through field-oriented studies. This study hypothesized that: (1) emitter flow rate and spacing jointly regulate the spatial morphology and redistribution characteristics of the soil wetted body in tea fields; (2) the effective root-zone wetting depth can be accurately predicted using a wetting-front-based infiltration model; and (3) integrating multi-depth soil moisture monitoring with wetting-front dynamics can improve irrigation scheduling accuracy and reduce irrigation water consumption under practical field conditions.



To address the lack of field-based and crop-specific research on drip irrigation management for tea plantations in the Yangtze River region, field experiments were conducted to systematically evaluate soil wetted-body evolution under different emitter flow rates, emitter spacings, and initial soil water content conditions. The effects of these irrigation parameters on wetting-front migration, wetted-area expansion, and soil moisture redistribution were analyzed to determine suitable irrigation configurations for effective root-zone wetting. Based on the experimental results, an infiltration depth (B0) model was developed to quantify the relationship between wetting depth, irrigation duration (t), and initial soil water content (θ0), enabling the prediction of irrigation duration under practical field conditions. In addition, a soil-moisture-based irrigation initiation method was established using multi-depth monitoring and a predefined lower irrigation threshold.




2. Materials and Methods


The proposed framework in this study integrates field characterization, process-based experimentation, and model validation to develop an optimized drip irrigation strategy for tea plantations (Figure 1). It begins with the selection and characterization of the experimental site, followed by the determination of tea root distribution and corresponding target wetted ranges to define the irrigation control domain. Based on this foundation, a systematic experimental design is implemented to investigate the effects of key drip irrigation parameters, including emitter flow rate and spacing, on soil wetting patterns. The influence of initial soil water content (θ0) on wetting front dynamics is then analyzed to capture its role in vertical and lateral moisture migration and to support the development of an infiltration-based modeling approach. Finally, a field validation experiment is conducted to evaluate the performance of the proposed optimal irrigation control strategy, comparing its effectiveness in terms of irrigation efficiency and soil moisture regulation.



2.1. Experimental Site


The experimental site, Maicun Tea Farm, is located in Danyang City, Jiangsu Province, China, within the low-slope hilly region that constitutes a major production area for high-quality tea in the middle and lower reaches of the Yangtze River (Figure 2a). The region has a mean annual temperature of 18.1 °C and an average annual precipitation of 1120.4 mm [3]. Despite generally favorable climatic conditions, rainfall is highly uneven in both temporal and spatial distribution, and periodic seasonal droughts frequently constrain tea yield and quality. At the time of the study, the tea plants were approximately six years old, and the plantation was fully established and in a stable production stage. Uniform management practices had been applied prior to the experiment, and no replanting or major structural changes occurred during the study period (from 1 June 2020 to 30 May 2021). The detailed micrometeorological data recorded during the field experiment are presented in Figure 2b–d. Micrometeorological data were continuously monitored during the experimental period using an automatic weather station installed adjacent to the experimental tea field. Air temperature and humidity at the height of 2.0 m were measured with HC2S3 (Campbell Scientific, Logan, UT, USA), respectively. All the sensors were calibrated before carrying out the experiment. CR3000 data loggers (Campbell Scientific, Logan, UT, USA) were used to collect the meteorological data, and the data sampling frequency of all the sensors was 0.5 Hz. The collection interval of all the sensors was 10 min.



The classification of soil texture is based on the World Reference Base (WRB) soil classification system [35]. The soil was collected from the experimental site at the depths of 0~10.0 cm, 10.0~20.0 cm, 20.0~30.0 cm, 30.0~40.0 cm, 40.0~50.0 cm and 50.0~60.0 cm. Bulk density and saturated volumetric water content (VWC) were measured by the oven dry method. A laser diffraction particle size analyzer (Mastersizer 3000, Malvern Panalytical, Malvern, WORC, UK) was used to measure the particle composition. The soil texture at the depth of 0~30.0 cm was sandy and under 30.0 cm was loam (Table 1). Time domain reflectometry (TDR) (CSC616, Campbell Scientific, Logan, UT, USA) was used to measure VWC and the measuring accuracy was ±1.0%. The soil water-holding characteristics were determined using the pressure plate apparatus method. Soil water retention curves were established by measuring volumetric water content at different matric potentials, allowing estimation of key parameters such as field capacity and wilting point [36].



The physical properties and the particle composition of the soil for the experiment are shown in Table 1. The maximum variation in field capacity remained consistent at 0.6%. Hence, it was reasonable to regard the soil within the 30.0–60.0 cm layer as homogeneous loam soil.




2.2. Determination of Tea Root Distribution and Wetted Ranges


Root excavation experiments were conducted in representative field plots under the stabilized drip irrigation treatments described in Table 2. Three representative tea plants were randomly selected from each treatment zone, and destructive sampling was performed after long-term drip irrigation operation to ensure that the observed root architecture reflected adaptation to the established soil moisture regime.



The experimental tea plantation adopted a planting pattern with plant spacing of 25.0–30.0 cm and row spacing of 160.0–180.0 cm. Soil profiles were excavated to a depth of 50 cm and divided into five layers at 10 cm intervals (0–50 cm) to quantify root distribution at different depths. Roots responsible for water and nutrient uptake were collected separately from each soil layer, and the proportion of roots in each layer was determined using the mass-based method.



To characterize root spatial distribution under drip irrigation, vertical distribution was quantified through layered sampling, whereas horizontal and lateral distributions were determined by measuring root extension distances from the taproot. The root distribution pattern was mathematically described using the cubic polynomial model (Equation (1)) and the elliptical model (Equation (2)) [29,37].


  z = − 0.00024  x 3  − 0.033  x 2  + 0.25 x + 45  



(1)






      x 2     a 2     +     z 2     b 2     = 1  



(2)




where a and b are the largest distances of tea roots in the lateral and vertical directions, respectively, cm; x is the lateral distance from the taproot, cm; and z is the vertical distance from the taproot, cm.



In addition, a series of drip irrigation treatments were designed with different emitter flow rates (1.0, 2.0, and 3.0 L·h−1), emitter spacings (40, 50, and 60 cm), and θ0 of 60%. A total of nine treatments (T1–T9) were established to further investigate the effects of irrigation parameters on soil water content distribution within the root zone. Each treatment combination of emitter spacing and discharge rate was maintained under field conditions until the wetting front reached the predetermined target depth (approximately 35–45 cm depending on treatment objectives). Soil water redistribution was monitored after irrigation cessation to capture post-irrigation equilibration processes. The root distribution data presented in Section 3.1 were obtained from destructive root sampling conducted within the same experimental field after long-term operation of the described drip irrigation system. The sampling was carried out under the stabilized irrigation configuration (i.e., using the same emitter layout and discharge conditions as defined in the experimental treatments). Therefore, the observed root architecture reflects plant adaptation to a sustained drip-irrigation-induced soil moisture regime rather than transient wetting events. This irrigation system design ensured that soil moisture dynamics, wetting front development, and root distribution characteristics were directly comparable across treatments, providing a consistent physical basis for linking irrigation parameters with root-zone development and soil water body (SWB) morphology. Soil water content (θs) is the volume of water relative to the field capacity value and is commonly expressed as a normalized ratio between the measured volumetric water content (VWC) and the soil volumetric water content at field capacity; it can be described as


   θ s  =     θ  V W C      θ  F C      × 100  



(3)




where θvwc is the measured volumetric water content (VWC), m3·m−3; and θFC is the volumetric water content at field capacity, m3·m−3.



To facilitate comparisons among soil layers with different field capacities, the measured volumetric water content (VWC) values were normalized relative to the field capacity of each soil layer. The normalized soil water content (θs) was expressed as the ratio between the measured VWC and the corresponding volumetric water content at field capacity. This normalization procedure minimized the influence of vertical heterogeneity in soil physical properties and enabled consistent evaluation of wetting-front migration and redistribution processes among treatments.




2.3. Experimental Design of Determining Drip Irrigation Parameters for Tea Fields


Soil texture significantly influences the morphological characteristics of the wetting front. In soils with relatively uniform texture, the water transport process can be considered isotropic, resulting in axisymmetric wetting patterns and water distribution [38,39]. Despite vertical variations in soil texture within the tea field, soils at the same depth exhibited homogeneous properties. Given the narrow spacing between tea plants and the dense horizontal distribution of tea roots, the overlap of wetting zones during drip irrigation is crucial for effectively moistening the root system. The degree of this overlap is influenced by various factors, including emitter spacing and flow rate. Therefore, the rational configuration of these parameters is essential for improving irrigation quality [40]. To determine optimal drip irrigation parameters, experiments were conducted to investigate the effects of different flow rates, emitter spacings, and θ0 on wetting front characteristics during the unidirectional intersection of two-point source drip irrigation. Laboratory tests were employed to analyze the wetting-front migration over time, the shape of the SWB, and post-irrigation water distribution, utilizing a quarter of the SWB for the analysis [41].



In the tea field, drip irrigation typically employs a flow rate of 1.0–3.0 L·h−1, with emitter spacing between 25.0 and 75.0 cm. Irrigation for approximately four hours is found to be most effective for achieving uniform water distribution and radial water movement [3]. An emitter spacing of 40.0–60.0 cm strikes an optimal balance. The experimental setup consists of two primary components: the water supply system and the soil tank (Figure 3). The water supply system comprises a base, a Mariotte bottle, a valve, hoses, a filter, a real-time flowmeter, a flow regulator, and an emitter. The Mariotte bottle serves dual functions: storing irrigation water and maintaining constant working pressure. The valve acts as a switch connected to the outlet of the Mariotte bottle, while hoses interconnect the various components to establish a continuous flow path. A real-time flowmeter (LSB-3WB) is used for continuous monitoring, offering a range of 4.0–40.0 mL·min−1. This allows for flow adjustments via the regulator, minimizing errors caused by flow deviations. To simulate actual drip irrigation processes, emitters were positioned on the soil surface.



The soil box, constructed from 8.00 mm thick acrylic, featured baffles on its base at 40.0 and 50.0 cm intervals to accommodate movable plates for varying emitter spacings. Through-holes (2.2 cm diameter) were placed at 10.0 cm intervals along the wall junctions and at a 3.0 cm offset on the side walls to facilitate sampling (Figure 3). To prevent deformation, the box was reinforced with bars at the base and sides, and steel wires at the upper, middle, and lower sections. A rubber plate with a wheel hub at the bottom allowed for easy repositioning.



A full factorial experiment was designed with three emitter discharges (1.0, 2.0, and 3.0 L·h−1) and three spacings (40.0, 50.0, and 60.0 cm), with two replicates per treatment (Table 2). Irrigation ceased upon reaching a vertical wetting depth of 35.0 cm, while the control group for redistribution analysis was set at 30.0 cm. Soil samples were collected from the tea field in 10.0 cm layers down to 60.0 cm after clearing surface debris. The soil was air-dried, sieved through a 2.0 mm mesh to remove debris, and stored in sealed bags. The initial gravimetric water content was measured via the oven-drying method. Subsequently, water was added to achieve 60.0% of field capacity, and the soil was thoroughly mixed and sealed for equilibration. The calculation formulas for soil and water mass are provided [42]:


   m 0  =  V s  × γ  



(4)






   m 1  =   1 +  θ  m 0     ×  m 0   



(5)






   m 2  =   0.6  θ m  −  θ  m 0     ×  m 0   



(6)




where  γ  is the bulk density of soil, g·cm−3; Vs is the volume of each layer of soil, d·m3;    θ m    is the field mass water capacity of each layer of soil, %; and m0, m1 and m2 are dry soil mass, air-dried soil mass and the added water mass, respectively, g.



Soil backfilling was conducted to maintain consistent depth and bulk density. The soil was packed in 5.0 cm layers to a total depth of 55.0 cm. To ensure adequate hydraulic contact between layers, the interface of each layer was roughened prior to adding the next. Upon completion, the exterior of the container was wrapped in plastic film to minimize sidewall evaporation, and the setup was allowed to equilibrate for 24 h before the drip irrigation experiment began.



Drip irrigation test procedures were conducted as follows: Firstly, the Mariotte bottle was filled with clean water and securely positioned at a fixed height on the stand. Valves were opened sequentially, and the flow rate was calibrated using a flow regulator, a stopwatch, a graduated cylinder, and the real-time flowmeter. Once the desired flow rate was achieved, the emitters were fixed above the intersecting surface of the container, positioned 1.0–3.0 cm above the soil surface and within 1.0 cm of the container wall. The experimental design simulated the one-directional intersection of a quarter of the wetting front. Ambient temperatures ranged from 26.0 to 33.0 °C; while natural evaporation from the soil surface occurred, its effect was considered negligible in the subsequent analysis.



The vertical infiltration depth directly beneath the emitter and the horizontal migration distance were defined as the vertical wetting front (Z) and horizontal wetting front (X), respectively. The intersecting profile beneath the emitter was defined as the O profile, whereas the non-intersecting side was defined as the P profile. Emitter discharge rate and cumulative irrigation volume were recorded throughout the experiment. Measurements of Z and X were taken at 1.0, 2.0, 5.0, 10.0, and 20.0 min during the initial infiltration stage, followed by measurements every 20 min until 2.0 h and every 30 min thereafter. Redistribution characteristics of the wetted body were further measured 24 h after irrigation ceased.



To evaluate wetting-body development and effective root-zone coverage, the wetting-front boundaries on both the O and P profiles were traced immediately after irrigation and again after 24 h of redistribution. Soil samples were collected from depths of 5.0, 15.0, 25.0, and 35.0 cm on both profiles immediately after irrigation and after the redistribution period. An additional soil sample was collected from the 45.0 cm depth after 24 h to assess deep percolation. Each soil sample (20.0–30.0 g) was weighed, and gravimetric water content was determined using the oven-drying method.



A randomized complete block design was adopted for field validation. Irrigation treatments were randomly assigned within the tea plantation to minimize spatial variability, with each treatment replicated twice. Soil samples were collected from multiple representative locations within each plot to improve spatial representativeness. Preliminary investigations confirmed that variations in soil texture and bulk density across the experimental area were minimal.




2.4. The Influence of Initial Soil Water Content on the Wetting Front


The optimal growth condition of tea plants was when the θ0 fell within the range of 70.0% to 90.0%. When this level dropped below 60.0%, there was a noticeable deceleration in growth. Typically, the θ0 at 60.0% was considered the threshold for initiating irrigation. However, depending on the growth stage of the tea plants, deficit irrigation may be employed to suppress growth, or alternatively, maintaining higher θ0 levels in the root zone may be prioritized to stimulate shoot and leaf growth. Additionally, θ0 also changed with the sequence of irrigation cycles. The lower limit of θ0 was typically set within the range of 50.0% to 70.0%. Different θ0 levels have a certain impact on the advancement of the wetting front. So, the single-factor experiment with five levels of θ0 with 50.0%, 55.0%, 60.0%, 65.0%, and 70.0% of field capacity was conducted to further analyze the characteristics of the wetting front for guiding the irrigation practice.



In order to more intuitively explain the water distribution in different wets, Chrischinson’s uniformity coefficient formula (Equation (7)) was used to calculate the uniformity coefficients of different surfaces [43].


   C u  =   1 −      ∑  i = 1  N      θ i  −  θ ¯        N ×  θ ¯       × 100 %  



(7)




where Cu is the uniformity coefficient of SWB;    θ i    is the mass moisture content of the actual sampling point, %; N is the total number of samples;    θ ¯    is the mean mass moisture content of the total sampling points.      θ ¯   o   ,      θ ¯   p   ,    C  u o    ,    C  u p     is the mean and uniformity of soil water content on O and P profiles of SWB, respectively, %.




2.5. Validation Experiment of Optimal Control Strategy for Tea Field


The traditional drip irrigation control process relies on water content measurements from a single soil layer, which often fails to accurately represent the water content throughout the entire root zone of tea plants [3]. However, soil content is a key parameter in drip irrigation management, influencing both the timing of irrigation and the dynamics of the wetting front [19]. In this experiment, six TDR sensors (CS616, Campbell scientific, Logan, UT, USA) were used to continuously measure θS in the root zone of the tea plants. These sensors were installed in the soil profile at a distance of 30.0 cm away from the tea plants, at 10.0 cm depth intervals, extending to a depth of 60.0 cm. A pre-drilled probe was used to insert the sensors. Data logging was carried out with a CR1000 data logger (Campbell Scientific, Logan, UT, USA), which recorded the θS readings on an hourly and daily basis. Due to the high correlation between adjacent soil layers, an equivalent model of soil water content was developed, where the moisture value from one layer was used to represent the moisture content of other highly correlated layers. To optimize sensor deployment, principal component analysis (PCA) was performed on the θS data at different depths. All the TDR sensors have been calibrated in the laboratory by using the oven dry method of measuring the VWC before installed in the experimental site. Two drip irrigation zones were set up in the field experiment, with each zone using 10 drip tapes, each tape being 36 m long and equipped with 90 emitters. All the emitters were 2.0 L·h−1 pressure-compensating emitters (Netafim, Tel Aviv, Israel) (Figure 4).



Irrigation zone one used the control strategy developed in this study, which controlled the initiation of drip irrigation based on a comprehensive evaluation of θS at 20.0 cm and 50.0 cm depths in the root zone, and calculated the drip irrigation time using the wetting front characteristic model. CS616 sensors were installed directly below the emitters. Irrigation zone two used a traditional control strategy, which directly took θS at a 20.0 cm depth as the input parameter to initiate drip irrigation and calculated the irrigation time with Equation (8) [44,45].


   t 1  =    1000 V × η   q × n × m    × 60  



(8)




where t1 is the total irrigation time of zone two, min; n is the number of drip taps; and m is the number of emitters on each drip tap.



The total irrigation time and irrigation amount of zone two can be described as [44]


   t 1  =    1000 v × S    θ  v 1   −  θ  v 0     × H   q × n × m    × 60  



(9)






  V =    v × S    θ  v 1   −  θ  v 0     × H  η    



(10)




where ν is the default wetting ratio, and it is set to 0.3; η is the water utilization coefficient, and it is set to 0.9. H is the target wetting depth, m, and it is set to 0.45; θv1 is the target soil water content for validation, and it is set to 0.351 (95% of field capacity). θv0 is the initial water content for validation, and it is set to 0.241 (65% of field capacity); S is the irrigation area, m2, and it is set to 660. The lower irrigation limit in irrigation zone one is set to 65% of field capacity, with a wetting depth of 45.0 cm;  V  is the total irrigation amount, m3.



At the start of irrigation, the starting date and time were recorded. During irrigation, the soil water content of the irrigation zone was sampled per minute. After stopping irrigation, the wetting width was measured using a tape measure. TDR sensor readings from various layers and the method of observation windows were used to determine the wetting depth comprehensively. The actual irrigation amount was collected from the water meter.



The water-saving rate was calculated by comparing the cumulative irrigation amount of the proposed control strategy (zone one) with that of the conventional irrigation strategy (zone two) over the same experimental period. The relative error in depth    R e    and water-saving rate    η w    were calculated by using Equations (11) and (12) [44].


   R e  =     H 0  − H  H   × 100 %  



(11)






   η w  =     V 1  −  V 0     V 1     × 100 %  



(12)




where H0 is the actual wetting depth, m; V1 is the total irrigation amount under the conventional irrigation strategy, m3; and V0 is the total irrigation amount under the proposed wetting-front-based strategy, m3. Both irrigation zones were operated under identical climatic and field conditions to ensure comparability.





3. Results and Analysis


3.1. Tea Root Distribution Characteristics


Tea root distribution exhibited clear spatial regularity, characterized by a unimodal pattern with depth (Figure 5). Root density increased from 0 to 10 cm (8.6–12.4%) to a peak at 10–20 cm (42.3–46.3%), and then declined gradually, with 96.7% of the roots concentrated within 0–40 cm and the main absorption zone located at 10–30 cm (75.8%). Horizontally, the roots showed a symmetric distribution, with lateral extension first increasing and then decreasing, and the maximum distance occurring near 10 cm depth. The average vertical, horizontal, and lateral extensions were 43.3 cm, 33.0 cm, and 32.3 cm, respectively. Root interweaving among adjacent plants resulted in a relatively continuous interaction zone. Model fitting indicated that both cubic polynomial and elliptical functions performed well below 30 cm, whereas the elliptical model provided higher accuracy in shallow layers. Based on these characteristics, the effective wetted region under drip irrigation can be defined as an elliptical continuous zone within 0–45 cm depth and 0–35 cm lateral range, which represents the optimal target for irrigation management. Tea roots exhibited a well-defined distribution pattern in both vertical and horizontal directions, with a maximum rooting depth of approximately 45.0 cm (average 43.3 cm) and a maximum lateral extension of about 33.0 cm. Based on the measured data, both cubic polynomial equations and elliptical models were used to fit the root distribution, and the elliptical model was ultimately selected to define the effective wetted soil zone under drip irrigation, representing the main water distribution area.



Considering that absorption roots were distributed within the range of 0.0 to 45.0 cm vertically and 0.0 to 35.0 cm laterally, Table 2 indicates mean values of 43.3 cm vertically, and 33.0 cm and 32.3 cm horizontally and laterally, respectively. Therefore, the values of 33.0 cm and 45.0 cm can be utilized as follows:


      x 2      33  2     +     z 2      45  2     = 1  



(13)







Below a depth of 30.0 cm, both methods adequately enveloped the root system. However, for the portion above 30.0 cm, the residual described by the elliptic equation was significantly smaller than that of the cubic polynomial. This indicated that the root system can be effectively enveloped by the elliptic equation (Figure 5). Consequently, the maximum wetted region of interest can be defined as the continuous wetted zone using the elliptic equation (Equation (13)) in the horizontal section.




3.2. The Characteristics of SWB Under Different Flow Rates and Emitter Spacings


The total amount of irrigation water was influenced by the interaction between flow rate and spacing (Figure 6a), resulting in variations in irrigation time for the same termination depth. At flow rates of 1.0, 2.0, and 3.0 L·h−1, the differences in irrigation water volume across different spacings were 0.17 L, 0.50 L, and 0.63 L, respectively. Conversely, at spacings of 40.0, 50.0, and 60.0 cm, the differences in irrigation water volume across different flow rates were 1.0 L, 1.28 L, and 1.46 L, respectively.



The dynamic changes in the wetting front showed that both X and Z values exhibited an increasing trend over irrigation time. However, as X and Z values gradually increased, the growth rates in all directions gradually slowed down. In the X direction, the growth rate began to plateau after the wetting front reached 28 cm, suggesting the existence of a maximum wetting radius for the drip irrigation system in the target tea field. Under the same spacing, changes in flow rate have a significant impact on the wetting front in all directions (Figure 6b). In the first 10 min of irrigation, the migration distances of the wetting front in the same direction are similar under different flow rates and do not show a consistent relationship with the flow rate. After 10 min of irrigation, different treatments begin to diverge. At the same time, the higher the flow rate, the larger the X and Z values, and the less time it takes to reach the same depth or width. This is because, over time, the total amount of irrigation water at the same moment becomes greater, and for high flow rate emitters, a saturated zone quickly forms below the emitter, driving the migration of X and Z. With different flow rates, the maximum difference in Z values at the same moment reaches 8.8 cm, and the maximum difference in X values reaches 6.8 cm.



Under a constant flow rate, spacing also notably impacted the wetting front (Figure 6c). Prior to convergence, X and Z values were similar across treatments. Post-convergence, the wetting fronts differentiated, with earlier convergence leading to larger X and Z values at the same moment. For instance, irrigation for treatments T2 and T5 ceased 60.0 and 20.0 min earlier, respectively, than for T8, indicating that convergence accelerated migration rates. However, the maximum differences in Z (2.8 cm) and X (1.1 cm) due to spacing were significantly smaller than those caused by flow rate variations.



The wetted body exhibited an ellipsoidal shape (Figure 7a). The wetted range and the wetting front of the P profile under different treatments follow the same pattern, increasing over time but with a slowing growth rate. The wetted shape of the P profile appeared as a flat ellipse in the early stages of irrigation across different treatments (Figure 7b). Initially, the P profile appeared as a flat ellipse. As irrigation continued, the lateral infiltration rate decreased sharply while gravitational potential became dominant vertically. Consequently, the width-to-depth ratio approached 1, transforming the shape into a circle, and eventually fell below 1, resulting in a vertical ellipse.



Both flow rate and spacing have a noticeable impact on the wetted area of the P profile (Figure 7c). In the early stages of irrigation, the wetted area was relatively small, with insignificant differences among treatments. However, as the irrigation duration increased, distinct differences emerged. These differences were as follows: with constant spacing, treatments with higher flow rates resulted in a larger wetted area on the P profile for the same irrigation duration, i.e., T1 < T2 < T3, T4 < T5 < T6, T7 < T8 < T9. Conversely, with constant flow rates, the smaller the spacing, the shorter the time required for convergence at the same irrigation duration. After convergence, the wetted area on the P profile was larger, i.e., T1 > T4 > T7, T2 > T5 > T8, T3 > T6 > T9. At the end of irrigation, the combination of high flow rate and small spacing had the shortest duration, while the combination of low flow rate and large spacing had the longest duration. Although the differences in flow rate and spacing significantly impacted the irrigation duration and the wetted area at the same moment, the wetted area on the P profile for treatments T1 to T9 was similar at the end of irrigation. The shape of the wetted body was a vertical ellipse in all the treatments, indicating that flow rate and spacing mainly affected the rate of water movement. A similar wetted area can be achieved with low flow rates and large spacing by increasing the irrigation duration.



Both flow rate and spacing significantly influence convergence time. For a given spacing, the convergence times are T1 > T2 > T3 and T4 > T5 > T6. For a given flow rate, the convergence times are T1 > T4, T2 > T5, and T3 > T6. This demonstrates that higher flow rates and smaller spacings facilitate convergence, although the spacing should not exceed 60 cm. Prior to convergence, drip irrigation operated as point-source irrigation, with the O profile exhibiting characteristics similar to the P profile. After convergence, for a given flow rate, earlier convergence results in greater wetting depth at the same horizontal position. For instance, at 300 min of irrigation, the depth at the 10 cm horizontal position is 28 cm for T1 and 26 cm for T4. At 240 min of irrigation, the depth at the 12 cm horizontal position is 28 cm for T2 and 26.2 cm for T5.



At the end of irrigation, the shapes of the O profile were similar and the wetted areas were comparable for the same spacing but different flow rates. However, significant shape differences were observed with different spacings. This indicated that, for the direction of convergence, the shape of the O profile was primarily influenced by the degree of convergence. Smaller spacings result in larger convergence areas and flatter wetted body shapes. While different flow rates produced variations in the wetted range and shape of the O profile at the same moment, increasing the irrigation duration can achieve the same wetting effect with lower flow rates. Smaller emitter spacing increased the continuity of the wetted zone on the O profile.



When plant spacing is small and root systems are intertwined, a properly configured spacing can form a continuous wetted zone. Under different treatments, the P profile initially exhibited a flat elliptical shape in the early stages of irrigation. As the irrigation duration increased, it transitioned from a flat ellipse to a circle, and finally to a vertical ellipse (Figure 6c). Thus, the entire process of the P profile can be described as follows:


      x 2     A 2     +     z 2     B 2     = 1  



(14)




where A is the lateral wetting length at different times, cm; B is the vertical wetting length at different times, cm.



During the filling process, A and B are variable values with t, which can be obtained from Equations (12) and (13); Equation (14) can be rewritten as


      x 2        a ×  t b     2     +     z 2        c ×  t d     2     = 1  



(15)







To validate the effectiveness of the elliptical equation, we used treatment T2 as an example. We compared the P profile’s X and Z values and the actual wetted area at different times with the calculated values. The maximum errors for X and Z values were 0.9 cm and 1.4 cm, respectively, occurring at 40 min of irrigation. The maximum area difference was 20.6 cm2, occurring at 80 min of irrigation. The area difference initially increased and then decreased, while the ratio of area difference to total area showed a decreasing trend. After 80 min of irrigation, the deviation rate was less than 6.9% (Table 3). Therefore, the elliptical equation can be used to represent the wetted shape of the P profile.



During the drip irrigation process, water gradually spreads from the outlet downward and outward. Variations in water requirements among different treatments to achieve the same depth result in inevitable differences in water distribution within the wetted zone (Figure 8). For the P profile, θs exhibited a decreasing trend with increasing depth and distance. Within a depth range of 15.0 cm and a radius of 10.0 cm, the θs exceeded 29%, indicating the formation of a water accumulation zone beneath the emitter. At the termination of irrigation, a distinct wetting front was discernible at a lateral distance of 29.0 cm from the emitter. Within the lateral span of 29.0 to 31.0 cm, the θs at depths of 5.0 cm and 15.0 cm were 21.8% and 18.1%, respectively, denoting an increase of approximately 5.5% in moisture content at the wetting-front boundary and a rise of approximately 2–3% in moisture content at distances of 3.0 to 5.0 cm from the wetting boundary. This underscored the necessity of a minimum 5% increase in moisture content to achieve a noticeable wetting front.



In the O profile, the convergence of wetting fronts occurred near a depth of 20.0 cm. Notably, the θs fluctuated significantly in soil layers at depths of 5.0 cm, 15.0 cm, and 35.0 cm, decreasing proportionally with increasing distance from the emitter. Conversely, θs in the soil layer at a depth of 25.0 cm remained relatively stable. Compared to the P profile, convergence elevated moisture content in the convergence zone and diminished the gradient of moisture variation between layers, resulting in a relatively uniform moisture distribution on this plane, particularly in soil layers at depths of 15.0 to 25.0 cm.



High flow rates and small spacing contributed to an increase in    θ ¯    values, but    C u    values decreased with increasing flow rates and spacing. This is because larger flow rates result in higher water consumption at the end of irrigation, leading to a higher average moisture content within the wetted zone. However, the moisture is primarily concentrated near the emitter, increasing the moisture gradient within the wetted zone and reducing uniformity. For the same treatment, the moisture content and uniformity on the O profile were greater than those on the P plane. However, under different treatments, the uniformity on the P profile was relatively stable, while the O profile exhibited a larger fluctuation range.      θ ¯   o   ,    C  u o    ,      θ ¯   p    and    C  u p     values on the O profile ranged from 25.42% to 28.50%, 82.14% to 93.20%, 24.36% to 25.26%, and 80.12% to 82.39%, respectively (Table 4). In non-convergence directions, the fluctuation range of uniformity is small, whereas in the convergence direction, the degree of convergence (spacing) resulted in a larger fluctuation range of uniformity.




3.3. Soil Water Redistribution Characteristics


After drip irrigation ceased, the accumulated water around the emitter underwent soil water redistribution. As a result, changes occurred in the wetting front position, the geometry of the wetted body, and the spatial distribution of soil moisture. Across all the treatments, redistribution was essentially completed within 24 h after irrigation stopped.



After 24 h of redistribution, the horizontal wetting front (X) for the different treatments ranged from 32.0 to 34.0 cm, corresponding to a redistribution distance of 3.0–5.0 cm (Figure 9). In comparison, the control group showed X values of 29.5–32.0 cm, with redistribution distances of 3.5–5.5 cm. Overall, the horizontal redistribution distances were similar among treatments and irrigation cutoff depths. In contrast, clear differences were observed in the vertical wetting front (Z). After redistribution, Z ranged from 40.0 to 52.0 cm with redistribution distances of 5.0–17.0 cm, whereas the control group ranged from 35.0 to 46.0 cm with redistribution distances of 5.0–16.0 cm. Higher emitter flow rates resulted in greater vertical redistribution distances. At the same flow rate, however, the redistribution distance of Z was comparable to the final migration distance. Specifically, for flow rates of 1.0, 2.0, and 3.0 L h−1, the redistribution distances of Z were 5.0–6.0 cm, 10.0–11.5 cm, and 15.0–17.0 cm, respectively; the control group showed similar ranges of 5.0–6.5 cm, 10.0–11.5 cm, and 15.0–16.0 cm. Using flow rate as the independent variable and the redistributed Z value as the dependent variable, a strong linear relationship was observed between Z and q at different irrigation cutoff depths, with R2 values exceeding 0.97.



During the redistribution process, both the wetted areas on the O and P profiles underwent varying degrees of expansion, and convergence occurred when the spacing value was 60.0 cm. After irrigation stopped, moisture primarily moved in the Z direction, and the larger the flow rate, the larger the wetted areas on both the O and P profiles after redistribution. Although the flow rate affected the wetting depth, for the P profile, the wetted area remained approximately elliptical. The wetting front on the O profile was relatively flat, and the shape in the convergence direction was similar (Figure 10). After redistribution, higher emitter flow rates resulted in greater vertical redistribution depths.



Regardless of the same flow rate, the wetted area during the redistribution process increased with smaller spacing, leading to larger convergence and deeper wetting fronts at the convergence point. The fluctuation in the O profile decreased, and the wetting front became closer to a horizontal line. For the P profile, there were no significant differences under different spacings, and it can still be described using an elliptical equation. Therefore, spacing had a greater impact on the shape of the O profile, and smaller spacing was more conducive to forming a continuous drip irrigation belt (Figure 10).



Using treatment T2 as an example, the moisture distribution pattern after 24 h of redistribution is illustrated in Figure 10. Within the O profile, moisture distribution was relatively uniform, with θs ranging from 24% to 28% in the areas beyond 35.0 cm. Near the wetting front edge, soil water content remained above 20%. Within the P profile, as distance and depth increased, θs continued to decrease (Figure 11). However, in over 80% of the area within this plane, θs ranged from 24% to 28%, indicating a significantly improved uniformity of moisture distribution.



After 24 h of redistribution, the average moisture content and uniformity of the O and P profiles for each treatment are shown in Table 5. The average moisture content ranged from 22.92% to 27.03%, with the same spacing, increasing with higher flow rates. The fluctuation range was narrow, ranging from 23.03% to 24.68%, indicating small differences in moisture content among the P profile treatments. The uniformity ranged from 87.32% to 95.32% and from 81.42% to 85.48%. Compared to the moisture content at the end of irrigation, the average moisture content of each plane shows a decreasing trend, but the uniformity of moisture distribution is improved. This indicates that redistribution reduces water accumulation areas, decreases the gradient of moisture distribution, and effectively improves the quality of irrigation.




3.4. Determination of the Optimal Emitter Spacing and Flow Rate


When the spacing is 40.0 cm, the wetting front on the O profile of the wetted area approximated a horizontal straight line, indicating optimal continuity of the wetted zone. In contrast, spacings of 50.0 cm and 60.0 cm produced a continuous wavy pattern, and the continuity of the wetted region decreased as spacing increased, leading to a larger proportion of dry areas within the target wetting zone. Analysis of wetting uniformity further showed that closer spacing under identical flow conditions resulted in improved uniformity. Therefore, an emitter spacing of 40.0 cm was identified as optimal for the target tea field, with the possibility of further reducing spacing when a shallower wetting depth is required.



Since the migration rate of the X value slowed down after reaching 28.0 cm and the redistribution varies only between 3.0 and 5.5 cm across different treatments, while the Z value had a relatively higher rate, using the Z value as the criterion will improve control accuracy. In the target tea field, the maximum vertical root depth can reach up to 45.0 cm, but over 95% of the roots are distributed above 40.0 cm. Therefore, the wetting depth is typically set between 40.0 and 45.0 cm. To select the optimal flow rate, the vertical wetting depths of 45.0 cm and 40.0 cm are used, respectively.



When the target wetting depth is 40.0–45.0 cm, the required time for flow rates of 1 L·h−1, 2 L·h−1, and 3 L·h−1 is 427–593 min, 198–282 min, and 95–142 min, respectively. The total irrigation volumes are 7.12–9.88 L, 6.60–9.40 L, and 4.75–7.10 L, respectively, with lateral wetting distances of 33.7–37.2 cm, 30.4–33.5 cm, and 27.7–31.5 cm. At a flow rate of 1.0 L·h−1, the irrigation duration is the longest and the water usage is the highest, which increases irrigation energy consumption and is not conducive to water conservation. At a flow rate of 3.0 L·h−1, the irrigation time and water usage are the lowest, but it does not adequately wet the entire root zone. At a flow rate of 2.0 L·h−1, both the irrigation duration and water usage are moderate, and it can adequately wet the target area. Therefore, for the target tea field, a flow rate of 2.0 L·h−1 is optimal, making the T2 treatment suitable for the experimental tea field (Table 6).




3.5. Effect of Initial Soil Water Content on Wetting Front


Under different treatments, the smaller the θ0, the longer it took to reach the same depth (Table 7). The variations in the X and Z values over time under different initial θ0 are shown in Figure 12. Different θ0 values significantly impacted the migration process. Within the first 40 min before irrigation, the water migration distances for each treatment were comparable. However, after 40 min, differences between the treatments emerged. The higher the θ0 before irrigation, the faster the wetting front migrated in all directions, leading to a greater wetting distance for the same irrigation duration and a reduction in the total irrigation time and volume required. For the Z value, the differences between treatments became increasingly significant, whereas the differences in X initially increased and then decreased, with the maximum difference occurring around 120 min of irrigation. This is because the migration rate of X rapidly decreases after reaching 25.0 cm, and after 28.0 cm, the growth rate of the wetting front approximates a horizontal line. Therefore, using the Z value as the control parameter in drip irrigation projects can effectively reduce errors.



To quantitatively analyze the relationship between X, Z, and irrigation time (t) under different θ0, various treatments were fitted, with the results shown in Table 8. The values of X and Z with respect to t also followed a good power function relationship, with R2 values between 0.980 and 0.997. When θ0 varied between 50% and 70% of field capacity, the fitting parameters a, b, c, and d all changed. Among these, a (4.355–4.986) and c (2.871–3.055) fluctuated significantly, with a increasing as θ0 increased. In contrast, b (0.319–0.328) and d (0.427–0.440) showed smaller fluctuations, indicating that θ0 had a more significant impact on fitting parameters a and c.



Figure 13a shows the fitting curves and the trend of measured values for vertical migration distances when θ0 was 50%, 60%, and 70% of field capacity. In the early stages of irrigation, the measured values fitted well on the fitting curve, but as irrigation time increased, there was a greater deviation between the measured and fitted values. In the later stages of irrigation, the wetting-front migration rate was slower, and small distance deviations can cause larger time errors, reducing control accuracy when time is used as a control parameter. As θ0 increased, the wetting front rate also increased, resulting in larger values at the same time. According to the power function rule, when the exponent is constant, the larger the coefficient, the greater the dependent variable for the same independent variable. The fitting coefficients b and d are relatively stable, with mean values of 0.324 and 0.434, respectively (Table 8). Therefore, X and Z can be expressed as:


  X = a ×  t  0.324    



(16)






  Z = c ×  t  0.434    



(17)







X and Z were linearly fitted with t0.434 and t0.32, and R2 of both was above 0.982 (Table 9). Therefore, fitting parameters b and d with values of 0.324 and 0.434 could better describe the wetting front change process.



Figure 13b shows the variation trends of the measured values and fitting curves for different θ0 values when b and d were set to 0.324 and 0.434, respectively. In the early stages of irrigation, the curve values were greater than the measured values, but in the mid to late stages of irrigation, the measured values aligned well with the curve, with a high degree of accuracy. From a practical application perspective, the smaller the distance error in the mid to late stages of irrigation, the smaller the resulting time error, which greatly improved control accuracy when using time as the control parameter. Therefore, this curve is more suitable for practical drip irrigation engineering applications.



Both a and c tended to increase with the increase in θ0, where parameter a was 4.426, 4.642, 4.697, 4.789, and 4.901 respectively. The value of parameter c was 2.821, 2.915, 2.988, 3.067, and 3.152 (Figure 14).



The regression analysis was carried out on parameters a and c and the θ0. The results showed that a and θ0 had a good quadratic polynomial relationship (R2 is 0.969, p < 0.05), while c had a good linear relationship (R2 is 0.998, p < 0.05) with initial θ0, which can be expressed by the following equations, respectively:


  a = − 4.88    θ 0   2  + 8.0516  θ 0  + 1.6415  



(18)






  c = 1.6292  θ 0  + 2.0112  



(19)







By putting the values of a and c into Equations (18) and (19), respectively, the functional relationship among X, Z, θ0 and t can be obtained as:


  X =   − 4.88    θ 0   2  + 8.0516  θ 0  + 1.6415   ×  t  0.324    



(20)






  Z =   1.6292  θ 0  + 2.0112   ×  t  0.434    



(21)







θ0 is different, and the profile change process of the wet body also follows the rule of changing from a horizontal ellipse to a vertical ellipse. Therefore, the P profile shape of the SWB during irrigation can be expressed as Equation (22):


      x 2          − 4.88    θ 0   2  + 8.0516  θ 0  + 1.6415   ×  t  0.324      2     +     z 2          1.6292  θ 0  + 2.0112   ×  t  0.434      2     = 1  



(22)







After irrigation ended, water redistribution occurred, with Z increasing by 9.5 to 11.0 cm and X increasing by 3.6 to 5.2 cm. This indicated that changes in θ0 had little impact on the redistribution wetting distance, and flow rate remained the main factor affecting the redistribution range, consistent with previous research results. As θ0 increased, the total irrigation volume and duration decreased because less water was needed to reach saturation when the θ0 was higher. Consequently, the total amount of water required to wet the same area was also reduced, aligning with actual patterns. Therefore, at a flow rate of 2.0 L·h−1 and a spacing of 40.0 cm, the shape of the wetted area on the P profile after redistribution was completed under θ0 can be represented as


        x 2          − 4.88    θ 0   2  + 8.0516  θ 0  + 1.6415   ×  t  0.324   + 4.4    2         +     z 2          1.6292  θ 0  + 2.0112   ×  t  0.434   + 10.6    2     = 1    



(23)








3.6. Determination of the Optimal Drip Irrigation Timing


θs was the lowest at the 20.0 cm depth layer and highest at the 60.0 cm depth (Figure 15). θs across different layers showed minimal variation with an average difference of less than 2.7%. Significant fluctuations were observed at the 10.0 cm, 20.0 cm, and 30.0 cm depths, with coefficients of variation ranging from 0.141 to 0.160, all exhibiting a similar trend. In contrast, the θs at the 40.0 cm, 50.0 cm, and 60.0 cm depths remained relatively stable, with coefficients of variation between 0.089 and 0.097, also following a consistent trend. Based on these observations, the soil layers in the root zone can be classified into two distinct zones: a variable layer (0–30.0 cm) and a stable layer (30.0–60.0 cm) (Table 10).



The KMO and Bartlett’s confirmed the suitability of the dataset for factor analysis [46]. The KMO value was 0.813, falling within the 0.8–0.9 range, which indicates good sampling adequacy. Bartlett’s test was highly significant (p = 0.000 < 0.005), demonstrating strong correlations in soil water content among soil layers within the 0–60 cm profile. Linear correlation analysis further showed strong relationships between adjacent soil layers (Table 11). The correlation coefficients were 0.920 (10–20 cm), 0.972 (20–30 cm), 0.941 (30–40 cm), 0.965 (40–50 cm), and 0.935 (50–60 cm). In contrast, correlations declined as the distance between layers increased. The coefficients decreased to 0.865 (10–30 cm), 0.827 (10–40 cm), and 0.753 (10–50 cm), while the correlation between 40 cm and 60 cm remained relatively high at 0.898. These results indicate strong vertical coupling of soil moisture, particularly between adjacent layers, with progressively weaker relationships across larger depth intervals.



Typically, components with eigenvalues greater than 1 were selected. It can be observed that when using only one component, the cumulative variance contribution was only 89.7%, with more than 10.0% of information loss (Table 12). To better extract information from the original data and fully reflect the true soil moisture within the tea plant root layers, this study selected two principal components. The cumulative variance contribution reached 96.2%, with less than 4.0% of information loss.



The rotated component matrix results showed that the 10.0 cm, 20.0 cm, and 30.0 cm soil layers had relatively high loading proportions in component 2, with values of 0.902, 0.818, and 0.718, respectively (Table 13). On the other hand, the 40.0 cm, 50.0 cm, and 60.0 cm soil layers had relatively high loading proportions in component 1, with values of 0.781, 0.875, and 0.886, respectively. This indicated that the first principal component represents the soil water content of the variable layer, while the second principal component represents the soil water content of the stable layer.



Given the strong correlations between adjacent soil layers, sensors can be strategically installed at 20.0 cm (variable layer) and 50.0 cm (stable layer). Using θs at 10.0, 30.0, 40.0, and 60.0 cm as dependent variables and the measurements at 20.0 cm and 50.0 cm as independent variables, simple linear regression was applied to develop an equivalent estimation model. The resulting models achieved coefficients of determination (R2) greater than 0.846, indicating good agreement between predicted and observed values. (Table 14).



In order to better calculate the soil water content of the root layer, it can be considered that the dynamic change in soil water content of adjacent soil was continuous, which can be obtained according to the mean value theorem of integrals:


   θ v  =    Δ h    H s         S  W 1  + S  W 2  + S  W 3  + ⋯ + S  W  n − 1     +   1 2     S  W 1  + S  W n       



(24)




where    θ v    is the soil water content in the root layer;   Δ h   is the distance between adjacent measuring points, cm;    H s    is the depth of the soil, cm;   S  W i    is the soil volumetric water content of different depth measuring points; n is the soil depth of the measuring points, and they are 10, 20⋯, and 60.0 cm, respectively.



The root depth in the experimental site is 45.0 cm, so the    H s    is 50.0 cm and the   Δ h   is 10.0 cm; the θv can be obtained according to the soil water content equivalent model.


   θ v  =    10   50        3 2   S  W 1  + S  W 2  + S  W 3  + S  W 4  +   1 2   S  W 5     



(25)







So the relationship model among    θ v   , SW2 and SW5 can be described as


   θ v  = 0.655 S  W 2  + 0.2794 S  W 5  + 0.0446  



(26)







The validation test results indicated that the deviation fluctuates around 0. According to meteorological data, there was a heavy rainfall event from 19–20 April 2021. During the rainfall phase and the subsequent moisture redistribution phase, there were significant differences between the measured and calculated values of soil water content, with the peak difference reaching 1.7%. The model’s calculated values were smaller during the rainfall process but larger during the redistribution process. In non-precipitation periods, the model’s calculation accuracy was higher, with deviations fluctuating within ±0.7%, meeting the accuracy requirements for practical application (Figure 16).



In addition, since the migration distance of the wetting front in different directions has a good functional relationship with t and θ0, it is assumed that the target wetting width and depth are A0 and B0, respectively. A0 and B0 can be expressed as:


   A 0  =   − 4.88    θ 0   2  + 8.0516  θ 0  + 1.6415   ×  t  0.324   + 4.4  



(27)






   B 0  =   1.6292  θ 0  + 2.0112   ×  t  0.434   + 10.6  



(28)







Equations (27) and (28) can be deformed as:


   t  0.324   =     A 0  − 4.4   − 4.88    θ 0   2  + 8.0516  θ 0  + 1.6415     



(29)






   t  0.434   =     B 0  − 10.6   1.6292  θ 0  + 2.0112     



(30)







So t can be described as:


  t =         A 0  − 4.4   − 4.88    θ 0   2  + 8.0516  θ 0  + 1.6415          1  0.324       



(31)






  t =         B 0  − 10.6   1.6292  θ 0  + 2.0112          1  0.434       



(32)







Therefore, in practical applications, once the θ0 before irrigation and the target wetting range (width or depth) are given, the irrigation time can be determined based on the wetting-front migration pattern. For the wetting front, in the later stages of irrigation, as the wetted area expands and the soil’s infiltration capacity decreases, both Z and X rates decrease. However, the migration rate of Z is much larger than that of X. Although obtaining X is simpler in actual engineering, using X as a control reference to calculate irrigation time is more complex. Moreover, after X reached 25.0 cm, the rate became very slow, and small distance errors can cause significant time fluctuations, leading to reduced system control accuracy. Therefore, in practical applications, using a vertical migration model to determine irrigation time is more reliable (Figure 17).




3.7. Performance Experiment Results of Drip Irrigation Control Strategy


When irrigation zone one was started, the θs at a depth of 20.0 cm was 0.202 and the actual relative water content in the root zone was 65%, which matched the expectation (Table 15). When irrigation zone two was started, the θs at a depth of 20.0 cm was 0.240 and the actual relative water content in the root zone was 73%. It exceeded the expected value and resulted in early irrigation.



At the end of irrigation, the total applied water volumes for zone one and zone two were 8.30 m3 and 10.07 m3, respectively. The wetting depth and horizontal wetting distance for zone one were 35.5 cm and 27.8 cm, respectively, while for zone two, they were 41.0 cm and 29.5 cm, which were 5.5 cm and 1.7 cm greater than zone one, respectively. After redistribution, the wetting depth increased to 47.5 cm in zone one and 52.5 cm in zone two, exceeding the target wetting depth by 2.5 cm and 7.5 cm, respectively. At the moment irrigation ceased, the θs at 20 cm depth in zone two reached 0.396, exceeding field capacity and indicating substantial internal soil water accumulation. After 24 h of redistribution, the relative water content within the upper 50 cm soil layer reached 98%, a condition unfavorable for tea plant growth.



Compared with traditional drip irrigation control systems, the tea field drip irrigation control system in this study had higher precision in controlling the wetting depth. The measured wetting depth error was within 5.6%, which was 11.1% less than the error of the traditional method, effectively avoiding deep percolation issues. In terms of water-saving benefits, this control technology saved 17.6% more water compared to traditional drip irrigation control technology.





4. Discussion


The present study demonstrated that SWB development in tea plantation drip irrigation follows a clear time-dependent evolution process controlled by the interaction between capillary and gravitational forces. During the initial irrigation stage, matric potential gradients dominated water movement, resulting in rapid lateral expansion of the wetting front and formation of a horizontally elongated wetted body. As irrigation continued, gravitational potential gradually became dominant, accelerating downward infiltration and transforming the SWB from a flat ellipse into a near-circular shape and eventually into a vertically elongated ellipse. Similar infiltration dynamics have been widely reported in drip irrigation studies based on Richards equation simulations and field experiments in orchard and row-crop systems, where the wetting front transitions from capillary-controlled lateral flow to gravity-driven vertical percolation under prolonged irrigation conditions [23,36,40]. However, compared with previous studies, the current work provides a more explicit geometric characterization of this transition process by simultaneously analyzing both the O-profile (convergence direction) and P-profile (vertical section), thereby improving the mechanistic interpretation of wetted body evolution in shallow-rooted tea plantations.



Emitter spacing was identified as the primary structural factor controlling SWB continuity and moisture distribution uniformity. Reducing emitter spacing significantly improved wetting front convergence in the O profile and enhanced the formation of a continuous wetted belt [47]. The 40 cm spacing treatment produced the highest wetting continuity and minimized dry zones within the effective tea root distribution region. This agrees with recent state-of-the-art studies on surface and subsurface drip irrigation, which emphasize that overlapping adjacent wetted bulbs is essential for improving root-zone water uniformity and reducing localized water stress. Nevertheless, compared with orchard crops such as citrus and grapevine, the optimal spacing identified in this study was relatively smaller. The low-slope hilly tea plantation environment may weaken preferential flow effects compared with coarse-textured orchard soils, thereby increasing the importance of emitter convergence for moisture uniformity [48].



Flow rate primarily regulated wetting-front migration velocity and irrigation duration. Higher discharge rates accelerated both horizontal and vertical infiltration because rapid local saturation beneath the emitter increased hydraulic conductivity in the near-field saturated zone. Similar conclusions have been reported in previous hydraulic studies of drip irrigation systems, where emitter discharge strongly influences infiltration rate and wetting front advancement but exerts less influence on the final equilibrium wetted geometry [49]. In the present study, although higher flow rates produced larger wetted areas during irrigation, the final wetted body shape among treatments converged toward a similar vertically elliptical structure after sufficient irrigation duration. This indicates that emitter layout and convergence degree had greater influence on SWB geometry than discharge rate itself. Low flow rates required excessively long irrigation times and higher total water consumption, whereas excessively high flow rates reduced lateral wetting continuity and increased localized water accumulation near emitters [50].



The redistribution process after irrigation cessation further demonstrated the dominant role of gravitational drainage in SWB evolution. Redistribution mainly increased wetting depth rather than lateral expansion, confirming that vertical hydraulic gradients controlled post-irrigation water movement. Similar redistribution patterns have been reported in orchard drip irrigation systems and vadose-zone infiltration studies. However, the redistribution magnitude observed in this study was relatively moderate, likely because the experimental tea soil possessed relatively fine texture and moderate antecedent moisture content, which limited excessive preferential downward flow. Redistribution also improved moisture uniformity by reducing water accumulation near the emitter and decreasing spatial moisture gradients. The improvement in uniformity after redistribution indicates that irrigation evaluation based solely on conditions immediately after irrigation termination may underestimate the final effectiveness of water distribution within the root zone.



The proposed strategy improved irrigation efficiency while maintaining reliable soil moisture regulation within the target root zone. Compared with the current state-of-the-art precision irrigation systems based on remote sensing, machine learning, or evapotranspiration estimation, the present approach has stronger physical interpretability because irrigation decisions are directly linked to subsurface wetting dynamics and root-zone water distribution. However, unlike UAV-assisted or IoT-driven intelligent irrigation systems, the proposed framework still has limited adaptability to rapidly changing environmental conditions and lacks automatic integration with real-time meteorological variability and crop physiological responses.



Despite these strengths, several limitations should be acknowledged. First, the experiments were conducted under relatively homogeneous soil conditions and controlled field settings. Natural tea plantations often exhibit considerable heterogeneity in soil texture, bulk density, slope, and preferential flow pathways, which may influence wetting-front behavior and reduce model transferability. Second, although the simplified elliptical model provides strong engineering applicability, it cannot fully capture the complexity of three-dimensional unsaturated flow processes resolved by advanced Richards equation numerical simulations or stochastic hydraulic conductivity models. Third, the study mainly focused on soil hydraulic behavior and did not explicitly integrate plant physiological indicators such as stomatal conductance, canopy temperature, sap flow, or photosynthetic response. Modern precision agriculture increasingly combines soil sensing with crop physiological monitoring and UAV-based multispectral analysis to achieve adaptive irrigation scheduling. Finally, the experiments were conducted under a specific tea plantation environment, and further validation across different soil textures, climatic conditions, slopes, and tea cultivation systems is still required.




5. Conclusions


This study investigated the morphological evolution of the SWB under different drip irrigation flow rates and emitter spacings, with the objective of improving irrigation management for tea plantations. By systematically analyzing irrigation volume, wetting front dynamics (X and Z), SWB geometry, and soil water content distribution, suitable irrigation parameters were identified for the experimental field.



For a given irrigation termination depth, both irrigation volume and wetted area increased with higher flow rates and wider emitter spacing. However, the combination of a higher flow rate and closer emitter spacing resulted in the shortest irrigation duration. Wetting-front migration was strongly governed by flow rate, whose influence was more pronounced than that of emitter spacing. In contrast, spacing primarily controlled the degree of wetting-front convergence and the spatial uniformity of soil water content. Reduced spacing enhanced overlap between adjacent wetted zones, producing a flatter SWB and improving irrigation uniformity. These results suggest that increasing flow rate is an effective strategy for reducing irrigation time, whereas decreasing emitter spacing is more beneficial for improving wetted zone continuity and irrigation quality.



The SWB profile on the P section evolved from a horizontally elongated ellipse to a vertically oriented ellipse, which could be well described using an elliptical function. At the end of irrigation, soil water content decreased with increasing distance from the emitter, forming a clearly defined wetting front. Subsequent redistribution further improved irrigation quality by expanding the wetted area and reducing moisture gradients. The increases in X and Z ranged from 3.0 to 5.5 cm and 5.0–17.0 cm, respectively, and showed strong dependence on flow rate. Continuous monitoring of soil water content at depths of 20 and 50 cm enabled the development of a soil water content equivalence model with an error below 1.7%. When combined with a predefined lower irrigation threshold, this model accurately predicted irrigation initiation. Compared with conventional drip irrigation control, the proposed approach achieved a water saving of 17.6%, demonstrating its potential for improving water-use efficiency in tea cultivation.
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Figure 1. Flowchart of this research. 
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Figure 2. Location and background micrometeorological data of the experimental tea field from 1 June 2020 to 30 May 2021: (a) Location of the experimental tea field. (b) Relative humidity dynamic change with time. (c) Vapor pressure deficit dynamic change with time. (d) Air temperature dynamic change with time. 
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Figure 3. Drip irrigation testing system. 1. A base; 2. Markov bottle; 3. valve; 4. filter; 5. real-time flowmeter; 6. flow regulator; 7. irrigator; 8. hose; 9. soil box plate; 10. soil sampling holes; 11. rubber plate with a wheel hub. 
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Figure 4. Validation experiment of the new control strategy: (a) Drip irrigation tape layout. (b) CS616 sensors layout. (c) Data acquisition node. (d) Smart gateway. 
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Figure 5. Tea root distribution characteristics: (a) Root excavation. (b) Lateral distance of roots at different depths in horizontal profile. (c) Tea root distribution percentage at different depths. (d) Root distribution and fitting curve in horizontal profile. 
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Figure 6. Variation trend of X and Z with different emitter flow rates, initial soil water contents (θ0) and emitter spacings: (a) The change gradient of irrigation amount with emitter flow rate and spacing. (b) Variation trend of X and Z values with time under different treatments. (c) Changes in X and Z values with time in T2, T5 and T8 treatments. 
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Figure 7. Wetting pattern at different times in nine treatments: (a) Wetting pattern of drip irrigation in the view of planform (left) and front (right). (b) Wetting pattern of O profile. (c) Wetting pattern of P profile. 
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Figure 8. Soil water content (θs) at different positions of O and P profiles under T2 treatment. 
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Figure 9. The values of X and Z at different flow rates after 24 h redistribution. 
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Figure 10. The shape of SWB after redistribution under T1, T2, T3 and T2, T5, T8 treatments. 
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Figure 11. Soil water content (θs) at different positions of O and P profiles under T2 treatment after 24 h. 
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Figure 12. Z and X values at different initial soil water contents (θ0). 
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Figure 13. Fitting curve and measured value of vertical wetting front (a) and vertical migartion depth (b) under different water contents. 
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Figure 14. Variation trend of parameters a and c with different θ0. 
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Figure 15. Soil water content (θs) at different depths from July to October 2020. 
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Figure 16. Measured and calculated values of soil water content (θs) from April to May 2021. 
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Figure 17. Drip irrigation control strategy. 






Figure 17. Drip irrigation control strategy.



[image: Agronomy 16 01089 g017]







 





Table 1. Physical properties and the particle composition of the soil for the experiment.
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Sampling Depth (cm)

	
Size Composition

	
Bulk Density (g·cm−3)

	
Field Capacity (%)

	
Saturated VWC (%)

	
Soil Texture

	
Wilting Point Value




	
<0.002 (mm)

	
0.002~0.02 (mm)

	
0.02~2 (mm)






	
0~10.0

	
1.2%

	
32.3%

	
66.5%

	
1.34

	
26.5

	
35.5

	
Sandy

	
0.35




	
10.0~20.0

	
2.0%

	
29.3%

	
68.7%

	
1.36

	
27.1

	
36.9

	
Sandy

	
0.37




	
20.0~30.0

	
1.4%

	
31.5%

	
67.1%

	
1.38

	
26.6

	
36.7

	
Sandy

	
0.36




	
30.0~40.0

	
6.1%

	
42.6%

	
51.3%

	
1.56

	
25.9

	
40.4

	
Loam

	
0.46




	
40.0~50.0

	
9.4%

	
41.2%

	
49.4%

	
1.64

	
25.5

	
41.8

	
Loam

	
0.49




	
50.0~60.0

	
8.4%

	
41.4%

	
50.2%

	
1.64

	
25.3

	
41.5

	
Loam

	
0.47











 





Table 2. Experimental treatments of drip irrigation parameters.
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	Treatments
	Emitter Flow Rate (L·h−1)
	Initial Soil Water Content (θ0) (%)
	Emitter Spacing (cm)





	T1
	1.0
	60.0
	40.0



	T2
	2.0
	60.0
	40.0



	T3
	3.0
	60.0
	40.0



	T4
	1.0
	60.0
	50.0



	T5
	2.0
	60.0
	50.0



	T6
	3.0
	60.0
	50.0



	T7
	1.0
	60.0
	60.0



	T8
	2.0
	60.0
	60.0



	T9
	3.0
	60.0
	60.0










 





Table 3. Measured and calculated values of T2 treatment.
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Time

(min)

	
Lateral Direction

	
Vertical Direction

	
Area




	
Measurement Value (cm)

	
Calculated Value (cm)

	
Difference Value (cm)

	
Measurement Value (cm)

	
Calculated Value (cm)

	
Difference Value (cm)

	
Measurement Value (cm)

	
Calculated Value (cm)

	
Difference Value (cm)






	
2.0

	
6.0

	
5.9

	
0.1

	
4.5

	
3.9

	
0.6

	
22.0

	
18.0

	
4.0




	
5.0

	
7.6

	
7.9

	
−0.3

	
5.5

	
5.8

	
−0.3

	
42.5

	
36.2

	
6.3




	
10.0

	
9.5

	
9.9

	
−0.4

	
6.5

	
7.9

	
−1.4

	
68.5

	
61.5

	
7.0




	
20.0

	
11.5

	
12.4

	
−0.9

	
10.5

	
10.7

	
−0.2

	
110.5

	
104.3

	
6.2




	
40.0

	
15.2

	
15.5

	
−0.3

	
14.0

	
14.6

	
−0.6

	
189.0

	
177.0

	
12.0




	
60.0

	
18.0

	
17.7

	
0.3

	
17.4

	
17.4

	
0.0

	
254.5

	
241.2

	
13.3




	
80.0

	
19.2

	
19.4

	
−0.2

	
20.5

	
19.7

	
0.8

	
321.0

	
300.4

	
20.6




	
100

	
21.4

	
20.8

	
0.6

	
22.5

	
21.8

	
0.7

	
369.5

	
356.1

	
13.4




	
120

	
22.7

	
22.1

	
0.6

	
23.8

	
23.6

	
0.2

	
424.5

	
409.3

	
15.2




	
150

	
24.3

	
23.7

	
0.6

	
26.5

	
26.0

	
0.5

	
496.6

	
485.2

	
11.4




	
180

	
25.5

	
25.2

	
0.3

	
28.5

	
28.2

	
0.3

	
568.5

	
557.7

	
10.8




	
210

	
26.6

	
26.5

	
0.1

	
30.8

	
30.2

	
0.6

	
638.5

	
627.3

	
11.2




	
240

	
27.8

	
27.6

	
0.2

	
32.5

	
32.0

	
0.5

	
702.5

	
694.5

	
8.0




	
290

	
29.0

	
29.4

	
−0.4

	
35.0

	
34.8

	
0.2

	
796.5

	
802.4

	
−5.9











 





Table 4. Average water content and evenness of O and P profiles at the end of irrigation.






Table 4. Average water content and evenness of O and P profiles at the end of irrigation.





	
Treatments

	
Mass Moisture Content of Actual Sampling Point (       θ  ¯    i     )

	
Uniformity Coefficient of SWB (Cu)




	
Mean of Soil Water Content on O Profile of SWB (       θ  ¯    o     ) (%)

	
Mean of Soil Water Content on P Profile of SWB (       θ  ¯    p     ) (%)

	
Uniformity of Soil Water Content on O Profile of SWB (     C   u o     ) (%)

	
Uniformity of Soil Water Content on P Profile of SWB (     C   u p     ) (%)






	
T1

	
26.86

	
24.70

	
93.20

	
82.39




	
T2

	
27.58

	
24.95

	
90.81

	
80.48




	
T3

	
28.50

	
25.26

	
89.43

	
80.99




	
T4

	
26.02

	
24.60

	
91.04

	
81.42




	
T5

	
27.31

	
24.73

	
88.42

	
80.23




	
T6

	
27.42

	
25.03

	
88.01

	
80.44




	
T7

	
25.42

	
24.36

	
85.32

	
80.12




	
T8

	
25.77

	
24.41

	
83.41

	
81.28




	
T9

	
26.01

	
24.77

	
82.14

	
80.33











 





Table 5. Average volumetric water content and uniformity of O and P profiles after 24 h redistribution.






Table 5. Average volumetric water content and uniformity of O and P profiles after 24 h redistribution.





	
Treatments

	
Mass Moisture Content of Actual Sampling Point (       θ  ¯    i     )

	
Uniformity Coefficient of SWB (Cu)




	
Mean of Soil Water Content on O Profile of SWB (       θ  ¯    o     ) (%)

	
Mean of Soil Water Content on P Profile of SWB (       θ  ¯    p     ) (%)

	
Uniformity of Soil Water Content on O Profile of SWB (     C   u o     ) (%)

	
Uniformity of Soil Water Content on P Profile of SWB (     C   u p     ) (%)






	
T1

	
24.77

	
23.03

	
94.02

	
83.39




	
T2

	
25.46

	
23.85

	
95.32

	
85.48




	
T3

	
27.03

	
24.68

	
93.43

	
84.99




	
T4

	
24.58

	
23.58

	
91.84

	
83.42




	
T5

	
24.94

	
23.67

	
92.02

	
85.15




	
T6

	
25.48

	
23.83

	
93.01

	
84.94




	
T7

	
22.92

	
23.46

	
87.32

	
81.42




	
T8

	
24.00

	
23.56

	
89.43

	
83.28




	
T9

	
24.31

	
23.73

	
90.21

	
84.33











 





Table 6. Irrigation parameters under different wetting depths.






Table 6. Irrigation parameters under different wetting depths.





	
Parameters

	
40.0 cm

	
45.0 cm






	
Drip discharge

(L·h−1)

	
1.0

	
2.0

	
3.0

	
1.0

	
2.0

	
3.0




	
Irrigation time

(min)

	
427

	
198

	
95

	
593

	
282

	
142




	
Irrigation amount

(L)

	
7.12

	
6.60

	
4.75

	
9.88

	
9.40

	
7.10




	
Lateral wetting distance

(cm)

	
33.7

	
30.4

	
27.7

	
37.2

	
33.5

	
31.5











 





Table 7. Irrigation time under different θ0.






Table 7. Irrigation time under different θ0.





	Initial Soil Water Content (θ0)

(%)
	Stopping Depth

(cm)
	Irrigation Time t

(min)





	50
	35
	330



	55
	35
	310



	60
	35
	290



	65
	35
	275



	70
	35
	250










 





Table 10. Characteristics of soil water content at different depths.






Table 10. Characteristics of soil water content at different depths.





	Depth/cm
	Average
	Standard Deviation
	Coefficient of Variation





	10
	0.334
	0.054
	0.141



	20
	0.301
	0.053
	0.151



	30
	0.319
	0.059
	0.160



	40
	0.375
	0.041
	0.096



	50
	0.382
	0.042
	0.097



	60
	0.394
	0.039
	0.089










 





Table 11. Correlation coefficient between different soil layers.






Table 11. Correlation coefficient between different soil layers.














	Soil Layer Depth (cm)
	10
	20
	30
	40
	50
	60





	10
	1.000
	0.920
	0.865
	0.827
	0.753
	0.721



	20
	
	1.000
	0.972
	0.908
	0.848
	0.816



	30
	
	
	1.000
	0.941
	0.894
	0.869



	40
	
	
	
	1.000
	0.965
	0.898



	50
	
	
	
	
	1.000
	0.935



	60
	
	
	
	
	
	1.000










 





Table 12. Results of principal component analysis.






Table 12. Results of principal component analysis.





	Component
	Eigenvalue
	Variance Contribution (%)
	Cumulative Variance Contribution

(%)





	1
	5.382
	89.703
	89.703



	2
	0.389
	6.489
	96.192



	3
	0.104
	1.741
	97.933



	4
	0.089
	1.482
	99.415



	5
	0.021
	0.358
	99.773



	6
	0.014
	0.227
	100.00










 





Table 13. Rotation component matrix.






Table 13. Rotation component matrix.





	
Soil Layer Depth

	
Contents




	
1

	
2






	
10 cm

	
0.380

	
0.902




	
20 cm

	
0.552

	
0.818




	
30 cm

	
0.664

	
0.718




	
40 cm

	
0.781

	
0.593




	
50 cm

	
0.875

	
0.456




	
60 cm

	
0.886

	
0.403











 





Table 14. Regression coefficient and significance test.






Table 14. Regression coefficient and significance test.





	
Independent Variable

	
Dependent Variable

	
a

	
b

	
R2

	
p (a/b)

	
T (a/b)






	
SW2

	
SW1

	
0.796

	
0.124

	
0.846

	
0.000/0.000

	
49.02/111.35




	
SW3

	
1.081

	
−0.011

	
0.945

	
0.000/0.000

	
−5.62/196.17




	
SW5

	
SW4

	
0.897

	
0.048

	
0.931

	
0.000/0.000

	
21.19/174.45




	
SW6

	
0.827

	
0.098

	
0.875

	
0.000/0.000

	
33.37/125.46











 





Table 15. Irrigation information of different irrigation zones.






Table 15. Irrigation information of different irrigation zones.





	
Measured Parameters

	
Irrigation Zone One

	
Irrigation Zone Two




	
Start Time

	
Stop Time

	
Stop After 24 h

	
Start Time

	
Stop Time

	
After 24 h Redistribution






	
Time

	
15:37

	
20:18

	
/

	
15:56

	
21:23

	
/




	
Water meter reading/m3

	
16.34

	
24.64

	
/

	
6.25

	
16.32

	
/




	
Soil water content at 20.0 cm depth

	
0.202

	
0.355

	
0.328

	
0.240

	
0.396

	
0.340




	
Soil water content at 50.0 cm depth

	
0.234

	
0.255

	
0.280

	
0.248

	
0.251

	
0.352




	
Relative water content

	
65%

	
94%

	
91%

	
73%

	
93%

	
98%




	
Wetting depth/cm

	
0.0

	
35.5

	
47.5

	
0.0

	
41.0

	
52.5




	
Horizontal distance/cm

	
0.0

	
27.8

	
32.0

	
0.0

	
29.5

	
33.5











 





Table 8. The relationship between X, Z and time under different initial soil water contents.






Table 8. The relationship between X, Z and time under different initial soil water contents.





	
Initial Soil Water Content (θ0) (%)

	
Direction

	
Fitting Results

	
R2






	
50

	
Z

	
Z = 2.895t0.427

	
0.993




	
X

	
X = 4.335t0.327

	
0.990




	
55

	
Z

	
Z = 2.915t0.432

	
0.989




	
X

	
X = 4.472t0.328

	
0.992




	
60

	
Z

	
Z = 2.871t0.440

	
0.992




	
X

	
X = 4.704t0.323

	
0.997




	
65

	
Z

	
Z = 2.993t0.437

	
0.990




	
X

	
X = 4.831t0.321

	
0.986




	
70

	
Z

	
Z = 3.055t0.436

	
0.989




	
X

	
X = 4.986t0.319

	
0.987











 





Table 9. Linear fitting results of X and Z with t0.434 and t0.324 under different θ0.






Table 9. Linear fitting results of X and Z with t0.434 and t0.324 under different θ0.





	
Initial Soil Water Content (θ0) (%)

	
Direction

	
Fitting Results

	
R2






	
50%

	
Z

	
Z = 2.821t0.434

	
0.998




	
X

	
X = 4.426t0.324

	
0.986




	
55%

	
Z

	
Z = 2.915t0.434

	
0.984




	
X

	
X = 4.642t0.324

	
0.992




	
60%

	
Z

	
Z = 2.988t0.434

	
0.982




	
X

	
X = 4.697t0.324

	
0.994




	
65%

	
Z

	
Z = 3.067t0.434

	
0.997




	
X

	
X = 4.789t0.324

	
0.994




	
70%

	
Z

	
Z = 3.152t0.434

	
0.996




	
X

	
X = 4.901t0.324

	
0.992
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Al. Root Distribution and Wetted Range Determination B1. Effect of Drip Irrigation Parameters
(Field Excavation Experiment) (Two-Point Source Intersection)
Initial soil water content (8,) = 60% of field capacity
« Five soil layers: 0-10, 10-20, 20-30, VT : :

Ly 30-40, 40-50 cm | Treatments (Full Factorial Design) /[ Replicates |
o, o Eootsollacted at:d“ighed + Emitter flow rates: 1.0,2.0,3.0Lh" 9 treatments | 2 replicates
20,850, (e bind mettipd) e Emitter spacings: 40,50,60cm | [0 Calghs) . per treatment

» Vertical, horizontal and lateral L 7 o &y ol (Table 2) \ (ﬁ 12) R
30 em - distribution determined M
easurements
40 em -~ * Root distribution described by » Wetting front migration (Z, X) over time
50 cubic polynomial (Eq. 1) and » Soil water distribution on O and P profiles
S elliptical model (Eq. 2) * Soil samples at 5, 15, 25, 35 cm
L ) (immediately and 24 h after irrigation)
* * Uniformity of soil water (Eq. 3) J
- 3 ; : 3
A2. Field Validation of Optimal Control Strategy B2. Influence of Initial Soil Water Content (0,)
(Two Irrigation Zones) (Single-Factor Experiment)

3 3
Zone 1: New Control Strategy Zone 2: Traditional Control Strategy
* Initiation based on 6, at 20 cm « Initiation based on 0, at 20 cm

and 50 cm depths depth only
« Irrigation time from wetting front

* Irrigation time from Eq. (9)

» Wetting front characteristics (Z, X)

model « Target wetting depth: 45 cm { + Soil water distribution and uniformity (Eq. 7)
« Lower limit: 65% FC = = : )
» Target wetting depth: 45 cm g 3 1 S ;’h T ; 3\
B Seuxchs disti” belowiemictens B3. Soil Water Retention & Physical Properties |
= — b - — —/ (Laboratory Analyses) ‘
‘ Comparisons « Soil texture, bulk density, saturated VWC |
* Wetting depth (Eq. 11) + Soil water retention curve (pressure plate method)
’ » Water-saving rate (Eq. 12) J — Field capacity (FC) and wilting point (WP) )
S i o - — S—— >
. o . v I
C. MODEL DEVELOPMENT AND FIELD VALIDATION
- : Outputs
| C1. Model Development \ C2. Field Validation « Optimal drip irrigation strategy
* Infiltration-based wetting front model » Applied in Zone 1 and compared with Zone 2 for tea plantations
-+ Calibrated with laboratory experiments (B1 & B2) —’1 * Evaluation: wetting depth, water use, « Improved irrigation efficiency and
» Used to predict wetting depth and irrigation time irrigation efficiency, soil moisture regulation soil moisture management
\

L J

m Laboratory experiments Field Brcaia D ey N 1 A FC: Field Capacity VWC: Volumetric Water Content
I reatmen . Initi : . Soi

| (oniollad litions) (il comiticions) | i 0y Initial Soil Water Content ~ 85: Soil Water Content

Z: Vertical wetting front X: Horizontal wetting front
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