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 8 

Abstract 9 

One of the strategies for increasing water use efficiency and reducing deep percolation drip irrigation 10 

systems is considering the patterns of moisture redistribution after cut-offing the irrigation process. 11 

An experimental study was conducted in the present research to evaluate the moisture redistribution 12 

process under surface and subsurface pulse drip irrigation systems and developing new regression-13 

based methodologies for estimating moisture redistribution dimensions using both the soil and 14 

system parameters together.  A physical model was made and the experiments were performed on 15 

three different types of soil texture (light, medium, and heavy) with three emitter flow rates (2, 4, 16 

and 6 lit/hr) in three emitter installation depths (0, 15, and 30 cm). The experiments were conducted 17 

for both continuous (CI) and pulse (PI) irrigation modes. The results showed that significant 18 

amounts of wetting dimensions and wetted area of the moisture bulb are related to post-cut-offing 19 

stage. Then, using the nonlinear regression analysis, several models were proposed to estimate the 20 

horizontal and vertical redistribution pattern as well as the wetted area (upper and lower parts of the 21 
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emitter). The comparison of the measured and the stimulated values indicated that the non-linear 22 

regression models simulated the parameters associated with redistribution, accurately.  23 

Keywords: Drip irrigation, Irrigation management, Modeling, Moisture front, Redistribution 24 

 25 

Highlights: 26 

 Moisture re-distribution dimensions under drip irrigation systems were simulated. 27 

 Experiments were conducted for both surface and sub-surface systems. 28 

 Nonlinear regression models were established and proposed for simulations. 29 

 Outcomes confirmed the good ability of these models in simulating redistribution.   30 

 31 

1. Introduction 32 

Drip irrigation systems are among the suitable and efficient irrigation methods due to their high 33 

water use efficiency and yield production, especially in arid and semi-arid regions, where the fresh 34 

water is a limited source (Liu and Xu, 2018; Karimi et al., 2020). Under suitable designing and 35 

implementation procedures, drip irrigation systems usually provide higher irrigation efficiency 36 

values than the traditional surface irrigation systems (Qiaosheng et al., 2007; Al-Ogaidi et al., 2016). 37 

Appropriate design and implantation of drip irrigation systems depends on an accurate 38 

understanding of the wetting patterns (e.g. Yao et al., 2011; Kandelous and Simunek, 2010b; 39 

Elmaloglou and Diamantopoulos, 2010; Hammami and Zayani, 2016; ). The pattern of moisture 40 

distribution is a function of soil physical characteristics, distance of emitters and laterals, emitter 41 

outflow rate, emitter installation depth, and water application mode (continuous or pulse) (Singh et 42 

al., 2006 Al-Ogaidi et al., 2016; Khattak et al. 2017; Malek and Peters, 2011; Golestani Kermani et 43 

al., 2019). As mentioned, two irrigation models might be followed by using drip irrigation systems, 44 



namely, the continuous and pule irrigation modes (in brief, CI and PI, respectively). The pulse mode 45 

consists of a set of cycles; each of them is constituted from an irrigation phase and a resting phase. 46 

Substantial studies have been carried out on the pulse irrigation mode so far, confirming that the 47 

patterns of moisture distribution in this mode is substantially different than the continuous irrigation 48 

mode (e.g. Karmeli and Peri, 1974; Levin et al., 1979; Mostaghimi and Mitchell, 1983; Mohammad 49 

Beigi et al., 2017). Accurate simulation of the wetting dimensions can reduce the applied water 50 

volume. It also provides suitable knowledge for choosing the suitable distance between the laterals 51 

and emitters. There are mainly three categorizes of studies dealing with simulating the moisture 52 

distribution issues, namely, experimental (e.g. Schwartzman and Zur, 1986; 2006; Qiaosheng et al., 53 

2007), numerical (e.g. Elmaloglou et al., 2013; Arbat et al., 2013; Šejna et al., 2014) and analytical 54 

solutions (e.g. Cook et al., 2003; Hammami and Zayani, 2016). Meanwhile, numerous studies have 55 

demonstrated that the empirical models are easier and simpler than the analytical and numerical 56 

methods, comprising lower computational complexity. Moreover, analytical and numerical 57 

approaches need considerable computational cost and higher skills; so it is impossible to employ 58 

them for design purposes (Malek and Peters, 2011; Shiri et al. 2020). One of the important parameters 59 

for accurately determining the moisture dimensions in the drip irrigation systems is wetting 60 

redistribution, which usually occurs after cut-offing the irrigation process in both the horizontal and 61 

vertical directions. Considering moisture redistribution values can reduce the wetting front 62 

overlapping between the laterals and emitters (in case of horizontal redistribution) as well as water 63 

deep percolation (in case of vertical redistribution), which can totally reduce the applied water 64 

volume (Mohammad Beigi et al., 2017). Moisture redistribution may depend on various soil or 65 

irrigation system parameters that make its quantification difficult in practical issues. According to 66 

Karimi et al. (2013), moisture redistribution is a function of soil properties, outlet emitter flow rate 67 

and emitter installation depth. Mohammadbeigi et al. (2016), on the other hand, introduced the 68 

irrigation mode (continuous/pulse water flow) as an additional affecting factor that considerably 69 



change the redistribution patterns. Based on their results, significant amounts of the existing 70 

moisture distribution are associated with redistribution (i.e., in the clay soils with flow rate of 2.4 71 

lit/hr, 23% of the vertical distribution of soil moisture is associated with redistribution). Their results 72 

also showed that the moisture redistribution in the continuous irrigation system was 4-7% more than 73 

the pulse irrigation. Summarizing, the important factors of soil moisture redistribution are horizontal 74 

redistribution (Rre), downward vertical redistribution (Vre), upward vertical redistribution (Vre-up), the 75 

lower wetted area (Are) and the upper wetted area (Are-up) after cut-offing the irrigation process. 76 

These parameters are represented in Fig. 1. In the figure, Airr is the total wetted area at the time of 77 

irrigation. 78 

So far, several studies have been conducted to establish relations between the moisture redistribution 79 

dimensions and their affecting parameters. Among others, Karimi et al. (2015b) presented some 80 

relations for estimating horizontal and vertical redistribution pattern of the moisture front in the 81 

continuous irrigation system, using dimensional analysis (Buckingham π theorem). Elmaloglou and 82 

Diamantopoulos (2009) investigated the effect of hysteresis phenomenon on soil moisture 83 

redistribution and deep percolation losses in pulse and continuous irrigation systems and concluded 84 

that deep percolation loss (with and without the hysteresis phenomenon) has been considerably 85 

decreased in pulse irrigation system. The previous studies showed that there are few studies on 86 

simulating soil moisture redistribution pattern, especially for subsurface irrigation systems, while 87 

numerous studies have been carried out to estimate the wetted dimensions of moisture bulb under 88 

surface drip irrigation system. Further, most of the previous studies have focused on either moisture 89 

redistribution modeling for the continuous irrigation mode or simulating wetted area of moisture 90 

bulb after cut-offing the irrigation process. Nevertheless, analysis of moisture redistribution is an 91 

important task in both surface and subsurface irrigation systems for determining the lateral/emitter 92 

distance and emitter installation depth, which might be carried out through regression-based 93 

techniques. Therefore, one of the main objectives of this study was to investigate/simulate the 94 



horizontal and vertical redistribution patterns for different soils and outflow rates under continuous 95 

and pulse surface/subsurface irrigation systems.  96 

 2. Material and method 97 

The experiments were performed between April 3, 2016 and October 12, 2017. A rectangular cube 98 

model with dimensions of 3 * 1 * 0.5 m was constructed at the University of Kurdistan. The front 99 

face of the cube was made of the flat Polycarbonate for measuring the moisture wetting front. The 100 

cube was split into three equal parts and three experiments were conducted simultaneously. To 101 

prevent the preferential flow during the experiments, a relatively rough surface was created by 102 

applying glue on the surface of the flat Polycarbonate and outpouring the coarse gravels on it, so that 103 

the transparency of the front page of the model was preserved (Kandelous and Simunek, 2010a). All 104 

equipment and facilities of an irrigation system were simulated in accordance with actual field 105 

conditions in the physical model. Water flow was delivered from a 200-liter tank to the emitters 106 

(Netafim emitters) by means of polyethylene pipes (i.e., the main pipe with a diameter of 32 mm, 107 

and sub-main and lateral pipes with diameters of 20 and 16 mm, respectively). Additionally, in the 108 

route of water conveyance from the valve, a screen filter (to prevent emitter clogging and 109 

distribution non-uniformity), a pressure gauge (to maintain a constant pressure of 2 bars in all 110 

experiments), and a flow on-off valve (to control flow into each compartment) were installed. 111 

Considering that the amount of outflow rate was very low, a bypass collection was also designed to 112 

reduce the pressure exerted to the system (Karimi et al., 2015a). As the experiments have been done 113 

on a hemisphere, the value of the outflow rate must be multiplied by 2 in concordance to the actual 114 

conditions (Li et al., 2003, Kandelous and Simunek, 2010, Al-Ogaidi et al., 2016). Fig. 2 shows the 115 

full view of the position of all the equipment used in the study. Table1 presents the physical 116 

characteristics of the studied soil textures. The saturated hydraulic conductivity was estimated using 117 

Rosetta software (Schaap et al., 2001). Filling each compartment by dried soil was carried out on the 118 

basis of the soils bulk density. In order to stabilize the soil and uniformly distributing the initial 119 



moisture, the soil inside the compartments were placed in the laboratory for 24 to 48 h (Al-Ogaidi et 120 

al., 2016). Variations of the initial moisture content in different treatments were low in accordance to 121 

literature (e.g.  Shiri et al., 2020; Al-Ogaidi et al., 2016). Finally, after completing the irrigation 122 

process, the redistribution wetting front was recorded for different times (e.g., 3, 6, 18, 42, and 66 h) 123 

on the Polycarbonate page. Total irrigation time for continuous, 40-20, 30-30 and 20-40 treatments 124 

were 4, 12, 8 and 6 hours, respectively. However, the active time (on-time) for all treatments was 4 125 

hours that made the volume of applied water for all treatments equal. At the end of each experiment, 126 

by preparing a photograph of the front page of the model and using the Grapher software, the 127 

redistribution values were calculated in the horizontal and vertical directions. 128 

The experiments were performed for three kinds of soil textures (coarse, medium and fine), three 129 

types of emitter flow rates (2, 4, and 6 lit/hr), three different emitter installation depths (0, 15, and 30 130 

cm) and four kinds of irrigation modes (CI, PI 30-30, PI 20-40, and PI 40-20 minutes; where the first 131 

number refers to the irrigation time and the later shows the resting (off) time of the system in each 132 

cycle), thus combining 108 kinds of experimental treatments.  .  133 

3. Descriptions of the suggested models 134 

Recently, several studies have been carried out for simulation of wetting front dimensions using 135 

nonlinear regression technique (e.g. Al-Ogaidi et al., 2016; Malek and Peters, 2011). By using this 136 

method, the wetting front position can be simulated through considering more input variables and 137 

appropriate understanding of the complex soil environment. As mentioned, different factors may 138 

affect the pattern of soil moisture redistribution, from which, some are related to soil physical 139 

characteristics, such as saturated hydraulic conductivity, initial moisture content, bulk density and 140 

sand-silt-clay contents. Another group of these factors are related to the drip irrigation system, e.g. 141 

the emitter flow rate, the volume of applied water, the irrigation application mode (e.g. continuous or 142 

pulse), the emitter position (e.g. surface or subsurface), and the elapsed time (Mohammad beige et 143 



al., 2016; Karimi et al., 2013). Accordingly, an empirical nonlinear regression model is proposed 144 

here to estimate the dimensions of moisture redistribution. Using the data obtained from the 145 

laboratory experiments and conducting the nonlinear regression analysis using Microsoft Excel-146 

Solver tool 2010 (as discussed by Al-Ogaidi et al., 2016), the coefficients of the following were 147 

inferred. In this research, 108, 126, and 111 patterns were used for modeling the Dre (Dre= 2 Rre), Vre 148 

and Are for the pulse surface drip irrigation system, respectively. The general forms of the proposed 149 

methods are presented in the Eqs. (1-3). These expressions were developed on the basis of the 150 

previously published literature (e.g. Al-ogaidi et al., 2016).  151 

 152 Dre = ata1Qa2qa3 ksa4 Sa5Sia6Ca7ρba8θia9 (TonTtot)a10
      (1) 

Vre = btb1Qb2qb3ksb4Sb5Sib6Cb7ρbb8θib9 (TonTtot)b10
  (2) 

Are = ctc1Qc2qc3ksc4Sc5Sic6Cc7ρbc8θic9 (TonTtot)c10
  (3) 

Further, the number of patterns used for modeling the Dre, Vre, Are, Are-up for the pulse subsurface 153 

drip irrigation system were, respectively, 231, 186, 217, and 216. The general forms of the proposed 154 

models for this state are as follows. 155 

 156 

Dre = dtd1Qd2qd3ksd4Sd5Sid6Cd7ρbd8θid9Zd10 (TonTtot)d11
 

(4) 

Vre = ete1 Qe2qe3 kse4 Se5Sie6 Ce7ρbe8θie9Ze10 (TonTtot)e11
 

(5) 

Are = ftf1 Qf2qf3 ksf4 Sf5Sif6Cf7 ρbf8θif9 Zf10 (TonTtot)f11
 

(6) 

Are−up = gtg1Qg2qg3ksg4Sg5Sig6Cg7ρbg8θig9Zg10 (TonTtot)g11
 

(7) 



In these equations, Dre: the diameter of horizontal redistribution (Dre= 2 Rre); Vre and Vre-up: 157 

downward and upward vertical redistribution, respectively (all in cm); Are: lower side of the emitter 158 

wetted area after cut-offing the irrigation process and Are-up:  the upper side of the emitter wetted area 159 

after cut-offing the irrigation process (both in cm2). In addition, t is the elapsed time after cut-offing 160 

the irrigation process (min), q denotes the emitter discharge (lit/hr ), Q stands for the volume of 161 

applied water during irrigation (lit), 𝐾𝑆 shows the soil saturated hydraulic conductivity (cm/ℎ𝑟), S, 162 

Si, and C are, respectively, the sand, silt, and clay content (%), 𝜌𝑏  shows the soil bulk density 163 

(gr/cm3), 𝜃𝑖  𝑖𝑠 the soil initial moisture ( gravimetric percentage), Z  presents the emitter installation 164 

depth in the subsurface drip irrigation system (cm ), and 
𝑻𝒐𝒏𝑻𝒕𝒐𝒕  is the ratio of irrigation time in a cycle 165 

to the entire cycle time in the pulse irrigation system. 166 

3.1. Statistical criteria 167 

The results of the proposed models were assessed using four statistical evaluation indices, namely, 168 

the mean absolute error (MAE), the root mean square error (RMSE), the Nash-Sutcliffe coefficient 169 

(NS) and the determination coefficient (R2) which was computed using the following equations: 170 

 171 
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Where 
el

x
mod

 and 
ett

x
arg

indicate the estimated and observed data, respectively. 
el

x
mod

and
ett

x
arg

are 172 

the mean values of the predicted and observed parameter, respectively. n is the total number of data. 173 

4. Results and discussions 174 

4.1. Evaluation of the moisture redistribution 175 

Figure3 shows the moisture redistribution amounts in both horizontal and vertical directions for 176 

continuous and pulse surface irrigation modes. As can be seen from the figure, the moisture 177 

redistribution after irrigation cut-off time has considerable values in both the directions. The 178 

horizontal and vertical redistribution showed higher values for the light texture soils (LT in the 179 

figure), except for pulse irrigation mode with the flow rate of 6 lit/hr. The higher redistribution 180 

values for the light-textured soils might be linked to the water percolation into the soil depths, where 181 

the outflow from the emitters penetrates and accumulates in sandy (light-textured) soils due to the 182 

higher permeability of these textures. In case of the medium/heavy-textured soils, however, water 183 

flow tends to generally move across the soil surface, so lower amount of water accumulates in the 184 

soil (Karimi et al., 2013; Mohammad beige et al., 2016).  185 

Further, by increasing the flow rate, the horizontal and vertical redistribution values were also 186 

partially increased. This could be anticipated, because at higher emitter flow rates, more water 187 

volume accumulates in the soil and gradually redistributed after cut-offing the irrigation process. 188 

The results of Fig. 3 showed that the horizontal redistribution in the continuous irrigation system is 189 

much higher than the pulse irrigation system, which might be linked to the lower water penetration 190 

opportunity in the continuous irrigation system that facilitate the horizontal redistribution of water, 191 

as discussed by Mohammadbeigi et al. (2016). Fig. 4, shows the moisture redistribution values for 192 



the subsurface irrigation system. Similar to the surface irrigation system, as could be anticipated, the 193 

highest and lowest redistribution values are corresponded to the light-textured (LT) and heavy-194 

textured (HT) soils, respectively. The results of Fig. 4 also indicated that with increasing the flow 195 

rate, the horizontal redistribution in the continuous subsurface irrigation system partly increases, 196 

confirming the conclusions obtained by Karimi et al. (2013). The reason behind this might be the 197 

fact that by increasing the emitter discharge, the soil capability for transmitting the water during 198 

irrigation is decreased, so the water collected around the emitter moves horizontally. Tables 2- 3 199 

present the percentage of the wetted dimensions and area of moisture redistribution for the 200 

continuous and pulse surface/subsurface irrigation modes. For all the treatments, the ratios of the 201 

horizontal redistribution to horizontal distribution (
𝐷𝑟𝑒𝐷 ), vertical redistribution to vertical distribution 202 

(
𝑉𝑟𝑒𝑉 ), upward vertical redistribution to vertical distribution (

𝑉𝑟𝑒−𝑢𝑝𝑉 ), emitter lower wetted area to total 203 

wetted area (
𝐴𝑟𝑒𝐴𝑖𝑟𝑟), and the emitter upper wetted area to total wetted area (

𝐴𝑟𝑒−𝑢𝑝𝐴𝑖𝑟𝑟 ), were calculated at 204 

the time of irrigation. These results indicated that most of the wetted pattern of wetting bulb is 205 

related to moisture redistribution. Further, the results indicated that a significant percentage of the 206 

wetted areas at the lower and upper sides of the emitters are corresponded to the redistribution of 207 

moisture after cut-offing the irrigation. The results showed that the ratio of 
𝐴𝑟𝑒𝐴𝑖𝑟𝑟 for the studied 208 

treatments varied between 0.197-0.503, 0.159-0.505, 0.155-0.526, and 0.141-0.333 for continuous 209 

and pulse irrigation (the values of 30-30, 40-20, and 20-40), respectively. Moreover, the 
𝐴𝑟𝑒−𝑢𝑝𝐴𝑖𝑟𝑟  210 

values varied between 0.043-0.149, 0.023-0.085, 0.03-0.126, and 0.037-0.111 for the mentioned 211 

treatments, respectively. These values indicated that significant amount of moisture bulb pattern is 212 

formed by moisture redistribution that should be considered in designing the irrigation systems.  213 

Table4 summarizes the total dimensions attained by the wet patterns for both the continuous and 214 

pulse irrigation systems. The horizontal dimension can be used for determining the distance between 215 

the emitters and laterals, while the vertical values might provide information for selecting the best 216 



installation depth of the emitters in subsurface systems. From the table, the maximum total 217 

horizontal distribution was observed in sandy soils (coarse texture) for the continuous irrigation 218 

system (except: DI-CT-q3 and SDI-30-CT-q2). This might be due to transferring a vast amount of 219 

water into the soil profile through continuous irrigation as well as the ease of horizontal/vertical 220 

water movement in sandy soils. Similar outcomes might be stated for vertical distribution values, 221 

which were higher in coarse texture than the fine and moisture ones for both the surface and 222 

subsurface continuous/pulse irrigation systems. Finally, the highest amount of total vertical 223 

distribution and wetted area in pulse subsurface irrigation system corresponded to the pulse ratio of 224 

30-30.  225 

        226 

4.2. Analysis of the suggested models 227 

The obtained coefficients of the proposed non-linear regression models are presented in Table5. By 228 

analyzing the values presented in this table, some remarks can be highlighted. First, the statistical 229 

parameters clearly demonstrated the good ability of the proposed models in estimating redistribution 230 

values for both the surface and sub-surface pulse irrigation systems. Based on the statistical indices, 231 

the proposed models has showed good ability for simulating pattern of wetting redistribution in 232 

surface systems (equations 1-3) if compared with the previous literature (e.g. Al-Ogaidi et al., 2016). 233 

In addition, the statistical indices corresponded to the subsurface irrigation systems indicated that the 234 

proposed models have a good performance in estimating the redistribution dimensions when 235 

compared by previous studies (e.g. Malek and Peters, 2011).  236 

4.2.1. Pulse surface drip irrigation 237 

The outcomes of the statistical parameters of Table 6 show that the proposed models predict the 238 

horizontal and vertical redistribution in surface drip irrigation (SDI) system with acceptable 239 

accuracy. Further, in Fig. 5, comparing the measured and simulated values indicated that the 240 



proposed model presented good ability in simulating the horizontal redistribution in the SDI system 241 

for all adopted pulse ratios (20-40, 30-30, 40-20) and soil textures (MT, LT, HT). In addition, 242 

according to Table 6, these models estimated the vertical redistribution in the surface irrigation 243 

system with suitable performance accuracy. The MAE, RMSE and NS values for the studied 244 

treatments vary between 0.26-0.59, 0.3-0.79 cm and 0.74-0.97, respectively.  Table 7 sums up the 245 

statistical indices of the models for simulating lower wetted area values after irrigation cutoff for 246 

pulse surface drip irrigation. The values presented in the tables indicated that the proposed models 247 

estimated the lower wetted area of the emitter (Are) in SDI systems with acceptable accuracy. A 248 

comparison between the observed and simulated values of this area has been demonstrated in 249 

Figure5 that confirms the given statement.  Finally, comparing with the previously developed 250 

models (e.g. Karimi et al., 2105a), the proposed models in the present study presented better 251 

performance in simulating the emitters’ lower wetted area. 252 

4.2.2. Pulse subsurface drip irrigation 253 

The statistical indices for the proposed models of the pulse subsurface irrigation system have been 254 

presented in Table 8. The values indicated that the developed models estimated the horizontal and 255 

vertical redistribution in the SDI systems with acceptable performance. The MAE, RMSE and NS 256 

values varied between 0.34-0.72 cm, 0.37-0.83 cm and 0.77-0.96, respectively for the horizontal 257 

redistribution values, while they varied, respectively, between 0.13-0.42, 0.17-0.48 cm and 0.65-0.96 258 

for vertical redistribution simulation. Nonetheless, comparing the measured and simulated 259 

redistribution values in Figure 6 showed that the proposed models have acceptable performances. . 260 

Table9 lists the statistical indices of the models for simulating the wetted area of the emitters of SDI 261 

system after cut-offing the irrigation process. According to the table, it is proved that these models 262 

estimated the emitters’ lower wetted area with the MAE, RMSE and NS values varying between the 263 

0.0014-0.0066 m2, 0.0021-0.0077 m2 and 0.79-0.98, respectively. The values of these indices varied 264 



between   0.0008-0.0019 m2, 0.001-0.0022 m2 and 0.72-0.96, respectively for upper wetted area 265 

modeling in SDI system. Similar partial conclusions might be obtained by assessing the scatterplots 266 

presented in Figure 6, confirming the outcomes reported by Karimi et al. (2015a). 267 

 268 

5. Conclusion  269 

Due to the importance of the moisture redistribution in soil, a set of experiments were carried out for 270 

surface and subsurface drip irrigation systems using three various outflow rates (e.g., 2, 4, and 6 271 

lit/hr) and three different soil types (clay, sandy-clay-loam, and sandy-loam) for both continuous and 272 

pulse irrigation systems (i.e., with the ratios of 20-40, 30-30, 40-20). Some non-linear regression 273 

based equations were also proposed for estimating the moisture redistribution dimensions under the 274 

mentioned irrigation systems. The outcomes of the present research revealed that: 275 

1. A significant percentage of the moisture bulb zone is associated with the moisture redistribution 276 

dimensions after irrigation cut-off time. 277 

2. The horizontal and vertical redistribution showed higher values for the light texture soils. 278 

3. The horizontal redistribution in the continuous irrigation system was higher than the pulse 279 

irrigation system. 280 

4.  The proposed non-linear regression models estimated the horizontal/vertical redistribution and 281 

lower/ upper wetted area in surface/subsurface pulse drip irrigation system with acceptable accuracy.  282 

5. The utilization of these techniques for design purposes can be useful in determining the exact 283 

space between laterals and emitters as well as the appropriate depth of emitters to reduce water 284 

losses via surface runoff and deep percolation.  285 
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Figures

Figure 1

Schematic representation of the moisture redistribution in surface and subsurface drip irrigation systems
(D: horizontal distribution during irrigation; V: vertical distribution during irrigation; Airr: wetted area
around emitter during irrigation; Rre: horizontal redistribution; Vre and Vre-up: downward and upward
vertical redistribution, respectively; Are and Are-up: lower and upper wetted area after cut-o�ng the
irrigation process, respectively)

Figure 2



Schematic descriptions of the experimental device. 1-Reservoir; 2- By-pass assembly; 3- Pump; 4- Valve; 5-
Gage; 6- Filter; 7- Main pipe; 8- Sub-main pipe; 9- Off-on valve.

Figure 3

Values of horizontal and vertical moisture redistribution for surface drip irrigation (CI: Continuous
irrigation; PI: Pulse irrigation; CT: coarse texture; MT: medium texture; FT: �ne texture)



Figure 4

Values of horizontal and vertical moisture redistribution for subsurface drip irrigation (CI: Continuous
irrigation; PI: Pulse irrigation; CT: coarse texture; MT: medium texture; FT: �ne texture)



Figure 5

Comparison of measured and simulated values of redistribution (Dre, Vre and Are) for pulse surface drip
irrigation (CT: coarse texture; MT: medium texture; FT: �ne texture)



Figure 6

Comparison of measured and simulated values of redistribution (Dre, Vre, Are, and Are-up) for pulse
subsurface drip irrigation
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