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Abstract

The most common methods for estimating the infiltration function are measurements

through a double-ring infiltrometer (DRI) and empirical models. Infiltration data always

exhibit different kinds of scatter, which affect the accuracy of the estimated infiltration func-

tion. This study presents a new methodology to calibrate the infiltration function. The sug-

gested approach is based on combining the DRI method with the changes in the measured

soil water content. Furrow irrigation experiments were conducted to estimate the infiltration

function using different methods and to investigate the effect of data scatter on the reliability

of the estimated infiltration function. Furrow elevations were observed, and for each irriga-

tion event advance times, recession times, and inflow rates were observed. The infiltration

depths were measured as a function of the change in the soil water content before and after

irrigation event. Infiltration parameters were estimated using DRI treatment, empirical model

(Kostiakov model), and suggested approach. Measured and simulated infiltration depths

using the described methods were compared. The results show that the infiltration depths

estimated using a DRI were lower than the observed infiltration depths, while the infiltration

depths estimated using the empirical model were higher than the observed infiltration

depths. The results indicate that the infiltration function estimated using the recommended

approach was more accurate and reasonable than the infiltration function estimated using

the DRI, and empirical (Kostiakov model) methods. In addition, the proposed approach can

reduce the required measurements during the irrigation event, and can also reduce the

potential scatter in the estimated infiltration function that results from soil variability and mea-

surement errors.

1. Introduction

Soil infiltration characteristics are important for the evaluation, design and management of

surface irrigation systems. Empirical infiltration models and double-ring infiltrometer (DRI)

methods are widely used to estimate the infiltration function in surface irrigation applications.

The required data for infiltration determination collected during an irrigation event (i.e.,
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advance and recession times, inflow rate, and slope, which are used to describe many

approaches in surface irrigation) or prior to an irrigation event form the array of existing field

measurements (e.g., using a DRI). The advance and recession times have been defined in

many studies e.g., [1–4], where the advance time is the time-distance relationship in water

front advance, and the recession time is the time-distance relationship begins when the depth

of surface water at the upstream decreases to zero and continues until the surface is drained.

Empirical infiltration models differ depending on computational approaches and data

requirements. Many studies have been conducted to define coefficients in empirical infiltra-

tion models based on the volume balance approach (i.g., the two-point method [5–10], one-

point method [11–13], Saint-Venant approach [14, 15], zero-inertia approach [16–18], and

kinematic-wave approach [18, 19]). These approaches depend on different levels of measure-

ments, and errors in the measurement data can cause substantial errors in assessing the soil

infiltration function [20]. Hence, when computational approaches that depend on limited

measurement data (i.e., the one-point and two-point methods) are used to estimate the infil-

tration function, the results are not always reliable. Bautista et al. [21] concluded that the two-

point method is inherently uncertain because of the sensitivity of the calculations to uncertain

advance data and the limited infiltration information provided by the advance phase. The

unreliable results of estimation infiltration parameters can occur not only with the two-point

method, but also with any method that relies solely on advance data (measurement of the

water advance time to a known distance) [22]. Even when the observations are collected care-

fully, the results can be very sensitive to the location of observation stations [7, 23]. In addition,

the methods that depend on limited measurement data can be restrictive for field use in many

situations [24, 25]. Conversely, the accuracy of the estimated infiltration function increases

with computational approaches that depend on large amounts of measurement data. However,

in this case, the collection of a large amount of data (i.g., observations of the advance time,

recession time, and soil water content every 5 m along the field length instead of at one-point

or at two-points) can decrease the data accuracy, particularly for large-scale projects when

using laborers with imperfect knowledge about data collection [26–28].

Recently, studies have been performed to calibrate the infiltration parameters of empirical

infiltration models with the aid of hydrodynamic simulation software, such as WinSRFR [3, 4]

(e.g., [29–32]) and SISCO [33] (e.g., [34–36]), which offer sufficient tools for implementing

the previous computational approaches.

Other studies have estimated the infiltration function in field situations using small area

methods. The small area methods involve the use of blocked-furrow infiltrometers [37], bypass

infiltrometers [38], the inflow-outflow method [39], flowing infiltrometers [40], flow-through

infiltrometers [41], a single ring infiltrometer [42] and a DRI [1, 2, 43]. The DRI instruments

are very easy to use and have been used by several researchers in China [8]. When a ring infilt-

rometer or DRI is used, the saturated soil hydraulic conductivity is assumed to be equal to the

final infiltration rate [44] or 0.667 [45]. In addition, the soil is assumed to be homogeneous

within the measured area. However, the soil heterogeneity and soil spatial variability influence

the measurements. In particular, the measurements made using the ring infiltrometers and

DRIs may give size-dependent results. Many studies have investigated the effects of the hetero-

geneity on the infiltration rate, and the main conclusion of these studies is that the mean infil-

tration rate depends on the measurement size in heterogeneous media (the mean infiltration

rate increases with increasing measurement size up to a point, above which the infiltration rate

becomes constant) [46–48], the degree of heterogeneity in the media [46], the intrinsic struc-

ture of the heterogeneous media and the flow process [49], and the location and sampling size

(soil contact area of the dish infiltrometer) [50]. Furthermore, even in homogeneous media,

the mean infiltration rate increases with increasing measurement size [51].
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In previous methods, the reliability of the estimated infiltration parameters depends on the

selected approach, which is basically dependent on the amount, variety and accuracy of the

available measurement data, and measurement errors can cause substantial errors in estimat-

ing the infiltration function. In addition, the parameters in empirical infiltration models have

no physical relevance and do not generally consider specific initial and boundary conditions,

and the small area methods fail to provide infiltration characteristics representative of the true

overall field values. Therefore, an improved approach to estimating the infiltration characteris-

tics in irrigation systems is needed to decrease the number of observations and increase the

accurate of the estimated infiltration function. Hence, the objectives of this study were as fol-

lows: (1) to propose a new methodology to estimate infiltration characteristics in surface irri-

gation systems; (2) to evaluate infiltration functions estimated using an empirical infiltration

model (the Kostiakov equation in this study), a DRI and the proposed method; (3) to investi-

gate the effect of the selected approach and data scatter on the estimated infiltration function

(the measured and simulated cumulative infiltration depths were compared, where the cumu-

lative infiltration depths were observed based on soil water content measurements).

2. Materials and methods

2.1. Experimental area

Field experiments were conducted at the Wuqiao Agricultural Experimental Station in

Wuqiao (116˚37’E, 37˚65’N), Hebei Province, China. Wuqiao County is a typical area of inten-

sive agriculture in the North China Plain. Cotton is an important crop to be cultivated in the

study area, which is planted in furrow irrigation systems with growing periods total more than

160 days from the middle of April to the middle of October. The climate of the region is a con-

tinental monsoon climate, with an average annual evaporation range of 1500–1800 mm. The

mean annual precipitation and temperature at the study site are approximately 576 mm and

12.6˚C, respectively. Rainfall generally occurs during the summer. Particle size distribution

(i.e., soil texture) and bulk density of the soil at the site were determined according to Klute

[52]. The soil texture was determined every 10 cm to a depth of 100 cm at three locations. The

soil of the studied area is a silty loam soil (61.9±5% silt, 28.3±7.4% sand, and 9.8±2.5% clay on

average ± standard deviation) with an average bulk density of 1.43 g cm-3 for the 50 cm soil

depth.

2.2. Experimental treatments

A total of 12 furrow irrigation assessments were performed in the study area. The furrows had

the following average characteristics: V-shaped, 0.4 m top width, 0.2 m maximum height, 235

m length, and 0.6 m furrow space. Furrow elevations were observed using an optical level, and

for each irrigation event, the advance times, recession times (every 5 m along the furrow

length) (Fig 1), and inflow rates (measured using a typical water flow meter) were observed.

All furrows slope in the downstream direction, with an average slope of between 0.0006 and

0.0009 m m-1 (correlation coefficient of the linear regression analysis of the slopes is between

0.70 and 0.92). It was confirmed that only one furrow was irrigated at a time, that the full

amount of inflow through the service point was applied to that furrow, and that the buffering

capacity of the farm channel removed most of the short-term variation. Consequently, the

time-averaged inflow rate was used in all the evaluations.

The soil samples were taken with a soil auger at 20, 113, and 210 m from the furrow head

(Fig 1) in each furrow over 0–100 cm in depth at 20 cm intervals before irrigation events and

one day after irrigation events for the soil water content measurements. The soil water content

was determined by gravimetric analysis to assess the change in the soil water status prior to
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and after irrigation event using the oven drying method with 10 cm soil layers down to 100 cm

at 20, 113, and 210 m in the longitudinal direction of the furrows.

The advance and recession times of furrow 12 were not obtained near the furrow down-

stream due to the field conditions. Therefore, the evaluation of furrow 12 was not included in

the analysis.

2.3. Infiltration function

The infiltration functions were determined using the following methods:

2.3.1. Double-ring infiltrometer. Some of the analyses presented herein are based on the

use of a DRI to estimate the infiltration function. The DRI measurements were repeated at

three different locations in the study area. The ring diameters used in this study were 30 and

60 cm. Detailed descriptions of the double-ring infiltrometer were provided by [44].

2.3.2. Kostiakov model. The analysis presented herein also uses the simplest and most

common approximations of an empirical model for estimating infiltration, which is described

by the Kostiakov equation [53]. The Kostiakov equation can be written as

Z ¼ kta ð1Þ

where Z is the cumulative infiltration depth in mm, τ is the intake opportunity time in hours

(the difference between advance and recession time), k is a coefficient with units of mm hr-α,

and α is an empirical constant (k> 0, and 0< α<1).

The simple post-irrigation volume balance (PIVB) [54–56] was used to solve the Kostiakov

equation parameters (k, α). WinSRFR software [3, 4, 57] provides a hydraulic simulation tool

for solving the PIVB. The input data for WinSRFR software for each furrow irrigation event

included the irrigation water requirement, system geometry (furrow length, space, and cross

section), average furrow slope, roughness coefficient (in this study, n = 0.04 [21]), inflow rate,

cut-off time, downstream conditions (in this study, blocked-ended furrow), and advance and

recession times at each measurement distance within each furrow (in this study, every 5 m

along the furrow length). In addition, because the Kostiakov formula was selected as an empir-

ical infiltration function to estimate the infiltration function, the α parameter was also entered

as input. The simulated advance and recession times were compared with the observed times,

and if the fit was poor, then a new value was assigned to the α parameter. This procedure was

Fig 1. A plan view showing a general layout, observed advanced and recession times points, and observed soil water moisture

points.

https://doi.org/10.1371/journal.pone.0234480.g001
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repeated until a good fit between the simulation and observation data was achieved. In this

manner, the values of α and the k parameter were obtained.

2.3.3. Suggested approach. As mentioned, when a DRI is used, the soil is assumed to be

homogeneous within the measured area, and the measurements made using the DRIs may

give size-dependent results. On the other hand, the parameters in Kostiakov infiltration mod-

els have no physical relevance and do not generally consider specific initial and boundary con-

ditions, and the accuracy of the estimated infiltration function increases with large amounts of

measurement data. In the suggested approach, the soil moisture data before and after irrigation

used to estimate the parameters of the Kostiakov equation:

Zi ¼ ZC ð2Þ

where Zi is the cumulative infiltration depth as given in Eq (1), and Zc is the cumulative infil-

tration depth estimated from the soil water content described as follows:

ZC ¼

Z D

0

½yðZ; tÞ � yðZ; 0Þ�dZ ð3Þ

where θ(Z, t) is the soil water content measured after the irrigation event (m3 m-3); θ(Z, 0) is

the initial soil water content measured before the irrigation event at 20, 113, and 210 m from

the furrow head in each furrow (m3 m-3); and D is the soil layer depth (cm). The soil depth was

considered to be 100 cm.

By substituting Eqs (1) and (3) in (2), we obtained a new form of the volume balance equa-

tion that can be applied to the two points measured along the furrow:

kta
1
¼

Z D

0

½y1ðZ; tÞ � y1ðZ; 0Þ�dZ ð4Þ

kta
2
¼

Z D

0

½y2ðZ; tÞ � y2ðZ; 0Þ�dZ ð5Þ

Then, the values of k and α are obtained by solving the system formed by Eqs (4) and (5):

a ¼

Ln

Z D

0

½y1ðZ;tÞ� y1ðZ;0Þ�dZ

Z D

0

½y2ðZ;tÞ� y2ðZ;0Þ�dZ

ln t1
t2

ð6Þ

k ¼

Z D

0

½y1ðZ; tÞ � y1ðZ; 0Þ�dZ

ta
1

ð7Þ

As noted above, the soil water content was measured at 20, 113, 210 m from the furrow head

in each furrow before and after irrigation events. The opportunity times on the right-hand side of

Eqs (6) and (7) were calculated from the difference between the advance and recession times dur-

ing the irrigation events at the same previous points (20, 113, 210 m along the furrow length).

Since the opportunity times were obtained during the irrigation events and the soil moisture

changes were observed before and after irrigation events, the evaporation losses should be

accounted for. In this study, the evaporation losses were ignored and to reduce the effect of the

evaporation losses on the results, the measured points were covered by plastic mulch. In addition,
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the result of Eq (6), for certain practical cases, e.g., τ2> τ1, could exceed the recommended range

of the α parameter (0< α<1). To solve this problem, a new procedure is suggested that depends

on the combination of the DRI method with the changes in the measured soil water content. The

details about this procedure are illustrated in detail in the Results and Discussion section.

2.4. Infiltration model performance

The estimated infiltration models efficiency were evaluated by the root mean square errors

(RMSE), the mean absolute errors (MAE), and the mean relative errors (MRE). The RMSE

provides an indication of how well the simulated values match the observed values, and has a

minimum value of zero. The MAE tells how big of an error can expect from the estimation on

average, and measures the average magnitude of the errors in a set of estimations, without con-

sidering their direction. The MRE is a measure of prediction accuracy of an estimating method

in statistics. RMSE, MAE, and MRE can be written as:

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN

i¼1

ðZS � ZOÞ
2

i

s

ð8Þ

MAE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN

i¼1

jZS � ZOji

s

ð9Þ

MRE ¼
1

N

XN

i¼1

ZS � ZO

ZO

�
�
�
�

�
�
�
�
i

ð10Þ

where N is the number of observations, ZS is the simulated infiltration depth, and ZO is the

observed infiltration depth.

3. Results and discussions

3.1. Double-ring infiltrometer

The measured intake rates for the individual infiltration runs were obtained at 2–5 minute

intervals at each of the three sites in the study area. The maximum, minimum, and average

points are shown in the figure at regular intervals (Fig 2). The infiltration rate (I, mm hr-1) fit-

ted to the Kostiakov equation was found in the experimental field as I = 2.73t-0.6168.

The cumulative infiltration depth Z in millimeters was integrated from the infiltration rate

function and reported as Z = 7.11t0.383, where Z was given in millimeters and t was given in hours.

In the border irrigation system, the cumulative infiltration depth can be used directly. How-

ever, in the furrow irrigation system, the parameter k can be converted so that it is compatible

with the furrow system by dividing by the furrow spacing. Then, the cumulative infiltration

depth for the furrow system can be reported as follows: Z = 11.86t0.383, where Z is given in mil-

limeters, and t is given in hours.

3.2. Furrow irrigation events

Table 1 provides details of the average slope, inflow rate, inflow duration, final advance time

and infiltrated water volume of the furrows.

The parameters of the Kostiakov equation (k, α) were estimated using WinSRFR software.

The simulated advance curve was adjusted by modifying the α parameter, and the initial value

of the α parameter was set as equal to the value estimated from the DRI (α = 0.383). Then, the
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k parameter was estimated. The simulated and observed advance curves had a good fit

(Table 2) when the previously described α parameter value was used, which means that the α
parameter estimated from the DRI can be used directly for estimating the k parameter value.

The k parameter values estimated directly from DRI-derived α parameters are useful for

testing the accuracy of different roughness coefficient (n) values, which are difficult to evaluate

with blocked-end systems. In the surface irrigation design, initial values of the α and n parame-

ters were set for solving the Kostiakov equation using the simple post-irrigation volume

method (which was solved using WinSRFR software). However, in this study, the α parameter

was estimated directly from the DRI; therefore, in this case, the only unknown parameter is n.

Fig 2. Field infiltration rate, I (mm hr-1) and cumulative infiltration depth Z (mm), the vertical bars represent the

maximum and minimum value at each point.

https://doi.org/10.1371/journal.pone.0234480.g002

Table 1. Furrow observation data.

Furrow no. Slope (m m-1) Inflow rate (l s-1) Flow duration (min) Final advance time (min) Infiltrated volume (m3)

Average slope σslope Average inflow σq

1 0.0009 0.0640 1.14 0.11 115.4 119.50 7.89

2 0.0008 0.0592 1.39 0.09 115.4 123.32 9.62

3 0.0007 0.0549 1.14 0.68 100.5 95.42 6.87

4 0.0008 0.0582 1.18 0.16 96.0 102.55 6.80

5 0.0007 0.0521 1.18 0.09 115.3 122.00 8.16

6 0.0006 0.0481 1.04 0.43 106.1 119.50 6.62

7 0.0009 0.0618 1.17 0.27 104.9 114.22 7.36

8 0.0008 0.0554 1.49 0.50 67.0 75.37 5.99

9 0.0008 0.0554 1.40 0.26 104.6 117.62 8.78

10 0.0009 0.0694 1.10 0.30 104.9 108.77 6.93

11 0.0009 0.0678 1.08 0.31 92.1 100.33 5.97

12 0.0008 0.0640 1.18 0.11 104.8 - 7.42

https://doi.org/10.1371/journal.pone.0234480.t001
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Then, different values of the roughness coefficient from the range (0.04–0.16) recommended

by Anwar et al. [58] were evaluated by comparing the observed and simulated data for each

irrigation event. The roughness coefficient (n = 0.04) achieved the best fit between the

observed and simulated advance and recession times for all irrigation events.

Table 2 shows that the modeling of the advance phase of the irrigation events was reason-

able (average RMSE of advance times = 3.49 min), but the results for the recession were not as

good, with an average RMSE of 38.28 min. These results were obtained because it is easy to

measure the advance time accurately and reliably in surface irrigation events. Conversely, the

recession times are difficult to obtain; therefore, the measurement data scatter of the recession

times was expected to be large (Fig 3).

From the field data, the field bottom elevation was mildly irregular (Fig 3). This irregularity

causes variations in recession times, as the measurements suggest. However, with the given

slope variations, the recession times are expected to mostly increase with distance down the

field. In other words, the variations in recession time seem extreme for the variations in field

elevation. At the same time, the recession measurements seem to be consistent among tests.

Thus, it is difficult to determine the cause of these recession time variations. The possible rea-

sons are the slope variations (Table 1) at some parts of the furrows, measurement errors, and

very large variations in soil texture in the fields. However, the soil texture characteristics along

the field were tested at only three locations.

Infiltration data, whether measured with a DRI or with an entire furrow using an infiltrom-

eter, always exhibit scatter. It is possible that the scatter is the result of soil variability and mea-

surement errors. We must measure the potential scatter of these data and use our knowledge

about infiltration (and roughness) variability to develop design/operational recommendations.

Therefore, we are interested in finding solutions that will be robust, i.e., that will be the least

affected if actual conditions differ from those assumed in the simulation design, which may

not be the solution with the best distribution uniformity and application efficiency.

To address the data scatter problem, Kostiakov equation parameters were estimated using

the soil water content measurements (Eqs (6), and (7)). However, the results of Eq (6) can

extend beyond the recommended α parameter range. At the same time, the α parameter,

which was estimated with a DRI, is accurate. Therefore, the use of α = 0.383 (instead of esti-

mating the α parameter from Eq (6)) were used for the estimation of the k parameter from Eq

(7). Eq (7) can be written for the soil water content observation location i as follows:

ki ¼

Z D

0

yiðZ; tÞ � yiðZ; 0ÞdZ

t0:383
i

ð11Þ

The average k parameter can be obtained as follows:

k ¼
1

n

Xi¼n

i¼1

Z D

0

yiðZ; tÞ � yiðZ; 0ÞdZ

t0:383
i

ð12Þ

where n is the number of observation locations of soil water content.

Table 2. RMSE of advance and recession times.

Furrow No 1 2 3 4 5 6 7 8 9 10 11 12 RMSE ave.

RMSE advance (min) 1.69 4.91 2.49 6.63 3.48 2.1 5.17 1.80 3.69 2.23 4.2 - 3.49

RMSE recession (min) 54.7 46.2 56.4 57.6 34.2 48.2 15.3 28.6 20.2 24.4 35.3 - 38.28

https://doi.org/10.1371/journal.pone.0234480.t002
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The infiltration function estimated from the suggested method (α derived from the DRI

and the k parameter obtained by Eq (12)) was more accurate and reasonable (Table 3) than

that estimated by other methods (the DRI and Kostiakov equation, which use observed

advance and recession times) (Fig 4).

Fig 3. Measured (dots) and simulated (lines) advance and recession curves, inflow rates, average inflow rates, and

ordinary least squares regression equations of F2, F4, and F5.

https://doi.org/10.1371/journal.pone.0234480.g003
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Fig 4 illustrates the infiltration depths obtained using the following methods: (i) DRI

method (Z = 11.86t0.383, where t is the intake opportunity time); (ii) Kostiakov equation (KE)),

where the parameters (k, α) of the KE equation were established with the aid of the WinSRFR

and trial-and-error. As mentioned, the α parameter estimated from the DRI was achieved the

best fit. However, the k parameter differs among the furrows; (iii) the proposed method (α
derived from the DRI and the k parameter obtained by Eq (11) (Table 3). In addition, the soil

water changes (Eq (3)) were presented at three location along the furrow.

The infiltration parameters obtained from the DRI, the Kostiakov equation, and the sug-

gested method, along with the RMSE, MAE, and MRE of the cumulative infiltration depth, are

summarized in Table 3.

The RMSE of the infiltration depth obtained by applying the suggested method ranged

from 4.9 to 0.4 mm, while those obtained by the DRI and the Kostiakov equation ranged from

37.9 to 19.8 mm and 23.8 to 3.3 mm, respectively (Table 3). The MRE values of the infiltration

depth obtained by applying the suggested approach were from 0.01 to 0.11%, while those

obtained by the DRI and the Kostiakov equation ranged from 0.56 to 0.70% and 0.07 to 0.61%,

respectively. The RMSE and MRE for furrow F10 was the lowest when the infiltration function

was estimated using the suggested method, possibly because the soil water points used for

observations were not sufficient to obtain a clear relation for this furrow. However, in all irri-

gation events, the RMSE, and MRE values of the infiltration depth obtained by applying the

suggested method were the lowest, with an average of 2.20 mm and 0.05%, respectively.

It is worth noting that when comparing the estimated infiltration functions, both cumulative

infiltration and infiltration rates must be considered. A calibrated infiltration function may

Table 3. Infiltration function parameters, RMSE, MAE, and MRE of the infiltration depth.

Furrow NO. Infiltration parameters

Double-ring

infiltrometer

RMSE MAE MRE Kostiakov

equation

RMSE MAE MRE Suggestion

approach

RMSE MAE MRE

α k[1] α k[2] α k[3]

- mm.hr-a mm mm % - mm.hr-a mm mm % - mm.hr-a mm mm %

F1 0.383 11.855 23.3 22.55 0.57 0.383 40.169 19.2 16.91 0.44 0.383 29.164 2.5 2.37 0.06

F2 37.8 37.79 0.70 0.383 49.667 14.2 14.11 0.26 0.383 40.953 1.3 1.16 0.02

F3 25.5 25.48 0.60 0.383 33.531 6.1 6.07 0.14 0.383 28.386 0.4 0.37 0.01

F4 25.8 25.76 0.60 0.383 33.727 5.7 5.56 0.13 0.383 28.620 0.9 0.85 0.02

F5 26.8 26.60 0.62 0.383 43.307 15.9 15.31 0.37 0.383 33.270 3.9 3.51 0.08

F6 24.9 24.72 0.60 0.383 33.68 8.9 8.21 0.20 0.383 30.466 0.5 0.44 0.01

F7 19.8 19.34 0.56 0.383 41.168 18.2 17.90 0.54 0.383 27.589 3.5 3.04 0.09

F8 24.2 24.16 0.61 0.383 32.386 3.3 2.80 0.07 0.383 29.917 1.5 1.38 0.03

F9 24.6 24.31 0.62 0.383 49.763 23.8 23.09 0.61 0.383 29.506 4.9 4.38 0.11

F10 27.4 27.33 0.64 0.383 37.901 7.1 6.53 0.16 0.383 34.498 2.7 2.46 0.06

F11 23.7 23.53 0.59 0.383 30.99 4.7 3.78 0.10 0.383 29.174 1.6 1.45 0.04

F12 - - - -

Average 0.383 11.855 25.8 25.60 0.61 0.383 38.754 11.6 10.93 0.27 0.383 31.049 2.2 1.95 0.05

Maximum - - 37.8 37.79 0.70 - 49.763 23.8 23.09 0.61 - 40.953 4.9 4.38 0.11

Minimum - - 19.8 19.34 0.56 - 30.990 3.3 2.80 0.07 - 27.589 0.4 0.37 0.01

Standard deviation - - 4.5 4.58 0.04 - 6.699 7.0 6.77 0.19 - 3.885 1.5 1.3 0.04

[1] Based on DRI treatment,

[2] Based on WinSRFR software and trial-and-error

[3] Based on Eq (12)

https://doi.org/10.1371/journal.pone.0234480.t003
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poorly predict cumulative infiltration but may accurately predict infiltration rates over long

times. Likewise, a function may predict cumulative infiltration and infiltration rates at short

times but may poorly predict long-term infiltration rates and therefore cumulative infiltration.

The functions generated for all furrows predicted nearly the same long-term infiltration rates

for the KE and the suggested functions, even if the cumulative infiltration values differed (Fig

5). Although the infiltration function which estimated from DRI treatment was underestimated,

the estimated function provides information about the infiltration function shape in the field

Fig 4. Accumulative infiltration depth obtained from double-ring infiltrometer (DRI), Kostiakov equation (KE),

and suggested method of F2, F4, and F5.

https://doi.org/10.1371/journal.pone.0234480.g004
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because the simulated and observed advance curves had a good fit when the DRI-derived α
parameter value was used (the shape of the infiltration curves obtained from a parameter). The

estimated infiltration function based on KE method required a large number of measurements

(i.e., advance times, recession times, inflow rate, and slope), and the infiltration function accu-

racy increases with increasing measurement size (e.g., observations of the advance time, and

recession time every 5 m along the field length instead of every 10 m). However, estimating the

infiltration function based on the suggestion method can reduce the required measurements

during the irrigation event, only advance and recession times are required which observed at

three location along furrow length in this study. Furthermore, the suggested approach can

reduce the number of unknown parameters (a, n), only the roughness coefficient (n), instead of

both α and n, needs to be established with the PIVB method and through trial and error (cali-

brating both a and n parameters at the same time in previous studies was difficult and time

Fig 5. Infiltration rate and cumulative infiltration obtained from double-ring infiltrometer (DRI), Kostiakov equation (KE), and

suggested approach of (F2) furrow 2, (F4) furrow 4, and (F5) furrow 5.

https://doi.org/10.1371/journal.pone.0234480.g005
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consuming). These results indicate that the infiltration function estimated using the suggested

method can address errors in measurements (particularly in recession times) and improve the

accuracy of the estimated infiltration depth. In addition, estimating the k parameter of the Kos-

tiakov equation using Eq (11) can provide clear information about the variation of this parame-

ter (k) along the furrow length. However, testing of the suggested method at another location

with a different soil type and climate conditions is still required to validate this model.

4. Conclusions

In practice, the most common methods for estimating the infiltration function are the DRI

method and the use of empirical infiltration models. The required data for infiltration determi-

nation always exhibit different kinds of scatter, which affect the accuracy of the estimated infil-

tration function.

This study suggests a new approach to reduce the effect of data scatter on the estimated

infiltration function. The approach depends on the estimation of the infiltration function

using a combination of a DRI and soil water content measurements.

First, the α parameter was obtained from a DRI experiment, and the k parameter was esti-

mated using the proposed formula (Eq (12)), where the α parameter was equal to the value

obtained from the DRI, and the opportunity times were obtained during the irrigation events

at the same locations of the soil water content observation.

The infiltration function established using the suggested described approach was more

accurate than that established using the other methods (the DRI and Kostiakov equation). The

recommended approach was very useful for reducing the requirement measurements during

the irrigation event, and therefore, reducing the effect of measurement errors on the estimated

parameters, particularly when the observed recession times were not accurate, which is a com-

mon situation under field conditions in large-scale projects. In addition, estimating the α
parameter from the DRI can help reduce the number of unknown parameters for solving the

PIVB method. In this case, only the roughness coefficient (n), instead of both α and n, needs to

be established with the PIVB method and through trial and error (with the initial value of n
set, the k parameter is calculated using the PIVB method; this procedure is repeated until a

good fit is achieved between the advance and recession times).

This study used the Kostiakov equation as an empirical model for estimating the infiltration

function. However, using another empirical model (i.e., the modified Kostiakov model, which

includes more empirical parameters) increases the accuracy of the estimated infiltration

model. Additionally, the changes in the soil water content were observed at three locations

along the furrow length. However, observing the soil water content at more locations increases

the accuracy of the k parameter. Large variations in soil texture occur in the field; therefore,

the soil texture in more locations in the study area should be determined for future studies.

Furthermore, testing of the proposed method at another location with a different soil type and

climate conditions is still required to validate this model.
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Methodology: Mohamed Khaled Salahou, Xiyun Jiao.

Software: Mohamed Khaled Salahou.

Supervision: Xiyun Jiao.

Writing – original draft: Mohamed Khaled Salahou.

Writing – review & editing: Mohamed Khaled Salahou.

References
1. Amer AM, Amer KH. Surface Irrigation Management in Relation to Water Infiltration and Distribution in

Soils. Soil & Water Res. 2010; 3(5):75–87.

2. Amer AM. Effects of water infiltration and storage in cultivated soil on surface irrigation. Agricultural

Water Management. 2011; 98(5):815–22. https://doi.org/10.1016/j.agwat.2010.12.006

3. Bautista E, Clemmens AJ, Strelkoff TS, Niblack M. Analysis of surface irrigation systems with

WinSRFR—Example application. Agricultural Water Management. 2009; 96(7):1162–9. https://doi.org/

10.1016/j.agwat.2009.03.009

4. Bautista E, Clemmens AJ, Strelkoff TS, Schlegel J. Modern analysis of surface irrigation systems with

WinSRFR. Agricultural Water Management. 2009; 96(7):1146–54. https://doi.org/10.1016/j.agwat.

2009.03.007

5. Ronald LE, Wynn RW, Gaylord VS. Furrow Irrigation Advance Rates: A Dimensionless Approach.

Transactions of the ASAE. 1983; 26(6):1722–5. https://doi.org/10.13031/2013.33832

6. Scaloppi EJ, Merkley GP, Willardson LS. Intake parameters from advance and wetting phases of sur-

face irrigation. J Irrig Drain Eng. 1995; 121:57–70.

7. Blair AW, Smerdon ET. Infiltration from Irrigation Advance Data. II: Experimental. Journal of Irrigation

and Drainage Engineering. 1988; 114(1):18–30. https://doi.org/10.1061/(asce)0733-9437(1988)114:1

(18)

8. Chen B, Ouyang Z, Sun Z, Wu L, Li F. Evaluation on the potential of improving border irrigation perfor-

mance through border dimensions optimization: a case study on the irrigation districts along the lower

Yellow River. Irrigation Science. 2013; 31(4):715–28. https://doi.org/10.1007/s00271-012-0338-0

9. Mateos L, Oyonarte NA. A spreadsheet model to evaluate sloping furrow irrigation accounting for infil-

tration variability. Agricultural Water Management. 2005; 76(1):62–75. https://doi.org/10.1016/j.agwat.

2005.01.013

10. Smerdon ET, Blair AW, Reddell DL. INFILTRATION FROM IRRIGATION ADVANCE DATA.I: THE-

ORY. J Irrig Drain Eng. 1988; 114:4–17.

PLOS ONE Estimating the infiltration characteristics in surface irrigation systems

PLOS ONE | https://doi.org/10.1371/journal.pone.0234480 June 15, 2020 14 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234480.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234480.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234480.s005
https://doi.org/10.1016/j.agwat.2010.12.006
https://doi.org/10.1016/j.agwat.2009.03.009
https://doi.org/10.1016/j.agwat.2009.03.009
https://doi.org/10.1016/j.agwat.2009.03.007
https://doi.org/10.1016/j.agwat.2009.03.007
https://doi.org/10.13031/2013.33832
https://doi.org/10.1061/(asce)0733-9437(1988)114:1(18)
https://doi.org/10.1061/(asce)0733-9437(1988)114:1(18)
https://doi.org/10.1007/s00271-012-0338-0
https://doi.org/10.1016/j.agwat.2005.01.013
https://doi.org/10.1016/j.agwat.2005.01.013
https://doi.org/10.1371/journal.pone.0234480


11. Shepard JS, Wallender WW, Hopmans JW. One-point Method for Estimating Furrow Infiltration. Trans-

actions of the ASAE. 1993; 36(2):395–404. https://doi.org/10.13031/2013.28351

12. Valiantzas JD, Aggelides S, Sassalou A. Furrow infiltration estimation from time to a single advance

point. Agricultural Water Management. 2001; 52(1):17–32. https://doi.org/10.1016/S0378-3774(01)

00128-7

13. Holzapfel EA, Jara J, Zuñiga C, Mariño MA, Paredes J, Billib M. Infiltration parameters for furrow irriga-

tion. Agricultural Water Management. 2004; 68(1):19–32. https://doi.org/10.1016/j.agwat.2004.03.002

14. Tabuada MA, Rego ZJC, Vachaud G, Pereira LS. Modelling of furrow irrigation. Advance with two-

dimensional infiltration. Agricultural Water Management. 1995; 28:201–21.

15. Tabuada MA, Rego ZJC, Vachaud G, Pereira LS. Two-dimensional infiltration under furrow irrigation:

modelling, its validation and applications. Agricultural Water Management. 1995; 27:105–23.

16. Fangmeier DD, Strelkoff T. Mathematical Models and Border Irrigation Design. Transactions of the

ASAE. 1979; 22(1):0093–9. https://doi.org/10.13031/2013.34972

17. Schmitz GH, Seus GJ. Mathematical zero-inertia modeling of surface irrigation: advance in furrows. J

Irrig Drain Eng. 1992; 118:1–18.

18. Philipp A, Grundmann J. Integrated Modeling System for Flash Flood Routing in Ephemeral Rivers

under the Influence of Groundwater Recharge Dams. Journal of Hydraulic Engineering. 2013; 139

(12):1234–46. https://doi.org/10.1061/(asce)hy.1943-7900.0000766

19. Walker WR, Busman JD. Real-Time Estimation of Furrow Infiltration. Journal of Irrigation and Drainage

Engineering. 1990; 116(3):299–318. https://doi.org/10.1061/(asce)0733-9437(1990)116:3(299)

20. Hume IH. Determination of infiltration characteristics by volume balance for border check irrigation.

Agricultural Water Management. 1993; 23(1):23–39. https://doi.org/10.1016/0378-3774(93)90018-6

21. Bautista E, Clemmens AJ, Strelkoff TS. Structured Application of the Two-Point Method for the Estima-

tion of Infiltration Parameters in Surface Irrigation. Journal of Irrigation and Drainage Engineering. 2009;

135(5):566–78. https://doi.org/10.1061/(asce)ir.1943-4774.0000054

22. Gillies MH, Smith RJ. Infiltration parameters from surface irrigation advance and run-off data. Irrigation

Science. 2005; 24(1):25–35. https://doi.org/10.1007/s00271-005-0004-x

23. Behzad I, Dale FH, Harold RD. Sensor Placement for Real Time Infiltration Parameter Evaluation.

Transactions of the ASAE. 1988; 31(4):1159–66. https://doi.org/10.13031/2013.30838

24. Esfandiari M, Maheshwari BL. Application of the optimization method for estimating infiltration charac-

teristics in furrow irrigation and its comparison with other methods. Agricultural Water Management.

1997.

25. Bautista E, Strelkoff TS, Clemmens AJ. Improved Surface Volume Estimates for Surface Irrigation Vol-

ume-Balance Calculations. Journal of Irrigation and Drainage Engineering. 2012; 138(8):715–26.

https://doi.org/10.1061/(Asce)Ir.1943-4774.0000461

26. Yue B, Sonoda T. The effect of off-farm work on farm technical efficiency in China. Nagoya Univer-sity.

Furi-cho, Chikusa-ku, Nagoya, Japan: Working paper; 2012.

27. Yang J, Wang H, Jin S, Chen K, Riedinger J, Peng C. Migration, local off-farm employment, and agricul-

tural production efficiency: evidence from China. Journal of Productivity Analysis. 2015; 45(3):247–59.

https://doi.org/10.1007/s11123-015-0464-9

28. Yin N, Huang Q, Yang Z, Wang Y. Impacts of Off-Farm Employment on Irrigation Water Efficiency in

North China. Water. 2016; 8(10):452. https://doi.org/10.3390/w8100452

29. Nie WB, Huang H, Ma XY, Fei LJ. Evaluation of Closed-End Border Irrigation Accounting for Soil Infiltra-

tion Variability. Journal of Irrigation and Drainage Engineering. 2017; 143(6):04017008. doi: Artn

04017008 https://doi.org/10.1061/(Asce)Ir.1943-4774.0001174

30. Morris MR, Hussain A, Gillies MH, O’Halloran NJ. Inflow rate and border irrigation performance. Agricul-

tural Water Management. 2015; 155:76–86. https://doi.org/10.1016/j.agwat.2015.03.017

31. Bautista E, Schlegel JL. A Flexible System for Estimation of Infiltration and Hydraulic Resistance

Parameters in Surface Irrigation. Transactions of the Asabe. 2017; 60(4):1223–34. https://doi.org/10.

13031/trans.12117

32. Salahou MK, Jiao XY, Lu HS. Border irrigation performance with distance-based cut-off. Agricultural

Water Management. 2018; 201:27–37. https://doi.org/10.1016/j.agwat.2018.01.014

33. Gillies MH, Smith RJ. SISCO: surface irrigation simulation, calibration and optimisation. Irrigation Sci-

ence. 2015; 33(5):339–55. https://doi.org/10.1007/s00271-015-0470-8

34. Smith RJ, Uddin JM, Gillies MH, Moller P, Clurey K. Evaluating the performance of automated bay irri-

gation. Irrigation Science. 2016; 34(3):175–85. https://doi.org/10.1007/s00271-016-0494-8

PLOS ONE Estimating the infiltration characteristics in surface irrigation systems

PLOS ONE | https://doi.org/10.1371/journal.pone.0234480 June 15, 2020 15 / 16

https://doi.org/10.13031/2013.28351
https://doi.org/10.1016/S0378-3774(01)00128-7
https://doi.org/10.1016/S0378-3774(01)00128-7
https://doi.org/10.1016/j.agwat.2004.03.002
https://doi.org/10.13031/2013.34972
https://doi.org/10.1061/(asce)hy.1943-7900.0000766
https://doi.org/10.1061/(asce)0733-9437(1990)116:3(299)
https://doi.org/10.1016/0378-3774(93)90018-6
https://doi.org/10.1061/(asce)ir.1943-4774.0000054
https://doi.org/10.1007/s00271-005-0004-x
https://doi.org/10.13031/2013.30838
https://doi.org/10.1061/(Asce)Ir.1943-4774.0000461
https://doi.org/10.1007/s11123-015-0464-9
https://doi.org/10.3390/w8100452
https://doi.org/10.1061/(Asce)Ir.1943-4774.0001174
https://doi.org/10.1016/j.agwat.2015.03.017
https://doi.org/10.13031/trans.12117
https://doi.org/10.13031/trans.12117
https://doi.org/10.1016/j.agwat.2018.01.014
https://doi.org/10.1007/s00271-015-0470-8
https://doi.org/10.1007/s00271-016-0494-8
https://doi.org/10.1371/journal.pone.0234480


35. Smith RJ, Uddin MJ, Gillies MH. Estimating irrigation duration for high performance furrow irrigation on

cracking clay soils. Agricultural Water Management. 2018; 206:78–85. https://doi.org/10.1016/j.agwat.

2018.03.014

36. Uddin J, Smith RJ, Gillies MH, Moller P, Robson D. Smart Automated Furrow Irrigation of Cotton. Jour-

nal of Irrigation and Drainage Engineering. 2018; 144(5):04018005. doi: Artn 04018005 https://doi.org/

10.1061/(Asce)Ir.1943-4774.0001282

37. Bondurant JA. Developing a furrow infiltrometer. Agricultural engineering. 1957; 38(8):602–4.

38. Shull H. A by-pass furrow infiltrometer. 1961.

39. Davis J, Fry A. Measurement of infiltration rates in irrigated furrows. Transactions of the ASAE. 1963; 6

(4):318–0319.

40. Nance LA, Lambert JR. A modified inflow-outflow method of measuring infiltration in furrow irrigation.

Transactions of the ASAE. 1970; 13(6):792–0794.

41. Childs JL, Wallender WW, Hopmans JW. Spatial and Seasonal Variation of Furrow Infiltration. Journal

of Irrigation and Drainage Engineering. 1993; 119(1):74–90. https://doi.org/10.1061/(ASCE)0733-9437

(1993)119:1(74)

42. Clemmens AJ. Evaluation of infiltration measurements for border irrigation. Agricultural Water Manage-

ment. 1981; 3(4):251–67. https://doi.org/10.1016/0378-3774(81)90010-x

43. Lai J, Ren L. Assessing the size dependency of measured hydraulic conductivity using double-ring infilt-

rometers and numerical simulation. Soil Science Society of America Journal. 2007; 71(6):1667–75.

https://doi.org/10.2136/sssaj2006.0227

44. Bean EZ, Dukes MD. Evaluation of Infiltration Basin Performance on Coarse Soils. Journal of Hydro-

logic Engineering. 2016; 21(1):04015050. doi: Artn 04015050 https://doi.org/10.1061/(Asce)He.1943-

5584.0001258

45. Kutı́lek M, Nielsen DR. Soil hydrology: texbook for students of soil science, agriculture, forestry, geoe-

cology, hydrology, geomorphology and other related disciplines. Catena Verlag; 1994.

46. Schulze-Makuch D, Carlson DA, Cherkauer DS, Malik P. Scale Dependency of Hydraulic Conductivity

in Heterogeneous Media. Ground Water. 1999; 37(6):904–19. https://doi.org/10.1111/j.1745-6584.

1999.tb01190.x

47. Guimerà J, Vives L, Carrera J. A discussion of scale effects on hydraulic conductivity at a granitic site

(El Berrocal, Spain). Geophysical Research Letters. 1995; 22(11):1449–52. https://doi.org/10.1029/

95gl01493

48. Rovey CW, Cherkauer DS. Scale Dependency of Hydraulic Conductivity Measurements. Ground

Water. 1995; 33(5):769–80. https://doi.org/10.1111/j.1745-6584.1995.tb00023.x

49. Bachu S, Cuthiell D. Effects of core-scale heterogeneity on steady state and transient fluid flow in

porous media: Numerical analysis. Water Resources Research. 1990; 26(5):863–74. https://doi.org/10.

1029/WR026i005p00863

50. Zhang RD. Scale-dependent soil hydraulic conductivity. In Novak MM and Dewey TG (ed) Fractal fron-

tiers World Scientifi c, London. 1997:p. 383–92.

51. Shouse PJ, Ellsworth T.R., Jobes JA. Steady-state infi ltration as a function of measurement scale. Soil

Sci 1994; 157:129–36.

52. Klute A. Methods of soil analysis. Part 1. Physical and mineralogical methods. Methods of Soil Analysis-

partphysical & Mineralogical Methods. 1986; 146(2):413–23.

53. Kostiakov AN. On the dynamics of the coefficient of water percolation in soils and on the necessity for

studying it from a dynamic point of view for purposes of amelioration. Trans 6th Comm Int Soc Soil Sci

Part A. 1932:17–21.

54. Merriam JL, Keller J. Farm irrigation system evaluation: a guide for management. Dept of Agricultural

and Irrigation Engineering, Utah State Univ, Logan, Utah. 1987.

55. U.S. Dept. of Agriculture—Natural Resources Conservation Service (USDA-NRCS). National irrigation

handbook, Part 652, Irrigation guide,. National Technical Information Service, Washington, DC, 754. 1997.

56. Bautista E, Clemmens AJ, Strelkoff TS. Optimal and Postirrigation Volume Balance Infiltration Parame-

ter Estimates for Basin Irrigation. Journal of Irrigation and Drainage Engineering. 2009; 135(5):579–87.

https://doi.org/10.1061//asce/ir.1943-4774.0000018

57. Bautista E, Schlegel JL, Clemmens AJ. The SRFR 5 Modeling System for Surface Irrigation. Journal of

Irrigation and Drainage Engineering. 2015:04015038. https://doi.org/10.1061/(asce)ir.1943-4774.

0000938

58. Anwar AA, Ahmad W, Bhatti MT, Ul Haq Z. The potential of precision surface irrigation in the Indus

Basin Irrigation System. Irrigation Science. 2016; 34(5):379–96. https://doi.org/10.1007/s00271-016-

0509-5

PLOS ONE Estimating the infiltration characteristics in surface irrigation systems

PLOS ONE | https://doi.org/10.1371/journal.pone.0234480 June 15, 2020 16 / 16

https://doi.org/10.1016/j.agwat.2018.03.014
https://doi.org/10.1016/j.agwat.2018.03.014
https://doi.org/10.1061/(Asce)Ir.1943-4774.0001282
https://doi.org/10.1061/(Asce)Ir.1943-4774.0001282
https://doi.org/10.1061/(ASCE)0733-9437(1993)119:1(74)
https://doi.org/10.1061/(ASCE)0733-9437(1993)119:1(74)
https://doi.org/10.1016/0378-3774(81)90010-x
https://doi.org/10.2136/sssaj2006.0227
https://doi.org/10.1061/(Asce)He.1943-5584.0001258
https://doi.org/10.1061/(Asce)He.1943-5584.0001258
https://doi.org/10.1111/j.1745-6584.1999.tb01190.x
https://doi.org/10.1111/j.1745-6584.1999.tb01190.x
https://doi.org/10.1029/95gl01493
https://doi.org/10.1029/95gl01493
https://doi.org/10.1111/j.1745-6584.1995.tb00023.x
https://doi.org/10.1029/WR026i005p00863
https://doi.org/10.1029/WR026i005p00863
https://doi.org/10.1061//asce/ir.1943-4774.0000018
https://doi.org/10.1061/(asce)ir.1943-4774.0000938
https://doi.org/10.1061/(asce)ir.1943-4774.0000938
https://doi.org/10.1007/s00271-016-0509-5
https://doi.org/10.1007/s00271-016-0509-5
https://doi.org/10.1371/journal.pone.0234480

