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ABSTRACT

Drip irrigation is a critical solution for agricultural water scarcity, especially in water-scarce regions.
This study introduces innovative statistical models to estimate essential wetting patterns in clay
loam soil for optimizing drip irrigation systems. Using a drip system with a 45 cm emitter spacing
and a 4 litre per hour discharge rate, operational durations from 10 to 140 minutes were examined.
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Statistical models (Exponential, Linear, Logarithmic, Polynomial, and Power) were developed to
predict vertical and horizontal water movement. The results highlight the Logarithmic model's
excellence in predicting vertical water movement, with a remarkable Coefficient of Correlation (CC)
0.98 cm and Root Mean Square Error (RMSE) 0.76 cm, while the Polynomial model is best for
horizontal movement with a CC 0.98 cm, and RMSE 1.25 cm respectively. Importantly, these
models can be applied to generate artificial data for both horizontal and vertical water movements
under unchanged conditions when no observable wetting pattern is present.

Keywords: Drip irrigation; wetting pattern; statistical models; water use efficiency; water scarcity;

sustainable agriculture.
1. INTRODUCTION

Growing global population and climate impact
demand sustainable agriculture [1]. Irrigated
agriculture uses 70% of global water, needing
efficient approaches [2]. Conventional methods
leads to waste water and pollute groundwater.
Sustainable alternatives are crucial in India. Drip
fertigation is notable, delivering water and
nutrients directly to roots through emitters.
Compared to traditional methods, automation
irrigation excels in water efficiency [3], reducing
losses. It optimizes fertilization, decreasing
stress, hastening harvest, and improving quality.
Its adoption boosts crop growth and overall
productivity,  benefiting  water  resources.
According to Pourgholam, Amiji et al. [4] the
enhancement of crop productivity has a positive
impact on water resources [5]. There is no doubt
that the adoption of drip irrigation has brought
about revolutionary advantages. The primary
objective of the drip irrigation system's design is
to determine the dimensions of its components in
such a way that ensures the required water
quantity is delivered with the desired uniformity
while keeping the overall cost to a minimum.
Achieving a nearly uniform water application to
all plants in the field necessitates a well-designed
irrigation system that maintains the desired
hydraulic pressure in the pipe network and
provides the required operating pressure at the
emitter [6,7,8,9]. Diverse models are available for
designing, installing, and effectively managing
drip irrigation systems [10,11], all of which
revolve around understanding the process of
infiltration from either a point or a line source.
These models serve as valuable tools to optimize
the design and performance of drip irrigation
setups, ensuring efficient water distribution to
crops and enhancing overall agricultural
productivity. Various types of models, including
analytical, numerical, empirical, and statistical
approaches, have been developed to forecast
the wetting zone dimensions in surface drip
irrigation systems originating from a point source

[12,13], Analytical and numerical models typically
involve solving the governing flow equations with
specific initial and boundary conditions. On the
other hand, empirical models are constructed by
conducting regression analyses on field
measurements  [14].  Numerous empirical
approaches have been put forward in the existing
literature to estimate the distance of the wetting
front from a surface dripper. Various methods
have been suggested and studied to determine
the extent of water penetration in the soil around
the dripper's location, offering valuable insights
into the wetting pattern and distribution of water
during surface drip irrigation. Schwartzman and
Zur [15] developed an empirical model to
compute the vertical and horizontal distances
between a surface point source and the wetting
front. This model was derived from extensive
field studies conducted on two distinct soil types,
namely Gilat loam and Sinai sand. Amin and
Ekhmaj [16] later tested and validated this
empirical model using multiple experimental
datasets. To enhance its accuracy and
applicability, the model was refined by
incorporating the saturated soil water content as
one of its parameters. This modification further
improved the model's performance, making it a
valuable tool for estimating water distribution
patterns in surface drip irrigation systems. Al-
Ogaidi et al. [17], empirical equations were
developed to estimate drip emitter wetting
patterns. Their proposed model demonstrated
high accuracy in predicting the complete wetting
pattern. Igbal et al. [18] utilized a standardized
sandbox model to derive empirical equations for
determining the maximum wetted radius and
depth. They considered a range of variables,
including emitter discharge, irrigation duration,
soil bulk density, hydraulic conductivity, initial
and final soil moisture levels, and the percentage
composition of sand, silt, and clay in the soil.

Employing these parameters, the empirical
equations performed effectively and
demonstrated  satisfactory accuracy. This

approach provides valuable insights into the
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factors influencing water distribution in irrigation
systems, enabling more precise planning and
management of agricultural practices to enhance
water efficiency. As indicated in the literature by
Arpna Bajpai and Arun Kaushal [19,20], the
wetted depth, width, and volume of soil stand out
as crucial characteristics in the design of drip
emitters. Given that different soils possess
distinct infiltration rates, it becomes imperative to
study the wetting patterns generated by various
emitter discharges across diverse soil types. This
investigation is essential not only to conserve
water but also to enhance the overall efficiency
of the drip irrigation system. Furthermore,
accurately determining the appropriate emitter
discharge for each soil type plays a pivotal role in
the development of an effective and optimized
drip irrigation system. By understanding and

considering these factors, farmers and
practitioners can maximize water usage
efficiency and achieve sustainable and

productive agricultural practices.

In this research, the main focus was on
evaluating the precision of various statistical
models used to estimate wetting zone
dimensions. The study involved comparing the
predictions of these models with actual field data
to assess their performance. Additionally, the
investigation delved into the specific advantages
and limitations of each statistical model
employed in this study. By doing so, a
comprehensive understanding of the efficacy of
these models in estimating wetness zone
dimensions was obtained, enabling researchers
and practitioners to make informed decisions
regarding their applicability and usefulness in
practical drip irrigation planning and
management.

2. MATERIALS AND METHODS

Field experiments were conducted at Tamil Nadu
Agricultural University to gather crucial data on
the wetting pattern observed during surface drip
irrigation. The study aimed to obtain first-hand
information regarding the distribution of water in
the soil under real-world conditions, contributing
valuable insights into the behaviour of water
movement and its impact on crop growth and
water use efficiency.

2.1 Measurement of Horizontal and

Vertical Water Movement

A field experiment was carried out with a drip
irrigation system utilizing an inline lateral that
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featured an emitter spacing of 45 cm and a
discharge rate of 4 litre per hour. The system
was installed in the field without any crops
initially. Different operational durations, including
10 min, 20 min, 30 min, 50 min, 60 min, 70 min,
80 min, 90 min, 100 min, 120 min, and 140 min,
were tested. At the end of each predetermined
time interval, the soil around the emitter was
excavated, and the distance between the wetting
front and the emitter was measured in both the
horizontal and vertical downward directions. The
maximum distances in these particular directions
were then compared with various models to
evaluate their accuracy in predicting the wetting
pattern of the drip irrigation system. This study
utilized the experimental data to develop various
statistical models, namely Exponential, Linear,
Logarithmic, Polynomial, and Power models, for
predicting soil water movement. These models
were carefully examined, and the best fit model
was selected to estimate the wetting front
advances in the inline drip irrigation system at
different operation times. To evaluate the
accuracy of the selected model, the horizontal
and vertical water movement calculated by the
statistical model was compared with the
observed water movement data. This
comparison allowed researchers to assess the
model's performance in accurately predicting
water distribution and movement in the drip
irrigation system under varying operational
conditions.

2.2 Statistical Modelings

The research focused on a line source drip
irrigation system, where statistical models were
employed to identify the most suitable wetting
front model for different operation times. To
achieve this, the study utilized Exponential,
Linear, and Logarithmic, Polynomial, and Power
models as the statistical methods for analysis. By
exploring the performance of these models,
researchers aimed to determine the best-fit
approach to accurately predict the wetting front
and understand how water spreads in the soil
during various stages of the irrigation system's
operation.

(a) Exponential Model
The exponential model rooted in the concept of
degrading failure processes, was devised based

on the following equation.

y=be* (1)
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(b) Linear Model

Linear models are mathematical tools that
characterize the relationship between a
continuous response variable and one or more
predictor variables. By employing linear models,
one can gain insights into the behaviour of
intricate systems or analyse experimental data to
make predictions and draw meaningful
conclusions. These models serve as valuable
tools in various fields, allowing researchers to
explore and understand the underlying patterns
and trends within their data, leading to more
informed decision-making and in-depth analysis
of complex phenomena.

y =B, XBxi+ & (2)
(c) Logarithmic Model

Logarithmic functions are mathematical functions
that act as the inverses of exponential functions.
In other words, they represent the opposite
operations to exponential functions.

y =log, x. 3)
(d) Polynomial model

Polynomial models serve as valuable tools for
analysing how input factors influence responses
and in what manner. These models enable
researchers to explore the relationships between
variables and identify the driving factors that
affect the outcome. By utilizing polynomial
models, one can gain valuable insights into the
direction and magnitude of the effects of different
input factors, contributing to a comprehensive
understanding of complex systems and
facilitating informed decision-making processes.

y =ag+a;X; +a,X; +a51x23; +ayx%, +
aA;,X1X, + &€ (4)

(e) Power Model

The power model entails taking the logarithm of
both the dependent and independent variables.
By conducting a bivariate regression on the
transformed data, the resulting slope yields the
power exponent in the model. This approach
allows researchers to effectively capture the
relationship between the variables and determine
the power relationship between them. Utilizing
the power model and regression analysis aids in
uncovering the underlying patterns and
associations within the data, providing valuable
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insights into the behaviour of the variables and
their interdependencies.

y = ax™. (5)

2.3 Performance Evaluation of Statistical
Models analysis

1. Coefficient of correlation (CC)

The coefficient of correlation quantifies the
degree of linear association between the
predicted values and the target values in a given
model. It serves as a valuable metric to assess
how well the model's predictions align with the
actual observed data, providing valuable insights
into the strength and direction of the relationship
between the variables.

The coefficient of correlation (CC) is calculated
as follows:

Zyab-(3a)Eb)
C.C= 6
VZ(Za2)-((Za)*YZ(Z bH)-((Tb)* 6)

The correlation coefficient ranges from -1 to +1,
representing the strength and direction of the
relationship between the actual and predicted
data. A correlation coefficient of zero indicates
that there is no linear relationship between the
two sets of data, implying that they are not
related or do not exhibit any systematic pattern
when compared to each other.

2. Root mean square error (RMSE)

This approach amplifies the prediction error,
which reflects the discrepancy between the
predicted value and the actual value. To gauge
the Root Mean Squared Error (RMSE),
researchers evaluate the performance of the
model by quantifying the average square
difference between the predicted values and the
corresponding actual values.

RMSE = ﬁzal(ai —by? @)

In this context, ‘a’ represents the calculated
values of the infiltration rate, ‘b’ stands for the
observed values of the infiltration rate, and ‘Z’
denotes the total number of observations.

The concurrent utilization of Coefficient of
Correlation (CC) and Root Mean Square Error
(RMSE) offers a comprehensive assessment of
the performance of each model and facilitates a

1885



Pal et al.; Int. J. Plant Soil Sci.,

reliable judgment regarding the accuracy of the
five modeling approaches employed in the
present study. By considering these evaluation
metrics together, researchers can gain a more
complete understanding of how well the models
capture the observed data and make informed
comparisons  between different  modeling
techniques.

Table 1. Soil physical properties of
experimental plot

Physical Bulk density, g cc? 1.48
properties of  Field capacity, % 27.6
the soll Permanent wilting 18.6
point, % 1.53
Infiltration rate, cm h-1 Clay
Textural class loam

3. RESULTS AND DISCUSSION

Firstly we calculated the Observed Vertical and
Horizontal Measurement data during wetting
pattern in the field (Fig. 1, Tables 2 and 3).
Based on Observed Vertical and Horizontal
Measurement data during wetting pattern in the

_——— ———
Vertical Measurement of wetting Pattern
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field we did Statistical Modeling for (a)
Exponential Model, (b) Linear Model, (c)
Logarithmic Model, (d) Polynomial model, (e)
Power Model (Graphl and 2). In this study, for
the proposed statistical models for both vertical
and horizontal water movement progress are
presented in Tables 4 and 5, respectively.
Through statistical analysis, the most suitable
model in each scenario was determined. The
outcomes of the statistical analysis criterion are
illustrated in Tables 6 and 7. As per the results,
for Vertical water movement, the Logarithmic
model emerged as the best fit, exhibiting
Coefficient of Correlation (CC) and Root Mean
Square Error (RMSE) values of 0.98 cm and 0.76
cm respectively. On the other hand, the
Polynomial model demonstrated superior
accuracy for horizontal progress, with CC and
RMSE values of 0.98 cm and 1.25 cm
respectively. These findings highlight the
precision of the selected models in capturing the
water movement patterns and emphasize their
relevance in predicting both vertical and
horizontal water movement in the drip irrigation
system.

Horizontal Measurement of wetting Pattern

Fig. 1. Wetting pattern of experimental plot

Table 2. Observed vertical measurement data during wetting pattern in the field

Time 10 20 30
(min.)

40 50 60 70 80 90

100 110 120 130 140

Depth 11.30 12.60 1550 17 20 20 20 20.60 21.60 21.60 23

(cm)

23.90 24.60 25.30

Table 3. Observed horizontal measurement data during wetting pattern in the field

Time 10 20 30 40 50 60 70

(min.)

80 90 100 110 120 130 140

Depth 19 23 24 26 30 35 32

(cm)

33 36 35 36 36 35 35
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Graph 1. Based on Observed Vertical Measurement data during wetting pattern in the field
Statistical Modeling for (a) Exponential Model, (b) Linear Model, (c) Logarithmic Model, (d)
Polynomial model, (e) Power Model

Table 4. Performance evaluation statistical models for the Vertical water movement

Sr. No Models Coefficient of correlation Root mean square error (RMSE)
(CC) (cm) (cm)

1 Exponential 0.93 1.60

2 Linear 0.95 1.24

3 Logarithmic 0.98 0.76

4 Polynomial 0.98 0.92

5 Power 0.99 0.68

1887



Pal et al.; Int. J. Plant Soil Sci., vol. 35, no. 19, pp. 1882-1892, 2023; Article no.lJPSS.106185

Horizontal water movement (cm)

Horizontal water movemeant (cm)
\
\

1 0 30 40 S0 60 FO B0 S0 100 110 120 130 140 150 0O 10 20 30 40 50 &0 70O 80 S0 100 110 120 130 140 150

¢ = T.076In[x) + 2.046

i =09136

/\N-dr’.’/.-_-—u—v—a )
e

vater movement{cm)

Horizontal water movement{cm

Horizontal w

10 20 30 40 S0 60 70 80 90 100 110 120 130 140 150 0O 10 20 30 40 50 60 7O B0 90 100 110 120 130 140 150

Time {min) Time {min)

C d

Horizontal water movement{cm}

Graph 2. Based on Observed Horizontal Measurement data during wetting pattern in the field
Statistical Modeling for (a) Exponential Model, (b) Linear Model, (¢) Logarithmic Model, (d)
Polynomial model, (e) Power Model

Table 5. Performance evaluation statistical models for the Horizontal water movement

Sr.No Models Coefficient of Correlation Root Mean Square Error
(CO) (RMSE) (cm)

1 Exponential 0.84 3.06

2 Linear 0.88 2.65

3 Logarithmic 0.96 1.62

4 Polynomial 0.98 1.25

5 Power 0.91 2.45
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Graph 3. Comparison of observed wetting pattern in vertical path with statistical models
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Graph 4. Comparison of observed wetting pattern in Horizontal path with statistical models

Table 6 Statistical model Equations for Vertical water movement in clay loam soil

Sr. No Models Equation

1 Exponential y = 12.914g0-0054x

2 Linear y =0.0977x + 12.503

3 Logarithmic y =5.4392In(x) - 2.4829

4 Polynomial y = -0.0006x2 + 0.1943x + 9.9264
5 Power y = 5.3831x%31%7

Where y = Vertical measurement (cm), x = Elapsed time (min)

Table 7. Statistical model Equations for Horizontal water movement in clay loam soil

Sr. No Models Equation

1 Exponential y = 22.167g0-0043x

2 Linear y =0.1202x + 22.055

3 Logarithmic y = 7.076In(x) + 2.046

4 Polynomial y =-0.0016x2 + 0.3654x + 15.516
5 Power y = 10.654x0-2565

Where Y = Horizontal advance (CM), X = Elapsed time (MIN)
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In the clay loam sail, the vertical and horizontal
water movement was meticulously observed and
compared to the predictions made by the best fit
statistical models. The comparison involved
plotting the predicted vertical and horizontal
water movement against the operating time, as
depicted in Graph 3 and 4. The Graph illustrate
that the vertical and horizontal soil water
movement, as predicted by the logarithmic and
polynomial models at various operation times,
closely follows the same pattern as the observed
vertical and horizontal soil water movement.
Kyada and Munjarappa [21] conducted a
research on clay loam soil, similar findings were
reported. They observed that the wetted width
experienced a rapid increase at the initial stages
of irrigation but demonstrated a considerably
slower rate of increase as the irrigation process
progressed. Likewise, in a study conducted by
Salwa et al. [22], they found similar results
concerning the wetting front in different soil
types. In sandy soil, the vertical wetting front was
notably larger compared to clayey sall,
approximately 36.07% more. Conversely, the
horizontal wetting front was greater in clayey sail,
approximately 13.08% more compared to sandy
soil. The researchers also observed that in
clayey soils, higher emitter discharge rates
promoted both vertical and lateral water
movement in the context of drip irrigation. At
higher flow rates, soil moisture content was
higher, whereas at lower discharge rates, soil
moisture content was lower. In such conditions,
lower discharge rates resulted in larger wetted
radii.  Additionally, after irrigation, the
redistribution of water was nearly doubled in
depth, but the width of the moist soil did not show
significant enlargement. Arpna and Arun also
conducted a comprehensive review on water
distribution under trickle irrigation, where they
discussed and reported numerous similar
findings. Their review highlighted various
outcomes that mirrored the observations made in
other studies concerning water movement and
wetting patterns in different soil types under drip
irrigation.

As the wetting front reaches the soil surface, the
downward water circulation intensifies under
natural field conditions. However, statistical
methods like logarithmic and polynomial models
often overlook this phenomenon and estimate
the water movement in each direction (Vertical
and horizontal) independently. Consequently, the
observed downhill water movement was
considerably faster than what the statistical
models predicted. To address this discrepancy, it
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becomes essential to enhance the current
boundary condition of drip tubing.
This improvement should consider situations
where constant water flux is specified
during irrigation for soils with low hydraulic
conductivity, fine-textured soils, or simulations
involving high water application rates. Notably, in
soils with low permeability, the saturation
caused by irrigation can lead to significant
positive pressure around the drip tape. In
response to this pressure build-up, the water flux
should decrease instead of remaining constant to
accurately model the behaviour of water
movement.

4. CONCLUSION

In this study, the predictions of Vertical soil water
content distributions using a logarithmic model
closely align with the experimental data and
horizontal soil water content distributions using a
polynomial model. These results indicate that
employing a logarithmic model for vertical water
flow and a polynomial model for horizontal water
flow can serve as effective tools for investigating
and devising drip irrigation management
strategies. The accuracy and agreement
between the model predictions and experimental
data suggest that such modeling approaches can
significantly contribute to the research and
planning of efficient drip irrigation practices. The
experimental findings lead to the conclusion that
an increase in irrigation volume results in a
corresponding increase in both vertical and
horizontal water movement. Furthermore, the
suggested statistical models can be utilized to
simulate the maximum vertical and horizontal
water movement under varying conditions of
irrigation volume, providing valuable insights into
the behaviour of water distribution in the system.
The results obtained from the statistical models
exhibit satisfactory accuracy, instilling confidence
in their reliability. It is essential to note that these
models rely on data and are specifically
applicable to soils that bear similarities to the
ones used for developing the equations. By
employing the established model, one can
effectively determine the appropriate emitter
spacing, leading to reduced costs associated
with drip laterals. This approach contributes to
more efficient irrigation design and resource
utilization.
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