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Abstract: This study aims to evaluate the accuracy of semi-empirical models for determining infil-
tration based on the existing equations (Horton, Kostiakov and Kostiakov-Lewis) and a new form
equation with optimized parameters which has good accuracy (lowest RMSE and MBE), sufficient
linearity (highest R?), and a Willmott index close to 1. The location of this study was the Cisadane
watershed, which is a priority watershed in Indonesia. The lowest values of average RMSE and MBE
and highest values of R? and Willmott index are given by Equation 1, which indicated that the model
was closest to the field infiltration conditions. The distribution of the RMSE values for all survey
points using Equation 1 resulted in small RMSE values ranging from 0.09 to 1.83. The distribution
of R? values for all survey points using Equation 1 yielded R? values close to 1 (high linearity) with
values ranging from 0.96 to 1. Based on these results, it can be concluded that Equation 1 is the
most accurate infiltration model for the Cisadane watershed compared to the existing infiltration
rate equation. This research can be used as an initial idea to create the infiltration rate model using
other forms of equations with optimization parameters to produce a more representative model with
field data.

Keywords: accuracy; evaluation; infiltrometer; model; semi-empirical

1. Introduction

The infiltration process is an important hydrologic component that connects surface
and subsurface water systems [1]. Infiltration has a significant impact on flood control,
ecosystem health and function maintenance, and water conservation [2]. Additionally,
determining the soil infiltration is essential for planning, assessing, and managing furrow
irrigation systems [3]. The efficiency of water consumption and the efficiency of irrigation
systems are directly impacted by the assessment of soil infiltration characteristics. Measur-
ing the hydraulic properties of the soil surface is critical for solving various hydrological
and ecological problems related to the storage and transport of water in the soil in the
vadose zone [4]. However, under natural conditions, it is challenging to measure variations
in infiltration directly. Therefore, one of the most important goals of hydrological research
is to accurately estimate the infiltration process [5].

Many rainfall-runoff models rely on estimates of soil infiltration rates. However, these
parameters are often based on relatively undisturbed soils or simplified physical models.
The infiltration model, which uses infiltration time t as an input parameter, is a popular
technique for calculating cumulative infiltration by soil water movement mechanisms or
empirical formulas. Common infiltration models based on capillary potential theory were
developed by Green and Ampt in 1911 [6]; models based on soil water potential were
developed by Philip in 1957 [7]; and empirical and semi-empirical models were developed
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by Kostiakov (1932) [8], Horton (1933) [9], and Mezencev (1948) [10]. Two of the most com-
monly used semi-empirical models for determining infiltration in rainfall-runoff models
are those of Horton and Kostiakov. Over the years, many studies have been developed
using the Horton [11-13] and Kostiakov infiltration rate equation [14,15]. Along with the
development of research, especially regarding infiltration rate models, the equations were
also investigated further, resulting in several revised equations, including the Kostiakov—
Lewis model. The Kostiakov—Lewis model is a modification of the Kostiakov model that
includes the constant steady infiltration rate component. It eliminates the limitation of
the Kostiakov model by including the infiltration rate at longer intervals [16]. The Horton
method was also modified to deal with unsteady rainfall events by estimating infiltration
capacity and ponding time using cumulative infiltration and infiltration capacity [17]. Infil-
tration capacity and ponding duration were also connected to actual cumulative infiltration
in the modified equation [18].

The literature review reveals that some field research has been conducted to evaluate
the accuracy of infiltration equations. Several studies have shown that the level of accuracy
of the infiltration model (Horton, Kostiakov and Kostiakov Lewis) is quite good for field
data with an R? value > 0.9 [14]. However, in several other research studies, the infiltration
model produced less accurate results when compared to field data [19,20]. The analysis
of related sources revealed that the behaviors of the infiltration models varied depending
on the land use, climate, and field situations. In the observed infiltration rate curve shape,
the rate initially monotonously decreases and then stabilizes. This follows the typical
‘concave-to-linear’ infiltration curve shape examined by Horton and Kostiakov [21]. The
‘concave to linear’ curve has a similar form to other curves, including the rainfall intensity
curve and the indifference curve [22]. The curve is concave, has a negative slope, and
does not intersect. Therefore, in this study, we evaluated several additional equations
with optimized parameters that result in a ‘concave-to-linear’ curve in order to see their
suitability for field conditions.

One of the most popular techniques for testing the constant infiltration rate and
cumulative infiltration of soil over a period of time in the field is the double-ring infiltration
test [23]. The advantages of the double ring infiltrometer include simplicity, speed, and
minimal water consumption. It is a repeatable and direct measurement method for studying
the infiltration behavior of different soil levels and evaluating the rate of water infiltration
into the soil over a short period [24]. The double ring infiltrometer works on the same
concept as a single-ring infiltrometer with an additional ring attached circularly to the inner
ring. This additional ring reduces the sideways ground flow and generates only a vertical
flow within the inner ring [25].

This study was conducted in the Cisadane watershed. Owing to the change in land use,
urbanized river basins, and watershed potential in the irrigation industry, this watershed is
one of the priority watersheds in Indonesia. This study aims to evaluate a semi-empirical
infiltration model using the existing infiltration rate equations (Horton, Kostiakov, and
Kostiakov-Lewis) and an indifference equation form approach to obtain the most accurate
infiltration model with field data calibration. This paper presents a brief overview of the
study sites and research methodology consisting of data collection and the infiltration
model used. In the final section, a discussion of research results will be presented consisting
of the results of the infiltration model, model evaluation, and research conclusions that
will summarize inferences from the results of the study, the limitations of the study, the
implications of the results on existing technologies and research, and the future scope of
the study.

2. Materials and Methods
2.1. Study Area, Experimental Method and Data Collection
The Cisadane watershed is a multi-provincial watershed in Indonesia, located mainly

in West Java (75.5% of the total area) and Banten (24.5% of the total area) (Figure 1). Weather
conditions in the Cisadane watershed have a relatively warm average temperature of
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23.48 °C (with an average temperature of 21.23 °C upstream and an average temperature of
25.73 °C downstream). The upstream part of the watershed has a moderate-to-steep slope
due to the influence of the Salak Mountains, whereas the downstream part has a relatively
shallow slope. The annual rainfall in the upstream area ranged from 3200 to 3700 mm,
whereas the annual rainfall in the downstream area was approximately 1583 mm. The
Cisadane watershed is dominated by agricultural, residential, commercial, and forest areas.
As the population has grown, land use has changed significantly over the past 10 years from
recharge areas to impervious surface areas. Land use in the Cisadane watershed varied
from upstream to downstream. The upper Cisadane watershed is still dominated by forests
in mountainous and agricultural areas. Existing forests consist of primary, secondary, and
plantation forests. In the last eight years (2011-2018), the forest area, especially plantation
forests, has decreased from 8988 to 6544 ha. The downstream Cisadane watershed does
not have sufficient catchment areas, as it is dominated by built-up areas such as residential
and commercial areas. The percentage of total residential land in the Cisadane watershed
increased from 15.3% in 2011 to 24.3% in 2018: a 9% increase over the previous eight years.
Based on the soil texture, the dominant soil textures in the Cisadane watershed are fine
sandy clay (53% of the total watershed area), loamy sand (25%), and sandy clay (22%).
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Figure 1. Location study and survey points.

In this study, a limited number of survey points were used to measure infiltration rates
with a double-ring infiltrometer. The points selected were based on medium, high, and very
high potential recharge criteria and were distributed throughout the Cisadane watershed
(Figure 1). There were 25 survey locations, consisting of 15 survey points upstream, 4 survey
points midstream, and 6 survey points downstream. The number of survey points in the
upstream was no more than 60% of the total number of survey points because of the wide
shape of the Cisadane watershed in the upstream area. The characteristics of the survey
points are listed in Table 1. The annual rainfall values are average annual rainfall data from
2010 to 2019 from the Indonesian Ministry of Public Works and Public Housing. Land use
data were obtained from the Indonesian Ministry of Environment and Forestry in 2020.
Soil texture data come from the Indonesian National Survey and Mapping Coordinating
Agency (Bakosurtanal). Meanwhile, the slope is processed from DEM data.

A double-ring infiltrometer is one of the simplest and fastest instruments for testing
infiltration rates in the field (Figure 2). It consists of inserting two open cylinders into the
soil, one inside the other, filling them with water to a certain height, and then measuring
the water level change rate on the ring per unit of time. The infiltration rate is often
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plotted against time and expressed in centimeters per hour (or inches per hour). Depending
on the test objective, the maximum steady state or average incremental infiltration rate
corresponded to the infiltration rate. Generally, after 120 min, the infiltration value reached
a constant level, and the test was terminated [26]. However, if the infiltration rate was not
constant, the test was continued until the infiltration water depth was adjusted.

Table 1. Survey area characteristics.

Point Grid Location Yearl(};nlflz:)mfall Slope (%) Land Use Soil Texture
1 Pesantren Mina 90 3585 (very high) 5.6 (flat to steep) housing loamy sand
2 Gunung Salak Endah 3869 (very high) 5.7 (flat to steep) paddy field sandy loam
3 Gunung Menir 3869 (very high) 8 (flat to steep) paddy field sandy loam
4 Cibungbulang 3869 (very high) 3 (flat) housing fine sandy loam
5 Cimandirasa 3869 (very high) 20 (steep) forest loamy sand
6 Leuwisadeng 3869 (very high) 5.8 (flat to steep) paddy field fine sandy loam
7 Ciheurang 1572 (medium) 2.3 (flat) paddy field, shrubs  fine sandy loam
8 Babakan Encle 3869 (very high) 5.5 (flat to steep) ~ paddy field, shrubs loamy sand
9 Purwasari 3869 (very high) 4 (flat) paddy field loamy sand
10 Leuweung 3869 (very high) 4 (flat) plantation loamy sand
11 Ciomas 1572 (medium) 2.5 (flat) housing loamy sand
12 Jami NFBS 3869 (very high) 6 (flat to steep) plantation loamy sand
13 Handeuleum 3869 (very high) 5.5 (flat to steep) paddy field fine sandy loam
14 Cianten 3869 (very high) 4.5 (flat) plantation loamy sand
15 Cijeruk 3869 (very high) 2.5 (flat) plantation loamy sand
16 Ciseeng 1572 (medium) 1.75 (flat) paddy field fine sandy loam
17 Gunung Sindur 1572 (medium) 3.5 (flat) paddy field, shrubs  fine sandy loam
18 Karehkel 1572 (medium) 3.8 (flat) paddy field sandy loam
19 Rumpin 1572 (medium) 3 (flat) plantation sandy loam
20 Serpong 2079 (high) 2.75 (flat) housing sandy loam
21 Cisauk 2079 (high) 2.25 (flat) housing fine sandy loam
22 Karawaci 1403 (medium) 2.75 (flat) housing fine sandy loam
23 PAP Tangerang 1403 (medium) 1.5 (flat) housing fine sandy loam
24 Slapang 1403 (medium) 2.25 (flat) housing sandy loam
25 Gaga 1683 (medium) 1 (flat) paddy field sandy loam

Figure 2. Double-ring infiltrometer.

2.2. Infiltration Model

The infiltration models of Kostiakov [8], Kostiakov-Lewis [16], and Horton [9], as em-
pirical models, were investigated to determine the best infiltration model for the conditions
of this study. In addition, several equations that result in ‘concave-to-linear’ curves were
evaluated for their suitability in modeling the infiltration rate. The additional equations
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evaluated are adopted from the equation of the rainfall intensity curve equation (IDF)
with optimized parameters (a and b). The forms of IDF equations adopted include Talbot
(Equation (1)) [27], Sherman (Equation (2)) [28] and Ishiguro (Equation (3)) [29]. The Talbot
and Sherman equations are IDF equaions designed for regions of Asia with high rainfall,
such as Indonesia [30]. This was the explanation behind selecting the version of the IDF
equation adopted for the infiltration rate equation. The forms of infiltration equations
evaluated in this study are listed in Table 2.

Table 2. Water infiltration model.

Infiltration Model Equation Parameter and Coefficients
_ fc = constant/final infiltration rate (cm/h), fo = initial
— _ kt ’
Horton f=fe+t (fo—fce infiltration rate (cm/h), k = empirical coefficient
Kostiakov f=atb a and b are empirical parameters, t = experiment time (h)

Kostiakov-Lewis
Equation (1)
Equation (2)
Equation (3)

a and b are empirical parameters, fc = constant/final

— atb
f=at®+fc infiltration rate (cm/h), t = experiment time
f= (tJ’:h) a and b are optimization parameters, t = experiment time (h)
f=4 a and b are optimization parameters, t = experiment time (h)
= \/Fu+b a and b are optimization parameters, t = experiment time (h)

2.3. Evaluation of Best Infiltration Model

The Kostiakov, Kostiakov-Lewis, and Horton infiltration model, and some indifference
equations were evaluated to determine the best infiltration model under the conditions of this
study. The best coefficients were selected based on the root mean square error (RMSE) and
coefficient of determination (R?). The RMSE values represent the standard deviations of the
differences between the measured and predicted values. The coefficient of determination (R?)
indicates the extent to which the measured dispersion is represented by the predicted value
dispersion [31]. The performance measures for the different criteria are as follows.

1. Higher model performance is indicated by a smaller RMSE value [5]. The RMSE
statistics perform best when the value is close to zero [19].

2. Ahigher value of R? represents a better fit of the model. R? values of 0.7 < R? < 1, 0.6
<R?<0.7,0.5 <R? < 0.6, and R? < 0.5 were rated as very good, good, satisfactory, and
unsatisfactory, respectively [32].

i (fm — fo)?
n

(2 fm —fm) (fo 75)2

2 (fm— ) T (fo— o)’

A statistical analysis was performed to determine how well the two models performed
by determining the mean bias error (MBE) [33]. The main purposes of MBE are to estimate the
model’s average bias and determine whether any action is necessary to correct the bias in the
model [34]. To compare the accuracy of the best models, the Willmott index (d) is used [35,36].
A Willmott index value close to one indicates that a model captures field data well [37].

RMSE = 1)

R? = @)

i=1 (fm — fo)

MBE = 3)

. " (fo — fm)? 4
{‘:1‘fm—5’ + ‘fo—E‘z
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Infiltration rate with double ring infiltrometer test

where fm is the infiltration rate model (cm/h), fo is the infiltration rate observed (cm/h)
and n is the number of data points.

There are non-statistical parameters, such as Kruskal-Wallis, in addition to statistical
parameters. Non-parametric methods compare populations without using specific pa-
rameters. These approaches do not examine whether there is a difference in the means of
the populations but rather whether the locations of the populations differ [38]. The null
hypothesis, Hy, and alternative hypothesis, Hy, for the Kruskal-Wallis test are as follows:
Hj = the infiltration rate model to be compared in the test is the same; H; = the infiltration
rate model to be compared in the test is different.

12 & T
H=|— Y -i| -3n+1
n(n—i—l)i_zini] (n+1)

3. Results
3.1. Observed Infiltration Rate Data

Based on the 25 monitoring points, the average infiltration rate varied from 0.676 to
7.652 cm/h (Table 3). The average infiltration rate at all survey points was 2.384 cm/h
(medium infiltration). The Cisadane upstream watershed had a higher infiltration rate
than the middle and downstream watersheds (Figure 3). The upstream watershed was
dominated by medium-to-high infiltration rates with values ranging from 0.694 to 7.652
cm/h. Low to moderate infiltration rates predominated in the middle and downstream
areas with values of 0.676-1.309 cm/h.

Infiltration rate with double ring infiltrometer test

(medium-high infiltration) (low-medium infiltration)

25
=
——>5 ——10 —12
0 8 14 I3 a ’; &
v ) \ —.—7 —o—3 —o—II
15 £ 16 17 I8
; \! 5 ——20 —e—2I 2
10 L\
\ —— 24 25
5 \\
0 \"\; =t — o0 -
0.0 1.0 2.0 3.0 4.0 0.0 1.0 2.0 3.0
time (hr) time (hr)
Figure 3. Infiltration rate of point survey.
Table 3. Infiltration rate data based on the ground test.
Average Initial Constant Average Initial Constant
Survey Point Infiltration Infiltration Infiltration Survey Point Infiltration Infiltration Infiltration
Rate (cm/h) Rate (cm/h) Rate (cm/h) Rate (cm/h) Rate (cm/h) Rate (cm/h)
1 2.085 6.000 0.015 13 1.297 4.200 0.006
2 1.953 8.400 0.012 14 7.652 22.800 0.080
3 1.844 7.200 0.012 15 5.978 19.200 0.024
4 0.842 3.000 0.005 16 0.762 2.400 0.005
5 5.985 21.000 0.005 17 0.694 2.400 0.005
6 1.346 6.000 0.005 18 1.309 4.200 0.008
7 0.694 2.400 0.005 19 1.320 4.200 0.008
8 2.822 9.000 0.010 20 1.629 5.400 0.012
9 3.653 15.000 0.015 21 0.762 2.400 0.005
10 5.949 18.600 0.040 22 1.297 2.100 0.005
11 1.192 3.600 0.006 23 0.676 2.400 0.005
12 6.165 20.400 0.024 24 0.770 3.000 0.005
25 1.702 6.000 0.012
average rate (cm/h) 2.384
initial rate (cm/h) 8.052
constant rate (cm/h) 0.015
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3.2. Infiltration Rate Model

The infiltration model was created from equations with coefficients obtained from
observational data and/or optimization results. For previously developed infiltration
equations (such as Horton, Kostiakov, and Kostiakov-Lewis), the equation coefficients
were obtained from observed data. Based on the observed data, the parameters of Horton’s
equation (k) vary from 2.01 to 7.15 with an average value of 3.92. For the parameters of
Kostiakov and Kostiakov-Lewis models, the value of a varies from 0.03 to 0.89 with an
average value of 0.25, while the value of b varies from —1.09 to —1.67 with an average
value of —1.28 (Table 4). This study also attempted to evaluate other forms of infiltration
rate modeling equations (Equations (1)—(3)) that contain coefficients a and b, which are
optimized to produce the smallest error. From the optimization results, the value of the
coefficient a varies within the following ranges: 0.2-5.03 with an average value of 1.20
(Equation (1)), 0.28-4.57 with an average value of 1.24 (Equation (2)), and 0.31-5.41 with
an average value of 1.50 (Equation (3)). The value of the coefficient b varies within the
following ranges: 0.03—-0.22 with an average value of 0.10 (Equation (1)), 0.42-0.74 with an
average value of 0.53 (Equation (2)), and 0-0.1 with an average value of 0.023 (Equation (3))
(Table 4). The equations developed in this study for the infiltration model are listed in
Table 5. Figure 4 shows an example of a comparison curve between the infiltration rates of
the observed data and the model results at survey points 1-8. From the comparison curve,
it can be seen that the observed infiltration rate and the infiltration rate of the developed
model are not significantly different.

Table 4. Coefficient of infiltration rate models.

Point Flel(ccin?;}llr)vey Horton Kosltig;:;il/lfg:wis Equation (1) Equation (2) Equation (3)
fo fc k a b a b a b a b

1 6.00 0.0150 3.459 0.149 —1.208 0.68 0.10 0.91 0.48 0.88 0.000

2 8.40 0.0120 6.835 0.116 —1.226 0.30 0.10 0.43 0.74 0.97 0.000

3 7.20 0.0120 6.557 0.118 —1.209 0.34 0.03 0.52 0.66 0.89 0.000

4 3.00 0.0050 3.535 0.055 —1.312 0.24 0.06 0.34 0.54 0.40 0.000

5 21.00 0.058 2.326 0.489 —1.433 5.03 0.21 4.53 0.42 541 0.100

6 6.00 0.0047 7.149 0.032 —1.673 0.28 0.03 0.40 0.67 0.72 0.000

7 2.40 0.0050 4.032 0.044 —1.318 0.21 0.07 0.29 0.53 0.33 0.001

8 9.00 0.0100 5.030 0.165 —1.290 0.71 0.06 1.10 0.53 1.21 0.000

9 15.00 0.0150 3.720 0.265 —1.410 0.74 0.04 1.03 0.62 1.53 0.000

10 18.60 0.0400 2.014 0.887 —1.085 4.40 0.22 3.94 0.42 4.65 0.098

11 3.60 0.0060 3.671 0.088 —1.244 0.37 0.09 0.54 0.48 0.59 0.026

12 20.40 0.0240 2.303 0.667 —1.214 4.20 0.19 3.97 0.44 4.65 0.078

13 4.20 0.0060 2.848 0.088 —1.230 0.31 0.06 0.48 0.55 0.56 0.000

14 22.80 0.0800 2.252 0.870 —1.237 4.80 0.20 457 0.42 5.29 0.090

15 19.20 0.0240 2.201 0.665 —1.201 4.48 0.22 3.96 0.42 4.70 0.096

16 2.40 0.0050 2.812 0.063 —1.222 0.26 0.09 0.35 0.49 0.38 0.024

17 2.40 0.0050 4.032 0.044 —1.318 0.21 0.07 0.29 0.53 0.33 0.001

18 4.20 0.0080 2.838 0.097 -1.197 0.32 0.06 0.49 0.54 0.57 0.000

19 4.20 0.0080 3.011 0.095 —1.247 0.37 0.07 0.56 0.51 0.62 0.012

20 5.40 0.0120 5.778 0.870 —1.237 0.42 0.06 0.60 0.55 0.72 0.000

21 2.40 0.0050 3.183 0.063 —1.222 0.26 0.09 0.35 0.49 0.38 0.024

22 2.10 0.0050 3.909 0.045 —1.277 0.23 0.10 0.29 0.49 0.32 0.018

23 2.40 0.0050 3.989 0.044 —1.304 0.20 0.07 0.28 0.53 0.31 0.000

24 3.00 0.0050 4.557 0.040 —1.381 0.20 0.05 0.28 0.59 0.38 0.000

25 6.00 0.0120 5.954 0.120 —1.189 0.37 0.05 0.56 0.60 0.78 0.000
Average 8.05 0.01 3.92 0.25 —1.28 1.20 0.10 1.24 0.53 1.50 0.023
Maximum 22.80 0.08 7.15 0.89 —1.09 5.03 0.22 4.57 0.74 5.41 0.100
Minimum  2.10 0.00 2.01 0.03 —1.67 0.20 0.03 0.28 0.42 0.31 0.000
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Table 5. Infiltration rate equation.

Infiltration Rate Equation

No Horton Kostiakov Kostiakov-Lewis Equation (1) Equation (2) Equation (3)
1 f=0.015+ (6 — 0.015)e 345 f = 0.149t 1208 f = 0.149t 1208 1 0.015 f= (erod0) f= %% f= 08

2 f=0012+ (84 —0.012)e 685 f=0.116t"1226 f = 0.116t 1226 +-0.012 f= ot f= %% f=0%

3 f=0012+ (72-0.012)e 57 f=0.118t"12%" f=0.118t12% +0.012 f= o f= %% f=108

4 f = 0.005 + (3 — 0.005)e 33 f = 0.055t~ 1312 f = 0.055t~ 1312+ 0.005 f= 2609 f= 03¢ =0

5 f = 0.058 + (21 — 0.058)¢ 326! f = 0489t~ 1433 f = 0.489t~1433 1 0,058 = 09D f= 43 f= 20
6 f = 0.0047 + (6 — 0.0047)e~ 7149 £ =0.032t~ 1673 f = 0.032t~ 1673 1 0.0047 f= o) f= %9 f=10%

7 f=0.005+ (2.4 —0.005)e 4052t f= 0044t 1318 f = 0.044t~ 1318 1-0.005 f= e f= %3 f=
8 f=0.01+ (9 —0.01)e >0 f=0.165t" 1% f = 0.165t1% +0.01 f= w09 f= 13 f=12

9 f = 0.015+ (15 — 0.015)e 372! f = 0265t 141 f=0.265t"41 4 0.015 f= o f= 1% f=12
10 f=0.04+ (18.6 — 0.04)e 2014 f = 0.887t 1085 f = 0.887t 1085 1 0.04 f= g f=3% f=
1 f =0.006 4 (3.6 — 0.006)e 671t £ —0.088t~ 1244 f = 0.088t~ 1244 1 0.006 f= wom) f= 0% = 0
12 f=0.024+ (204 — 0.024)e 230t £ =0.667t 1214 f=0.667t 1214 40.024 f= &ty f= 3% NI
13 f=0.006 + (4.2 — 0.006)e 28481 f—0.088t 123 f = 0.088t~ 123 + 0.006 f= w09 f= %% f=0%
14 f=0.08+ (22.8 —0.08)e 222 f=087t"127 f=0.87t1%7 4+ 0.08 f= o) f= %7 f= 205
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Figure 4. Example of infiltration rate model comparison (points 1-8).

4. Discussion

Droughts and floods have significant effects in Indonesia in several administrative
provinces. The government is currently facing freshwater supply problems, such as those
in Java and the Sumatra Islands, where freshwater demand is highest. The changing envi-
ronment due to development also has negative effects on the stability of the groundwater
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The relationship between optimization parameter 'a’
and 1nitial infiltration rate data (fo)

and negatively affects the community and ecosystem [39]. The behavior of the infiltration
models differed also depending on the field conditions, climate, and land use. Compared
to all other land uses, infiltration capacities were significantly greater in forest and low-
development areas [20]. Furthermore, the type of land use had a significant influence on
how the initial soil moisture conditions affected the infiltration behavior [24]. From the
results of field measurements, the greatest infiltration rates at points 5, 10, 12, 14, and 15
are located in areas with forest and plantation land uses (low-development areas). On the
other hand, areas with a majority of development land, such as residential areas, have
low-medium infiltration rates.

Considering the importance of infiltration rate modeling in water resources man-
agement, the accuracy of the infiltration model is essential. This research resulted in an
evaluation of various infiltration rate equations that had been developed previously (Hor-
ton, Kostiakov and Kostiakov-Lewis) and additional equations adopted for the infiltration
rate model with optimization parameters (a,b). Figures 5 and 6 show the relationship
between parameters a,b, the initial infiltration rate and constant infiltration rate as mea-
sured by the double-ring infiltrometer. Parameter ‘a” in Equations (1)—(3) has a strong
linear relationship with the initial infiltration rate and constant infiltration rate in the field
(R? > 0.74). Meanwhile, parameter b only has a fairly good linear relationship with the field
infiltration rate in Equations (1) and (3) (R? > 0.59).

The relationship between optimization parameter 'a’ and
constant infiltration rate data (fc)

6.00
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Figure 5. The linear relationship between optimization parameter ‘a’, initial infiltration rate (fo), and
constant infiltration (fc).
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Figure 6. The linear relationship between optimization parameter ‘b’, initial infiltration rate (fo), and
constant infiltration (fc).
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The lowest RMSE value indicates the highest predictive performance. Based on the
six infiltration models tested, the lowest value of the average RMSE was 0.49 for Equation
1, indicating that the model is the closest to the infiltration conditions in the field. The
highest value of average RMSE was 7.64 for the Kostiakov equation, indicating that the
equation is not sufficiently representative of infiltration conditions in the study area. In
addition to the RMSE, the linearity of the model was observed using the value of the
coefficient of determination (R?). A higher value of R? represents better linearity between
the observed data and the model. The highest value of R?> was 0.98 for Equation (1), whereas
the lowest value of R? was 0.73 for the Kostiakov and Kostiakov-Lewis models (Table 6).
The distribution of the RMSE values for all survey points using Equation (1) yielded small
RMSE values ranging 0.09-1.83. The distribution of R? values for all survey points using
Equation (1) produced R? values close to 1 (high linearity) with values ranging from 0.96
to 1 (Figures 7 and 8). Therefore, Equation (1) is the closest equation and has the highest
linearity with the experimental data (Figure 9). The results of this study can be used as a
basic idea for further research especially on the topic of semi-empirical infiltration models.

R? distribution of survey points R? distribution of survey points
= Horton ®Equation 1 = Equation 2 ®Equation 3 = Kostiakov = Kostiakov Lewis
1.00 —— = 1.00
0.90 ? BN T 0.90 ! '
0.80 | 0.80 :
0.70 ’ ’ 0.70 -
0.60 0.60 ! :
0.50 0.50 - o
0.40 0.40
0.30 0.30
0.20 020
0.10 0.10
0.00 0.00
Figure 7. Distribution value of R2 for all survey points.
RMSE distribution of survey points RMSE distribution of survey points
= Horton ®Equation 1 = Equation 2 = Equation 3 = Kostiakov ® Kostiakov Lewis
4.00 45.00
3.50 40.00
3.00 35.00
555 30.00
25.00
200 20.00 T
150 15.00 1
1.00 = 10.00
0.50 5.00 !
616 0.00 .

Figure 8. Distribution value of RMSE for all survey points.



Water 2023, 15, 4149 12 of 16

Table 6. RMSE and coefficient of determination (R2).

RMSE R?

Foint Horton Kostiakov KOE::’I;:V_ Equation (1) Equation (2) Equation (3) Horton Kostiakov KOE::};:V_ Equation (1) Equation (2) Equation (3)
1 0.41 4.75 4.75 0.35 0.57 0.59 0.97 0.71 0.71 0.97 0.92 0.91
2 0.78 297 2.83 0.20 0.37 0.81 0.92 0.92 0.92 0.99 0.72 0.79
3 0.51 293 293 0.32 0.49 0.67 0.95 0.86 0.86 0.98 0.96 0.97
4 0.28 2.82 2.82 0.09 0.21 0.22 0.95 0.77 0.77 0.99 0.96 0.97
5 0.93 40.99 40.99 1.60 3.32 2.99 0.99 0.46 0.46 0.97 0.83 0.88
6 0.32 7.64 7.64 0.13 0.29 0.50 0.97 0.81 0.81 1.00 0.98 0.98
7 0.28 2.32 2.32 0.10 0.21 0.22 0.95 0.72 0.72 0.99 0.93 0.94
8 0.13 0.29 0.28 0.16 0.40 0.49 0.96 0.95 0.95 0.96 0.87 0.86
9 2.61 2212 22.12 0.83 1.11 1.29 0.92 0.75 0.75 0.96 0.93 0.95
10 0.80 15.67 15.68 1.26 2.57 2.37 0.99 0.59 0.59 0.97 0.86 091
11 0.27 3.28 3.28 0.10 0.29 0.28 0.96 0.69 0.69 0.99 0.94 0.96
12 0.86 20.65 20.66 1.37 2.76 2.52 0.99 0.57 0.57 0.98 0.87 0.91
13 0.68 2.90 2.90 0.17 0.27 0.29 0.87 0.81 0.81 0.98 0.96 0.97
14 1.23 15.84 15.86 1.83 3.18 3.02 0.98 0.62 0.62 0.96 0.87 0.90
15 0.77 19.71 19.72 1.48 2.84 2.58 0.99 0.54 0.54 0.97 0.84 0.89
16 0.23 2.25 2.26 0.10 0.21 0.20 0.95 0.72 0.72 0.99 0.93 0.95
17 0.28 2.32 2.32 0.10 0.21 0.22 0.95 0.72 0.72 0.99 0.93 0.94
18 0.66 2.77 2.78 0.13 0.26 0.28 0.88 0.81 0.81 0.99 0.97 0.97
19 0.53 3.50 3.50 0.17 0.35 0.35 0.92 0.70 0.70 0.99 0.94 0.95

20 0.24 3.09 2.93 0.30 0.50 0.52 0.98 0.77 0.77 0.98 0.71 0.73
21 0.17 2.25 2.26 0.10 0.21 0.20 0.96 0.72 0.72 0.99 0.93 0.95
22 0.29 2.03 2.03 0.15 0.21 0.21 0.92 0.70 0.70 0.96 0.91 0.92
23 0.29 2.20 2.20 0.13 0.19 0.19 0.94 0.76 0.76 0.97 0.94 0.95
24 0.31 2.66 2.66 0.96 0.77 0.77 0.99 0.77 0.77 0.99 0.95 0.97
25 0.28 3.14 2.99 0.19 0.42 0.49 0.98 0.82 0.82 0.99 0.73 0.77
Av 0.57 7.64 7.63 0.49 0.89 0.89 0.95 0.73 0.73 0.98 0.90 0.92
Max 2.61 40.99 40.99 1.83 3.32 3.02 0.99 0.95 0.95 1.00 0.98 0.98

Min 0.13 0.29 0.28 0.09 0.19 0.19 0.87 0.46 0.46 0.96 0.71 0.73
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Figure 9. Average value of calibration parameter for each model.

The MBE’s primary objectives are to calculate the average bias of the model. From the
results of comparing the MBE values of the infiltration rate model, the smallest MBE pa-
rameters are obtained for Equations (1)-(3) and Horton, as shown in Figure 10. Meanwhile,
the infiltration rate model using the Kostiakov and Kostiakov Lewis equations has quite a
large value of MBE when compared with the measured infiltration rate in the Cisadane
watershed. Based on the distribution of MBE values per survey point, the infiltration rates
in Equations (2) and (3) and Horton have larger outlier data than that in Equation (1).
Therefore, based on the MBE value and distribution, Equation (1) has the smallest MBE
value and the fewest outliers out of all the infiltration rate equations. A Willmott index
value (d) close to one suggests that a model accurately captures field data. The Willmott
index for the infiltration rates in Equations (1)—(3) and Horton is quite large, approaching
1 (>0.9); this indicates that the infiltration rates in Equations (1)—(3) and Horton are quite
representative of field infiltration rate data in the Cisadane watershed. Meanwhile, the
smallest Willmott index is for the Kostiakov and Kostiakov—-Lewis infiltration rate models
with d values for all survey points ranging from 0.4 to 0.8 (Figure 11).

MBE distribution of survey points MBE distribution of survey points
= Horton ®Equation 1 = Equation 2 ®Equation 3 = Kostiakov ® Kostiakov Lewis
7.00 25.00
6.00
5.00 20.00
4.00
3.00 15.00
2.00 . 3
1.00 10.00
. —— i i
-1.00 5.00
-2.00 ;
3.00 0.00

Figure 10. Distribution value of MBE for all survey points.

This research also uses non-statistical parameter analysis (Kruskal-Wallis) to deter-
mine whether there are significant differences between model infiltration rates and field
measurements. The Kruskal-Wallis parameter value (H) was obtained by grouping the
field infiltration rate with the infiltration rate of each model. The parameter values obtained
were then compared with the critical value = 3.84 (df = 1 and alpha = 5%). From the analysis
results, it was obtained that the H value < critical value in the 1, 2, 3 and Horton model
infiltration rate equations (with the smallest H value produced by Equation (1) = 0.011),
while for the Kostiakov and Kostiakov—Lewis infiltration rate equations, the H value was
much greater than the critical value (Figure 12). There is no significant difference between
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the initial infiltration rate data from field measurements and Equations (1)—-(3) and Horton
infiltration rate models; however, the initial infiltration rate population of the Kostiakov
and Kostiakov-Lewis models has a quite significant differences with the field data.

Willmott Agreement Index (d) Willmott Agreement Index (d)
® Horton ®Equation 1 ® Equation 2 ® Equation 3 = Kostiakov ® Kostiakov Lewis
1.00 — 0.90
? 0.80 I
0.98 |
0.96 0.60 —
N 1

0.50 — —
0.94 0.40
092 0.30

0.20
0.90 0.10
0.88 0.00

Figure 11. Distribution value of Wilmott agreement index (d) for all survey points.

Kruscal — Wallis for initial infiltration rate model

18.304 18.304

Critical value 3.84

0.776 0.529 0.264
L — Lol
horton kostiakov kostiakov  Equation1  Equation2  Equation 3

lewis

Figure 12. Kruskal-Wallis value for initial infiltration rate model.

5. Conclusions

A double-ring infiltrometer is a simple instrument for measuring field infiltration
rate. The Cisadane upstream watershed had a higher infiltration rate than the middle
and downstream watersheds. Based on the 25 monitoring points, the average infiltration
rate varied from 0.676 to 7.652 cm/h. In Equations (1)-(3), the parameter ‘a” shows a
strong linear relationship with the initial infiltration rate and constant infiltration rate in
the field (R? >0.74). Additionally, in Equations (1) and (3), parameter b only has a good
linear relationship with the field infiltration rate (R > 0.59). Among the various infiltration
rate equations, Equation (1) has the smallest MBE value and the fewest outliers based on
the MBE value and distribution. The same thing was also obtained from Kruskal-Wallis’
non-statistical parameter analysis, where the infiltration rate in Equation (1) produces the
smallest H value, which is far below the critical value. Based on the evaluation model result,
it can be concluded that Equation (1) is the best-fitting infiltration model for the Cisadane
watershed case with the lowest average RMSE value of 0.49 and the highest R? value of
0.98. The results of this study can be used as initial research to find new equations with
optimization parameters that produce better model accuracy than the existing equation, in
this case, especially the infiltration rate model. This study was limited to a total of 25 survey
points used, and the survey was carried out in one measurement. For future research,
it is possible to evaluate the model with a larger number of survey points and multiple
measurements to produce a more representative equation for calculating the infiltration
rate. In addition, Equation (1) can be evaluated for its suitability for other watersheds.
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