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Abstract

This study develops an indirect method for the estimation of surface soil moisture (SM) by 
means of monitoring in situ soil water potential. Field work was carried out in ten sampling 
units selected according to coverage, soil, and topographic factors. Relative humidity and 
soil temperature were hourly measured to assess the soil-water potential through Kelvin's 
Law for each sampling unit. Water potential was used as input in the soil moisture retention 
curve for field conditions to assess SM by fitting the Fredlund-Xing model. To verify the 
performance of our approach, we measured the surface volumetric SM by the gravimetric 
method for 2,211 soil samples collected in the same survey period. Results show a non-linear 
relationship between gravimetric SM and the indirect estimation displaying a determination 
coefficient of 68.4%. The proposed approach is a suitable exploratory alternative to support 
continuous SM monitoring studies.
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1. Introduction

Soil moisture (SM) is a fundamental component of the terrestrial system because it influences 
water dynamics, the energy and carbon flows between the surface of the earth and the 
atmosphere, and the distribution of various hydrological mechanisms such as runoff, 
infiltration and water accumulation in soil processes [1], [2], [3]. However, SM is very 
variable in space and time; it is heterogeneous due to factors such as precipitation, vegetation, 
soil texture, topography, and drainage patterns [4]; furthermore, its distribution is influenced 
by the complex interaction between climatic and environmental effects that dominate SM 
patterns at the basin scale [5].

Soil moisture is characterized as the combination between the surface SM, which is defined 
as the water content within the first five centimeters of the soil, and the SM in the root zone 
defined as the water content below five centimeters of depth [6], [7]. Various methods have 
been developed to measure SM in the field or under laboratory conditions; these 
measurements are the main source of information to understand its distribution and 
variability. Among these methods, the gravimetry allows measuring the soil water content, 
and the hygrometry allows measuring the soil-water potential by indirect measurement, each 
with strengths and limitations [8]. Nonetheless, the estimation of soil moisture has undergone 
a significant technological development compared to the measurement of water potential in 
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the field as confirmed by [9], [10], and [11], although integrated approaches can overcome 
the disadvantages of each unique method and produce more robust data [12].

The gravimetric method is a simple, high-level precision method that directly estimates the 
soil water content (dimensionless mass or volume ratio), obtaining estimates in any moisture 
range and does not require equipment installation [13], [14], [15], [16]. However, it is time-
consuming, laborious, destructive and is often not considered to develop soil moisture 
networks, but rather to calibrate other moisture sensors or as a reference method for dataset 
validation obtained with other methods [17], [18].

The soil water potential is a soil property, which allows to indirectly estimate the soil water 
content by measuring, as is the case, using the relative humidity (RH) and soil temperature 
(Ts), as variables in the thermodynamic relationship of Kelvin’s Law [19]. The estimation of 
the water content by this technique has a comparative advantage with other methods as it 
allows inferring the SM in large areas; further, its operation can be automated, it is of low 
maintenance, soil samples are not destroyed, it does not affect health, and SM can be 
estimated at any soil depth. On the other hand, it requires high-level calibration equipment 
and the sensors can be deteriorated over time due to the interaction with the ground [8]. 
However, new sensors have been designed to facilitate measurements and must be tested to 
establish their potential for use [20], [9].

[21] evaluated four soil water potential measurement devices, including a cooling 
hygrometer, a filter paper, a psychrometer, and a relative humidity (RH) sensor. In their 
study, they established that the RH sensor provided a faster response compared to the other 
methods and was suitable for water potential measurements in the field and near the soil 
surface. However, they mentioned that they should have considered that this device may 
show a systematic error in high RH measurements. Commercially, there are programmable, 
high fidelity, short time log measurement devices that are an alternative for using under field 
conditions [22], [23].

To relate the water content and the soil water potential, several empirical models have been 
developed, which allow elaborating a soil moisture retention curve (SMRC) from the soil 
moisture saturation state to the residual moisture content due to the potentials in the soil [24], 
[25], [19], [26]. Among the most common and highly efficient functions used, the Fredlund 
and Xing (FX) model is highlighted. This model includes three adjustment parameters used 
to describe the SMRC [27], [28], [25]. However, for water potential measurements in the 
field, soil hysteresis significantly affects water content estimation, because the same SM 
magnitude can occur for different potentials or tensions in the soil. This is the reason why 
[25] suggest an adjustment to the parameters that allow the development of a trajectory or a 
median retention curve for field condition (SMRCf) depending on the soil texture.

The soil water content estimates in the field, from information on discrete sampling points, 
requires high density sampling data, which is generally not sufficient due to the variability 
of the relief, slope, soil type, and vegetation cover that is found in large areas and in 
mountainous landscapes, in which there are abrupt changes between sampling points [29]. In 
this sense, the arithmetic average of observations that will be added on a smaller dimension 
basis may be sensitive to extreme values. Therefore, the incorporation of the lower sensitivity 



property to the ends (extremes) of the geometric mean can be quite convenient. Thus, the 
arithmetic mean averaged with the geometric can be more robust to observations that could 
affect soil moisture measurements [30], [31]. Similarly, although in the statistical properties 
of the data, the apparent variance and the apparent correlation length are generally different 
from their true values because of the scale measurement bias; furthermore, also because the 
apparent variance increases with increasing extent and decreases with increasing support; 
nonetheless, it does not change with spacing [32].

Accordingly, the aim of this study was to statistically contrast estimates of the water 
volumetric content of surface soil or volumetric soil moisture (SM) obtained using the 
gravimetric method (reference method) with SM estimates for soil water potentials obtained 
by indirect measurement, and the use of the Fredlund-Xing (FX) model that describes the 
typical soil moisture retention curve developed with adjustment parameters for field 
conditions (SMRCf). This was carried out in ten sampling units selected according to 
coverage, soil, and topography factors in the Quindío river basin in Colombia, during seven 
evaluation periods, between July 2017 and June 2018. This evaluation required continuous 
monitoring of the SM as a fundamental variable for hydrologic, agronomic, and climate 
change studies. Although the SM estimation is carried out by different highly recognized 
field methods, in this case, an alternative method for monitoring SM was used. This method 
has not been used in Colombia and included the use of the heronian mean and estimates 
obtained with the FX model that describes the SMRCf to a series of contrasting sampling 
units discriminated by cluster analysis in five evaluation strata, and validated with the spatial 
strata Q statistic. The temporary effect was incorporated initially, but recognizing that in this 
case, it was not of interest, as verified with the non-parametric longitudinal variance analysis, 
then, the two humidity measurements were related using a non-linear model.

2. MATERIALS AND METHODS

2.1 Study area

The Quindío River basin is located in the central-western region of the Andean mountain 
range in Colombia (4°20’55” N, 75°48’04” W and 4°42´57” N, 75°23´ 0” W), with an 
extension of 688.85 km2. In the basin, mountainous, foothills, hills and valley landscapes are 
found with elevations between 1,079 to 4,794 meters above the sea level. Climatically, the 
region has two rainy seasons or with abundant rains from March to May and from October 
to December, and the remaining months correspond to dry seasons. According to the records 
of the climatic stations of La Montaña, La Playa and Centro de la Guadua of Corporación 
Autónoma Regional del Quindío (CRQ) for 2017, the driest month was July with an average 
of 45.4 mm, and the rainiest month was November with 310.3 mm. Meanwhile, for the year 
2018, the driest month was July with an average of 51.3 mm and the rainiest months were 
April with 319 mm and October with 317.1 mm, with average temperatures of 17.9 °C in the 
months of October and November, and 22.1 °C in the months of July and August, with little 
variation in the average temperature throughout the year.

2.2 Sampling units



The factors that influence the variability of the SM were analyzed to define the sampling 
units. Coverage, slope, surface curvature, and soil texture were included as variables, as they 
influence the SM variation, and are used to obtain sampling units representative of the 
physiographic relief, soil and coverage conditions in the basin as suggested by [33] and [34].

Land cover and land use information were obtained from the map made by Instituto 
Geográfico Agustín Codazzi (IGAC) [35] at a scale of 1: 25,000 and updated for 2015. The 
slope and curvature of the surface were acquired from the processing of the 12.5 m Digital 
Terrain Model (MDT) from the ALOS PALSAR system in Band L, Path 148, Frame 70, and 
dated February 20, 2011, obtained from the Alaska Satellite Facility (ASF) land data portal. 
The slope was calculated with the Horn method for rough surfaces, which uses eight 
neighboring pixels of the cell considered for the calculation [36] and was classified according 
to the IGAC internal code manual. The curvature was calculated in the direction of the slope 
with the adjustment coefficients of the eight neighbors near the cell considered; in these, 
positive values indicate that the surface is concave above the cell, and negative values denote 
that the surface is convex above the cell; further, values close to zero indicate that the surface 
is linear [37]. The texture was obtained from the analysis carried out in the soil sample 
laboratory using the modified Bouyoucos method [38], [14], [15].

A spatial representation with the functionalities of the Geographic Information Systems 
(GIS) was made to the spatial and attributes information layers, generating an integrated data 
layer. In this layer, ten candidate sampling units were initially identified, each with an 
extension of approximately one hectare, with proportional representation of the landscapes 
and reliefs present in the basin (Figure 1).

Figure 1. Location of the sampling units assessed in the Quindío River basin (Colombia)

In the mountainous landscape, units U1, U2, U3, U4, U5, and U6, were located between 
reliefs of rows-cantilever beams and valleys on slopes of 3% and up to 25%. Further, units 



U1 and U2 have natural forest cover, herbaceous and shrub vegetation, as well as forest 
plantations on a convex type surface; the surface soil layer (0-5 cm) has a sandy loam texture 
(SL). Units U3, U5 and U6 have a pasture cover with clay loam (CL), silt loam (SiL) and 
clayey (C) soil textures, respectively, as well as convex, concave and linear surfaces, 
respectively; unit U4 has semi-permanent crops in concave surfaces with a silt loam (SiL) 
soil texture. The climate in this mountainous area ranges from cold and temperate humid to 
very humid. The soils in these units have been formed from volcano-sedimentary rocks and 
thick and medium alluvial deposits, classified as Typic Humudepts, Pachic Hapludands, and 
Typic Udorthents [35]. 

Units U7, U8 and U9 are located in foothills and have hilly landscapes; these are located, 
between reliefs of moderately dissected fans, hills, and ridges, with slopes higher than 25%, 
with temperate humid and very humid climates, with pasture covers, transitory crops, and 
permanent shrubs and herbaceous crops. These units have convex and concave surfaces and 
the soil textures are silt loam (SiL) on U7, and sandy loam (SL) on U8 and U9. The soils of 
these units have amphibolites, shales, and volcanic ash on torrential volcanic deposits as 
parental material, and are classified as Typic Humudepts and Typic Hapludands [35].

In the valley landscape with flat flood relief, the U10 unit is located; it is characterized by a 
slope of 3 to 7%, a convex surface, sandy loam (SL) texture in the superficial soil layer (0-5 
cm) covered by vast extensions of Guadua spp. (Poaceae) called  guaduales. The climate is 
humid temperate, and the soils in this unit come from thick and medium alluvial deposits, 
classified as Typic Dystrudepts and Typic Endoaquepts [35].

Once the ten units were selected, a regrouping of these units into new similar units was 
carried out considering the estimated soil moisture contents with the two approaches 
proposed in the current research. Hence, contrasted moisture content strata were formed once 
again from which five new sampling units were formed.

2.3 Soil water content (W) 

Soil water content was measured in seven evaluation periods or field campaigns in each 
sampling unit, as follows: from the beginning of the study to 28, 56, 70, 106, 155, 196 and 
294 days. In each evaluation period, soil sampling was carried out using the gravimetric 
method, and the recording of RH and Ts was also performed for indirect estimation of soil 
water potential, as shown in Figure 2.



Figure 2. Conceptual model of the field monitoring system for soil sampling and recording 
of relative humidity and temperature in each candidate sampling unit.

To estimate the volumetric soil moisture, 30 georeferenced random points were established 
in each sampling unit and at each point, where approximately 20 to 30 g of soil were collected 
in aluminium capsules, in duplicate and weighed in the field to avoid moisture losses. The 
SM content was estimated by the gravimetric method, which consisted of drying in the oven 
at 105 °C for 24 hours the samples collected in the field. These values were subsequently 
transformed to volumetric humidity values with the soil bulk density [13], [14], [15].  The 
equation used to estimate the gravimetric humidity (w) is the following (1):

𝑤 =
𝑀𝑤

𝑀𝑠

(1)

Where  is the mass of water (g) and  is the mass of dry soil (g).𝑀𝑤 𝑀𝑠

The soil bulk density was obtained from unaltered soil samples collected in rings of 5 cm in 
diameter by 5 cm in height for analysis by the cylinder method, which relates the total soil 
mass to the total volume occupied by the sample in the cylinder. Each measurement was 
made in duplicate [13], [14], [15]. The equation used to estimate the bulk density (ρ) is the 
following (2):

𝜌 =
𝑀𝑡

𝑉𝑡

(2)

Where ρ is the soil bulk density (Mg m-3), Mt is the total soil mass (Mg), and Vt is the total 
volume occupied by the soil sample (m3).

Finally, the volumetric humidity (cm-3 cm-3) of equation (3) was estimated using equations 𝜃𝑜 
(1) and (2), for a total of 2,211 measurements with the following equation:

𝜃𝑜 = 𝑤
𝜌

𝜌𝑤

(3)

Where  represents the water density (Mg m-3).𝜌𝑤



The calculation of the heronian average of the volumetric moisture labeled θH from 2,211 
gravimetric humidity values was considered, to group these values into 88 values. These were 
later confronted with the 88 estimated soil moisture (θe) values obtained in each evaluation 
period per sampling units. The heronian mean (θH) has the attribute that it incorporates the 
arithmetic mean that is the mathematical expectancy of the data, and the geometric mean that 
has the advantage of not being as sensitive as the arithmetic mean to extreme values, and is 
relevant when several quantities are multiplied to produce a total; the heronian average is 
expressed in equation (4). 
 

θH = 
1
𝑛 ∑𝑛

𝑖 = 1𝑥𝑖 +  𝑛 ∏𝑛
𝑖 = 1𝑥𝑖

2

(4)

2.4 Volumetric soil water content (θe) by indirect estimation

The relative humidity and temperature were measured with five iButton Hygrochron DS1923 
sensors that were installed in each sampling unit, as seen in Figure 2. Three of the sensors 
were located at a depth of 0-5 cm from the surface into polyurethane capsules and spaced 
from each other at approximately 50 m. The other two sensors were installed into aerated 
polyvinyl chloride (PVC) tubes at a height between 10 to 20 cm from the surface and at a 
distance of around 50 and 70 m from another one. The sensors were programmed for the 
simultaneous recording of RH (%) and Ts (°C) every 60 minutes. In each evaluation period, 
the digital download of the measurements and reprogramming of these were performed. 
Saturation was found in the RH records (> 100%) in several sensors, so adjustments were 
made to the readings with the methodology proposed by [39]. Therefore, only the RH records 
of the sensors located above the surface were the ones used in this study as these were more 
stable and because the RH can be measured in the air phase, in the soil pores or in an area 
close to the ground [19]. In total, 88 RH values and 88 Ts values were obtained, and each 
value corresponded with the average of the RH and Ts records at the time of the day and 
throughout the sampling period in each unit (approximately one hour).

With the averages of RH and Ts, the water potential Ψc (kPa) was calculated as expressed in 
equation (5) for each evaluation period applying Kelvin's Law, which is a function of the 
negative relationship between the gas pressure in the soil, and the external pressure of the 
external gas to the ground [40].

𝛹𝑐 = ― 
𝑅 𝑇𝑠

𝑀 ( 1
𝜌𝑤)

𝑙𝑛(𝑅𝐻) (5)

where R is the universal gas constant (8.31432 Joules/mol K); Ts is the absolute soil 
temperature in degrees °K; M is the molecular weight of water (18.016 kg/kmol);  is the 𝐷𝑤
density of water (998 kg/m3), and RH is the relative humidity. 

Soil water retention was measured in each sampling unit, for which unaltered soil samples 
were taken in cylinders of 5 cm in diameter and 2.5 cm in height, at a depth of 0 to 5 cm. The 
samples were saturated by capillarity, and once a metallic gloss was observed on the surface, 



they were subjected to air pressures of -10, -30, -100, -500, -1,000 and -1,500 kPa using 
plates and a pressure chamber (pressure cooker) [41]. For each pressure point, the volumetric 
soil moisture content (θ) was estimated, and each test was performed in duplicate. Parameters 
a, n and m of the FX model expressed by the equation were calculated using equation (6) that 
describes the SMRC for the drying procedure, where parameter a is related to the air entry 
into the soil pores and determines the turning point of the curve [19]. Parameter m is related 
to the total symmetry of the typical curve and the residual water content; parameter n is 
related to the slope of the curve at the inflection point and the pore size distribution [42]. The 
above-mentioned calculations were carried out with the Solver program of the Excel 
spreadsheet and the Generalized Reduced Gradient Nonlinear (GRG) module, including as 
restrictions, that the parameter values were higher than 0.1, a minimum of 100 iterations in 
the process, and a convergence value of 0.000001, to avoid very small and negative values.

      𝜃 =  𝜃𝑟 +
(𝜃𝑠 ―  𝜃𝑟)

[(1 + ( 𝛹/𝑎 )𝑛)]𝑚
 (6)

Where θ is the volumetric moisture (cm-3 cm-3) at a certain pressure (Ψ);  is the residual  𝜃𝑟
volumetric moisture (cm-3 cm-3);  is the volumetric moisture at saturation (cm-3 cm-3); and 𝜃𝑠

 are the adjustment parameters of the models for the curve ( .𝑎, 𝑛, and 𝑚 𝑚 = 1 ― 2/ 𝑛)

With the methodology proposed by [25], SMRCf estimation was performed but with the 
application of a correction factor or lateral adjustment  to parameter a, associated with (𝑎𝑐)
soil texture, as suggested by the authors; to do so, the particle size distribution was established 
using the hydrometer method [38] to soil samples from each sampling unit collected from 
the soil layer at a depth of 0 to 5 cm.

The percentages of sand, silt, and clay were determined, and the textural class was defined 
for each unit, performing the test on duplicate samples. The lateral adjustment  given in  𝑎𝑐
equation (7) was made to parameter a, and the application of a percentage of 25% for the 
sampling units U1, U2, U8, U9 and U10 was carried out, as these presented thick or sandy 
textures; further, 50% adjustment percentage was carried out for sampling units U3, U4, U5, 
U6, and U7, as they had finer textures; parameters n and m were left the same to maintain the 
congruence of the curve.

𝑎𝑐 =  10𝐿𝑜𝑔(𝑎) ― 𝜀 (7)

Where,  is the adjustment parameter for the SMRCf;  is the adjustment parameter of the 𝑎𝑐 𝑎
SMRC by drying, and ε, is the lateral adjustment percentage.

To estimate the water content (θe) based on the soil water potentials measured in the field, 
the FX model equation was applied as expressed in equation (8), which includes the values 
calculated in equations (5) and (7).

      𝜃𝑒 =  𝜃𝑟 +
(𝜃𝑠 ―  𝜃𝑟)

[(1 + ( 𝛹𝑐/𝑎𝑐 )𝑛)]𝑚
(8)



Where θe is the estimated volumetric moisture (cm-3 cm-3) to a certain field water potential 
(Ψc).

2.5 Statistical analysis

After aggregating different data dimensionality using the heronian average of 2,211 to 
generate the same data dimension of the FX model (88 measurements), an adjustment was 
made using cubic splines to the temporal measurements of both moisture modalities, since 
not all measurements were made exactly the same day due to operational and environmental 
restrictions. Both measurements were adjusted with the predictions generated from the 
splines, maintaining seven measurements at 28, 56, 70, 106, 155, 196 and 294 days from the 
beginning of the study.

Once the moisture measurements were corrected, the effect of time was studied, for which a 
longitudinal non-parametric analysis of the LDF1 model was used [43]. In this test, the 
estimated SM values for the candidate sampling unit U8 were discarded by the two estimation 
modalities, because during the evaluation periods, changes in plant cover and land use in the 
sampling units were observed in the field, modifying the initial conditions for which this unit 
was selected. Once the new units were defined, a cluster analysis was performed for both soil 
moisture measurements adjusted by splines, generating five new units from the nine initial 
candidate units. The number of clusters was decided based on the discrimination of candidate 
units within each of the five clusters generated and by the empirical knowledge of the region. 
Ward's method and the Euclidean distance were used when forming the new units. The 
generated dendrogram was used to look for the similarity of candidate units within the new 
units. The validation in the conformation of differentiated groups by moisture or by 
contrasting moistures used the Q statistic included in the Geodetector library of the R 
program [44].
 
Furthermore, a two-dimensional point diagram was made between the two soil moisture 
modalities generating the convex contours for each of the new sampling units to show the 
different moisture quantities of each new unit [45].

Finally, the correlation between the heronian averages of the soil moisture with the estimated 
soil moisture and with the FX model was established, for which a non-linear model was 
adjusted to predict one modality from the other. The calculations were performed using the 
programs RStudio and Statgraphics Centurion.

3. Results

Table 1 shows the basic statistics for the heronian average of the SM values obtained by the 
gravimetric method (θH), and the estimated SM values with the FX model (θe) for each initial 
sampling unit.

Table 1. Mean () and standard deviation (s) for soil moisture (SM) values from the heronian 
average (θH) obtained by gravimetry, and for the estimated values obtained with the FX 
model (θe) per initial sampling unit

123
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SM - Heronian average
θH (cm-3 cm-3)

SM - Estimated by the FX model
θe (cm-3 cm-3)Initial sampling units

 s  s
U1 0.31 0.04 0.35 0.05
U2 0.31 0.07 0.33 0.04
U3 0.54 0.08 0.57 0.06
U4 0.50 0.10 0.52 0.02
U5 0.53 0.08 0.50 0.08
U6 0.51 0.11 0.46 0.06
U7 0.45 0.08 0.47 0.06
U9 0.44 0.05 0.43 0.04

U10 0.41 0.08 0.42 0.10

The graphs of the cubic splines applied to the values of the heronian average (θH) as well as 
to the SM estimates by the FX model (θe) of the initial sampling units are observed in Figure 
3. This allowed interpolating the SM for the evaluation periods at 28, 56, 70, 106, 155, 196, 
and 294 days from the beginning of the study.

(a)

(b)
Figure 3. Interpolation graphs by cubic splines of the heronian average (a), and the FX model 
estimates (b) per sampling unit.

The effect relative to the time between the heronian mean values (θH) and the estimated 
values with the FX model (θe) performed with the analysis of variance of repeated measures 
(longitudinal) of the non-parametric approach using the Hotelling test in an LD_f1 design, 



showed for a statistic of 5.38, a p-value of 0.098 for the θH values, and for the 4.82 statistic, 
a p-value of 0.112 for the θe values, each with 6 degrees of freedom. 

Figure 4 is a comparative graph of the time series that shows similar variances in four 
evaluation periods, corresponding to 56 (October/2017), 70 (November/2017), 156 
(February/2018) and 294 (June/2018) days for the two SM estimation methods. A slight 
increase in the variance in the evaluation periods in days 28 (September/2017) and 196 
(March/2018), and a smaller variance in day 106 (December/2017) of the estimated values 
(θe) compared to the heronian averages (θH) was observed. However, statistically, there is no 
time-related effect for the heronian averages (θH) or the estimated values (θe). 

 

a) b)

Figure 4. Effect relative to the evaluation time with the heronian mean (a) and the estimated 
soil moisture (b). 

With the averages adjusted to the evaluation periods, the cluster analysis allowed grouping 
nine initial sampling units into five strata of high similarity in soil moisture values; where, 
cluster C1 was comprised by sampling units U1 and U2 in equal representation percentage 
of 50%; cluster C2 was mainly composed of units U7 and U10, each with a representation of 
40.1%; in the C3 cluster, units U4 and U5 were incorporated in higher representation, each 
with a percentage of 29.99%; the C4 cluster was mainly composed of the units U6 with a 
percentage of 19.97%, and of the U9 unit with 29.99%; and finally, cluster 5 incorporated 
the U3 unit with a representation of 40.01% (see the dendrogram in Figure 5).

.



Figure 5. Dendrogram formed by the sampling units in the cluster analysis (Ward’s method 
and distance Euclidean)

The representation of the dendrogram (Figure 5) allows observing that cluster c1 represented 
15.87% of the set of conglomerates, and the sampling units that formed this cluster have a 
similar landscape, relief, surface curvature, slope, and soil type conditions; nonetheless, 
differences in plant cover were observed. Cluster c2, represented 31.75% of the set of 
conglomerates, and the units that formed this cluster are different in landscape conditions, 
relief, soil texture, and vegetation cover; however, they are coincident in topography with 
slopes of less than 12%. Cluster c3 accounted for 19.05% of the set of conglomerates, and 
the units that comprised this cluster are located in a similar landscape, relief and soil type, 
although they show a difference in slope, surface curvature, and vegetation cover. Cluster c4 
represents 19.05% of the set of conglomerates, and the units included, have comparative 
differences between each other in all soil and vegetation cover conditions; however, these 
units showed a strong change dynamic during the study period in plant cover, as the soil 
surface in the field was exposed without vegetation, possibly causing this behavior. Finally, 
cluster c5 represented 14.29% of the cluster of conglomerates and was formed with only one 
sampling unit, which makes it particularly homogeneous in soil conditions and vegetation 
cover. The cluster conformation validation with the Q test showed a p-value <0.00001 with 
a statistic of 0.8134, proving that there is a clear definition of the five SM clusters. 

The two-dimensional point diagram and the convex contour function between the adjusted 
heronian average (θH) with the estimated moisture (θe) by the FX model, defined cluster 1 
with SM values between 0.22 cm3 cm-3 and 0.35 cm3 cm-3; cluster 2, with SM values between 
0.36 cm3 cm-3 and 0.51 cm3 cm-3; cluster 3, with SM values between 0.46 cm3 cm-3 and 0.63 
cm3 cm-3; cluster 4, with SM values between 0.31 cm3 cm-3 and 0.45 cm3 cm-3; and cluster 5, 
with SM values between 0.53 cm3 cm-3 and 0.64 cm3 cm-3, as shown in Figure 6. 



Figure 6. Convex contours of soil moisture values formed between the heronian average 
(adjusted by splines) of gravimetric moisture and the moisture estimated with the FX model.

Lastly, the non-linear model with the greatest adjustment between the heronian averages and 
the moisture estimated by the FX model presented a coefficient of determination of 68.4% 
and an adjusted coefficient of determination of 67.9%; and although the interest in this study 
did not include the comparison between models, as the uselessness of this measure is 
recognized in the context of non-linear models [46] the proposed model can be adopted to 
predict the heronian average of the soil volumetric moisture for SM estimates using the FX 
model with field parameters (Figure 7).

Figure 7. Adjusted nonlinear model of soil surface moisture between the heronian average 
and the FX model estimates.
4. Discussion



This study compared the SM estimates obtained by indirect measurement of the soil water 
potential and the use of the FX model adjusted with field parameters, with estimates obtained 
using the gravimetric method that is highly recognized for its accuracy and use as a reference 
method in sampling units for soil conditions and vegetation cover in the Quindío river basin. 
One of the most important aspects of this evaluation was to estimate the heronian average for 
volumetric moisture estimates per evaluation period, as an alternative to statistically compare 
and evaluate the two soil-surface moisture estimation measurements in the initial sampling 
units. For this, grouping the number of measurements obtained by the gravimetric method 
and relate them to a lower number of estimates obtained with the FX model was required, 
softening part of the variability when the averages are considered; furthermore, the increase 
in support increases the robustness of the estimates in the analysis as indicated by [32].

When evaluating the quality of the estimates by the two methodologies used, the results 
showed that there was no effect relative to the time, i.e., the variations were similar in 
behavior during the evaluation period that included the rainy and the dry seasons, which 
evidenced that presumably, the results might be due to other heterogeneous factors. Among 
these, the curvature of the surface that favors the accumulation of moisture or influences 
water loss is highlighted. These results coincide with the study carried out by [33], who 
reported that the moisture percentages of the sites they evaluated maintained the same 
condition during the rainy and the dry seasons, that is, those with the highest moisture in the 
dry season were also those with the highest moisture in the rainy season, a condition that was 
observed mainly in the behavior of the moisture estimates by the two methodologies in 
cluster c5.

As mentioned by [47] slope and soil texture are the variables with the highest incidence in 
SM and influence water flows, showing runoff losses on steep slopes, a condition that occurs 
in clusters c1, c3, c4 and c5 (slopes greater than 30%). This contrasts with the smoother 
slopes and flat or convex surfaces in which the flow through runoff slows down and can 
increase the amount of water in the soil by accumulation, as can be observed in cluster c2. In 
addition, the variability of the SM surface at the basin scale may be influenced by factors 
such as precipitation, variations of incoming solar radiation to the ground and the wind that 
can influence the evapotranspiration rate of the soil by increasing or decreasing SM; further, 
as proposed by [48], the variability of the surface SM may be higher after a rainfall period 
due to the effects of soil heterogeneity, as presumably occurs in this basin.

Similarly, land use and changes in vegetation cover significantly influence the variability of 
SM, as observed in the field in cluster c4 for an evaluation period, because these changes are 
associated with infiltration and runoff rates; nevertheless, a more drastic effect can be 
evidenced in the growing season of the crop as indicated by [49].

The researchers agree that the estimation of soil moisture by sampling soil in the field is 
complex in terms of time and resources, and demands a large number of samples due to the 
spatial variability of the soil [50], [11], [8], [10]. However, the results showed a clear 
statistical relationship between the heronian average (which initially had a higher number of 
measurements) with the measurements of the water potential in the field and the FX model 
estimates (with the least number of measurements) even in contrasting moisture scenarios for 



the defined sampling units, without having to build a nested model for each unit. In this way, 
the performance of the indirect SM estimation was consistent and is an adoptable alternative 
that can support continuous SM monitoring studies.

Conclusions

The results of our study show that soil surface moisture estimates obtained by indirect 
estimation of the soil water potential in the field related in the Fredlund-Xing model with 
adjustment parameters for soil texture show a high statistical relationship with the estimates 
obtained through the gravimetric method, even in contrasting moisture values. Therefore, 
this method can be considered as an alternative for monitoring soil moisture without having 
a scale effect problem, since the same support and the same amplitude were maintained in 
the triplet that comprises the spatial scale.
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Highlights:

 An indirect estimation of surface soil moisture (SM) was developed 

 The method assesses in situ water potential and applies a fitted Fredlund-Xing 
model.

 A high statistical relationship with gravimetric SM measurements was obtained
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