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A B S T R A C T
The objective of this study was to evaluate the models proposed by manufacturers and in 
the literature with respect to soil moisture measurement and to evaluate the performance 
of the CS616 sensor in the calibration of disturbed and undisturbed soil samples. These 
calibrations were performed using linear and quadratic models. Disturbed samples were 
collected in São Gabriel/BA, six samples placed in pots, whereas undisturbed samples were 
collected in Cruz das Almas/BA, three samples directly collected in the area and placed in 
a container. A calibration was performed between 21/12/2016 and 08/01/2017. The models 
proposed in the literature and by manufacturers differed in the estimation of volumetric 
soil moisture. Disturbed soil samples had higher data dispersion than undisturbed samples, 
due to factors such as grain size and bulk density, which influence the calibration data. The 
CS616 sensor had satisfactory performance in the calibration of disturbed and undisturbed 
samples, with excellent fit of the soil moisture data. Using soil moisture contents obtained 
by the CS616 sensor, without a previous calibration, may lead to errors in the results, 
confirming the need for a specific calibration for each type of soil.

Calibração de sensor de umidade com amostras
deformadas e indeformadas de solos da Bahia
R E S U M O
Objetivou-se com este trabalho avaliar os modelos propostos por fabricantes e na literatura 
quanto à obtenção da umidade do solo, bem como avaliar o desempenho do sensor CS616 
quanto à calibração de amostras de solo deformadas e indeformadas, cujas calibrações foram 
realizadas a partir de modelos do tipo linear e quadrático. As amostras deformadas foram 
coletadas em São Gabriel, acondicionadas seis amostras em vasos, enquanto as amostras 
indeformadas foram coletadas em Cruz das Almas, três amostras retiradas diretamente 
da área, acondicionadas em um recipiente. A calibração foi realizada entre 21/12/2016 e 
08/01/2017. Os modelos propostos na literatura e por fabricantes apresentaram diferenças 
quanto à estimativa da umidade volumétrica do solo. Amostras de solo do tipo deformadas 
apresentaram maior dispersão nos dados em comparação com amostras indeformadas, 
devido a fatores como granulometria e densidade do solo que influenciam nos dados da 
calibração. O sensor CS616 apresentou desempenho satisfatório quanto à calibração de 
amostras deformadas e indeformadas, com excelente ajuste dos dados de umidade do solo. 
As utilizações de valores de umidade do solo obtidos a partir do sensor CS616, sem uma 
calibração prévia, podem acarretar erros nos resultados, confirmando a necessidade de 
uma calibração específica para cada tipo de solo.
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Introduction

The knowledge on the water content in a soil profile 
is essential for any study involving the soil-water-plant-
atmosphere system (Santana et al., 2012). According to Gubiani 
et al. (2015), direct and indirect methods can be used to obtain 
soil water content. Direct methods consist in the analysis of 
soil samples collected in the field and have the characteristics 
of being destructive and time-consuming regarding the results. 
On the other hand, indirect methods are mostly automated and 
provide detailed measurements of soil water content through 
temperature, moderation of neutrons, thermal neutralization, 
electric resistance, frequency domain reflectometry (FDR) and 
time domain reflectometry (TDR).

Various authors have applied indirect methods to obtain 
soil moisture (Francesca et al., 2010; Antonucci et al., 2011; 
Calamita et al., 2012), and the TDR technique stands out with 
wide acceptability in comparison to the other methods. TDR 
allows for continuous and high-frequency readings without 
operational limitations related to radioactivity such as the 
moderation of neutrons (Calderón, 2010).

In the TDR technique, soil water content is determined by 
measuring the soil dielectric constant (ka), assessing the round-
trip travel time of electromagnetic waves propagated through 
a guiding probe (Cai et al., 2017). To use these sensors with 
accuracy, it becomes necessary to perform a specific calibration 
for the type of soil to be studied, since the calibration data 
provided by the manufacturer are generic and directed to soils 
with different proportions of porosity, contents of mineral and 
organic materials, types of clay and salinity level.

In this context, this study aimed to evaluate models 
proposed by manufacturers and found in the literature to 
determine soil moisture, and to evaluate the performance of a 
CS616 sensor for calibration, using disturbed and undisturbed 
soil samples from the Bahia state.

Material and Methods

The study was carried out from 21/12/2016 to 08/01/2017 
at the Federal University of Recôncavo da Bahia (UFRB), in 
the municipality of Cruz das Almas, Bahia, Brazil (12º 44’ 39” 
S; 39º 06’ 23” W; 225 m a.s.l.). The local climate is Af according 
to Köppen’s classification (Alvares et al., 2013).

Disturbed samples were collected in the municipality of São 
Gabriel (11º 13’ 45” S, 41º 54’ 43” W, 649 m), where the BSh 
climate prevails (Alvares et al., 2013) according to Köppen’s 
climate classification. The soil was collected in the 0-20 cm 
layer. Disturbed samples were pounded to break up clods, 
oven dried, sieved and then placed in six plastic pots with 
individual volume of 12,000 cm3, perforated at the bottom to 
allow drainage of the excess water.

Undisturbed soil samples were also collected in the 0-20 cm 
layer in a soil profile located at the UFRB campus of Cruz das 
Almas. The area is cultivated with Brachiaria decumbens and, 
from the soil pit wall, three samples were collected using a 
mold box made of galvanized steel plate with size of 40 x 20 x 
12 cm, i.e., a final volume of 9,600 cm3. The mold boxes were 
previously perforated on all sides to allow the excess water to 

be drained without significant soil loss, during the saturation 
of the samples in the calibration of the moisture sensor. 
Undisturbed samples were monoliths carefully collected in 
the above-mentioned layer with proper tools. The molds were 
individually weighed before soil sampling.

The physical characteristics of the soils from both sites 
are presented in Table 1. The analyses were carried out at the 
Laboratory of Soil Physics of Embrapa Cassava & Tropical 
Fruits, Cruz das Almas-BA, following methodologies described 
in Donagema et al. (2011).

The calibration of the moisture sensor with the disturbed 
samples (Figure 1A) was carried out in a semi-open 
environment to guarantee natural drying of the soil and began 
after the samples were saturated for 24 h. After saturation, the 
CS616 sensors (Campbell Scientific Inc., Utah, USA-CSI) were 
inserted into the pots. Data acquisition consisted in weighing 
the buckets with soil on precision scale and reading the round-
trip travel time of the electromagnetic wave, using a CR1000 
data logger (Campbell Scientific. Inc., Logan, Utah, USA-CSI). 
Data acquisition frequency decreased with the progress of the 
natural drying of the soil in the buckets and continued until 
the measurements became virtually constant.

The calibration of the CS616 sensor with the undisturbed 
samples (Figure 1B) was conducted in protected environment 

Figure 1.  CS616 sensor calibration with disturbed samples 
from São Gabriel (A) and undisturbed samples from Cruz 
das Almas (B)

Municipality
Layer
(cm)

Granulometry
Soil

classification
Bulk density

(kg dm-3)
Sand Silt Clay

(g kg-1)
São Gabriel 0-20 235 417 348 Haplic Cambisol 1.19
Cruz das Almas 0-20 873 37 90 Yellow Argisol 1.64

Table 1. Physical characteristics of the soils collected in 
the municipalities of São Gabriel and Cruz das Almas, 
both in Bahia

A.

B.
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(greenhouse). After 24-h saturation, the metal rods of each 
sensor were introduced in the soil blocks at the medium depth 
(10 cm) and parallel to the bottom of the metal box. This 
method of insertion prevented the rods from touching the 
walls. Data acquisition followed a similar procedure to that 
adopted with disturbed samples.

In both cases (disturbed and undisturbed samples), 
volumetric moisture was obtained by Eq. 1:

where: 
Pi and Oi - predicted and observed values;  
P and O - average values; 
SSResidual - sum of squared errors; and,
n  - number of observations.

Forty six and thirty two measurements were taken in the 
soils from São Gabriel and Cruz das Almas, respectively, using 
six and three replicates in each one of these situations. The data 
shown represent the means of the replicates.

Results and Discussion

Figure 2 shows volumetric moisture data (cm3 cm-3) 
obtained by gravimetry (θG) in comparison to those estimated 
by Eqs. 2, 3 and 4 for disturbed (A, B and C) and undisturbed 
(D, E and F) soil samples.  

In the comparative analysis between the R2 values, based on 
the 1:1 line between the data measured and estimated by the 
models, for each type of disturbed sample (Figures 2A, B and 
C), a good fit was obtained when Eq. 2 and 3 were used, with 
R2 values of 0.8354 and 0.9370, respectively. However, for Eq. 4 
the value was lower (0.6795). Regarding the R2 in undisturbed 
soil samples (Figures 2D, E and F), a good fit was observed for 
all equations, with values of the order of 0.9794 (Eq. 3), 0.9781 
(Eq. 2) and 0.8222 (Eq. 4).

Regarding the RMSE for disturbed soil samples, the best 
performance was obtained with Eq. 4 (0.050 cm3.cm-3). With 
Eqs. 2 and 3, RMSE was equal to 0.150 and 0.153 cm3 cm-3, 
respectively. The same trend was found in the undisturbed 
soil samples, and the best result was obtained using Eq. 4 
(0.039 cm3 cm-3); for Eq. 2 and 3, RMSE was equal to 0.057 and 
0.041 cm3 cm-3, respectively, agreeing with Rudiger et al. (2010), 
who obtained RMSE values from 0.058 to 0.049 cm3 cm-3. 

For comparison purposes, RMSE values in both types of 
samples were different; they were better in the undisturbed 
type of sample than in the disturbed type of sample. Possibly, 
the less satisfactory results of RMSE in disturbed soil samples 
obtained with Eq. 2 and 3 occurred because the equations 
suggested by the CSI have been developed for soils with clay 
content below 300 g kg-1. 

According to Figure 2, among the models it can be noted that 
Eq. 4 had the best results, underestimating by approximately 14 
and 17% the volumetric moisture contents (cm3 cm-3) obtained 
by gravimetry (θG) for disturbed and undisturbed soil samples, 

θv
M M
V

=
−








1 2

where: 
θv  - volumetric soil moisture, cm3 cm-3; 
M1  - mass of wet soil, g, at each measurement; 
M2  - mass of dry soil obtained at the end of the experiment 

after drying the soil in the oven at 105 oC; and,
V  - soil volume, cm3. 

In the specific case of the soil in the buckets, where at first 
the soil volume was unknown, a sample with known volume was 
collected from the center of the soil mass to determine bulk density 
(kg dm-3). Soil moisture based on volume was then obtained as a 
product between soil moisture based on weight and bulk density.

The data obtained through gravimetry were compared with 
Eqs. 2 (linear model), 3 (quadratic model), suggested by the 
CSI, and 4, in this case a model developed by Vaz et al. (2013), 
for disturbed and undisturbed samples:

θ µ= − +0 4677 0 0283. . sec

θ µ µ= − −0 0007 0 0063 0 06632. sec . sec .

θ µ= −0 1527 0 57830 5. sec ..

where: 
μsec  - period in microseconds.
 
Then, linear (Eq. 5) and polynomial quadratic (Eq. 6) models 

were fitted to the gravimetric data in both types of sample.

θ µv a b= +sec

θ µ µv a b c= + +sec sec2

where:
a, b and c - fitting coefficients.

Calibration equations were evaluated based on the 
coefficient of determination (R2; Eq. 7) and test of significance 
of the coefficients of the models fitted. Simple linear regression 
was used to compare measured volumetric moisture with 
volumetric moisture estimated by the models fitted, assessing 
the efficiency of the calibration model through the standard 
error of the estimate (SEE, Eq. 8) and root-mean-square errors 
(RMSE; Eq. 9). R2, SEE and RMSE are defined as follows:
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Figure 2. Statistical results for the disturbed soil samples from São Gabriel (Eq. 2 - A; Eq. 3 - B and Eq. 4 - C) and 
undisturbed soil samples from Cruz das Almas (Eq. 2 - D; Eq. 3 - E; Eq. 4 - F) 

respectively, with RMSE values of 0.050 cm3 cm-3 (disturbed 
samples) and 0.039 cm3 cm-3 (undisturbed samples), but with 
less satisfactory results for R2, 0.6795 and 0.8222, for disturbed 
and undisturbed soil samples, respectively. Among the models 
developed by the CSI, Eq. 3 had the best fit.

Volumetric moisture contents (cm3 cm-3) were underesti-
mated by the models developed by the CSI, manufacturer of the 
CS616 sensor, as shown in Figures 2A, B, D and E. However, 
when estimated by the model proposed by Vaz et al. (2013) 
there was an overestimation of the moisture contents close to 
saturation (Figures 2C and F). These results corroborate those 
obtained by Francesca et al. (2010) in the calibration of a soil 
from the 0-0.20 m layer. Opposite results were found by Stangl 
et al. (2009), Udawatta et al. (2011) and Sharma et al. (2017), 
who reported an overestimation of up to 67% in the moisture 
contents using the models suggested by the CSI (Eq. 2 and 3).

The results obtained here suggest the need for a specific 
calibration for the type of soil to be studied, since the models 
suggested in the literature and by manufacturers are not 
limited to a single type of soil. This ratifies the idea that wrong 
estimates of soil moisture content may have negative impacts 
on studies on drainage, irrigation management, hydrography 
and soil water dynamics.

The calibration of disturbed and undisturbed soil samples 
using a linear model (A) and a quadratic model (B) is found in 
Figure 3. Differences were found between the applied models. 
When the linear model (Figure 3A) was used in the calibration 
of both types of samples, a satisfactory fit was obtained, with 
coefficient of determination (R2) of the order of 0.9816 and 
0.9947 for disturbed and undisturbed samples, respectively. 
In the linear model, the coefficients were significant at a 
confidence level above 99%. For the quadratic model (Figure 
3B), higher accuracy was found compared with the linear 

Figure 3. Calibration of disturbed soil samples (São Gabriel) 
and undisturbed soil samples (Cruz das Almas) using a 
linear model (A) and a quadratic model (B)

model, with R2 values of 0.9912 and 0.9973 for disturbed 
and undisturbed soil samples, respectively. However, in the 
quadratic model the linear coefficient was not significant at 5% 
confidence level for Cruz das Almas, undisturbed sample, and 
the linear coefficient was significant at 1% confidence level for 
São Gabriel, disturbed sample. The difference between R2 values 
obtained by the different models was more expressive in the 
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disturbed samples, with values of about 1%. This corroborates 
with a previous study (Stangl et al., 2009), which demonstrates 
that the differences between linear and quadratic models were 
small or did not improve the estimate of moisture content.

Regardless of the model used, the results found in the 
present study agree with those obtained by Vaz et al. (2013), 
who observed R2 values from 0.95 (soil with high salt content) 
to 0.98 (organic soil) in the calibration of CS616 sensors under 
laboratory conditions using undisturbed samples. Under the 
same conditions of the previously cited study, Udawatta et al. 
(2010) obtained R2 between 0.91 and 0.96. Francesca et al. (2010), 
calibrating CS616 sensors under field conditions, obtained lower 
R2 values, of the order of 0.90. Therefore, this suggests that the 
calibration carried out in the present study for both types of 
samples was consistent with the data found in the literature.

According to the individual behavior of each sample, 
disturbed samples (SEE = 0.0097 cm3 cm-3; linear model and 
0.0073 cm3 cm-3; quadratic model) had higher data dispersion 
in relation to the associated curve (Figure 3), compared with 
the undisturbed samples (SEE = 0.0052 cm3 cm-3; linear model 
and 0.0041 cm3 cm-3; quadratic model). This is justified because 
the change in soil structure has direct influence on the values 
of bulk density, leading to higher variability in moisture 
contents. Silva et al. (2008) claimed that greater dispersion in 
moisture data is directly related to higher variability in bulk 
density. Manieri et al. (2007), calibrating a spiral TDR probe 
in disturbed soil samples, observed greater data dispersion in 
comparison to the data obtained in the present study for SEE, 
between 0.0600 and 0.0630 cm3 cm-3.

For a same value of travel time (µsec), higher volumetric 
moisture content was found in undisturbed samples than in 
disturbed samples (Figure 3), which is due to two factors: 
grain size and bulk density. Regarding grain size, the results 
corroborate those reported by Udawatta et al. (2011), who 
compared three types of soil in Novelty, MO, EUA, and observed 
that soils with greater proportions of sand had higher volumetric 
moisture contents at a same value of µsec. Almeida et al. (2012), 
studying the influence of bulk density on the estimate of 
volumetric moisture in a Red Yellow Latosol obtained with the 
CS616 sensor, observed a similar behavior, in which the sample 
with lower bulk density had lower θ value at a same value of µsec, 
in comparison to a sample with higher bulk density.

Volumetric moisture contents (cm3 cm-3) obtained by 
gravimetry (θG) during the calibration for disturbed samples 
did not reach a level close to the residual moisture (Figure 3). 
This probably occurred because of the higher clay content in 
the disturbed samples and because they were placed in plastic 
pots with smaller contact surface, reducing the loss of water 
through evaporation.

Conclusions

1. Using models proposed in the literature and by the 
CS616 sensor manufacturer, without previous calibration, may 
lead to errors in the results, confirming the need for a specific 
calibration for each type of soil. 

2. The sensor CS616 had satisfactory performance in 
the calibration of disturbed and undisturbed samples, with 
excellent fit of the soil moisture data and travel time in the 
linear and quadratic models.
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