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Abstract
The water content reflectometer allows a temporal and spatial assessment in soil water dynamic. This work aimed
to study the behavior of the sensor (CS616) for the period measurement in function to the temperature and soil
water content. The tests were conducted at State University of Mato Grosso, Tangara da Serra municipality. We
used PVC (polymerizing vinyl chloride) pipe to make six recipients (0.1 m diameter and 0.4 m height) and filled
them with soil. For each one of them a sensor CS616 and temperature sensor (K type) were allocate in a central
position. The soil water content for each recipient were fitted to 0.00; 0.06; 0.11; 0.16; 0.22; 0.27 m 3 m-3, and the
samples were submitted to temperature gradient from 1.0 up to 40.0 °C. Data of temperature, and period
response were recorded in a data logger. Notice that the temperature provides changes for period response values (μs), and as greater the soil water content, as greater the temperature influence. From collected data, two
models were fitted (linear and quadratic), and compared with manufacturer standard equations. For conditions in
that study, the fitted quadratic model provide the best approach for the water soil content prediction.
Additional keywords: CS616, sensor, time domain reflectometry.
Resumo
Os sensores de reflectometria permitem a avaliação temporal e contínua da dinâmica da água no solo. O objetivo
deste trabalho foi avaliar a leitura (período) do sensor (CS616) em função do teor de água e da temperatura do
solo, para a predição da umidade do solo. O estudo foi realizado na Universidade do Estado de Mato Grosso, no
Câmpus Universitário de Tangará da Serra. Foram construídos seis tubos de PVC, nos quais foram acondicionados solo em seus interiores, sendo que em cada tubo foi instalado um sensor CS616 e um sensor de temperatura tipo “K”. Posteriormente, condicionou-se o solo de cada tubo nas umidades volumétricas 0,00; 0,06; 0,11;
0,16; 0,22 e 0,27 m3 m-3, submetendo-os a um gradiente de temperatura de 1,0 até 40,0 °C. Os valores de
temperatura e do período foram registrados e armazenados em um sistema de aquisição de dados. Observou-se
que a temperatura influencia nas mensurações do período (µs), tendo maior influência à medida que se aumenta
a umidade do solo. Uma vez constatada a referida influência, ajustou-se um modelo linear e outro quadrático que
representassem o comportamento dos dados, comparando-os com as equações fornecidas pelo fabricante do
sensor utilizado. Para as condições estudadas, a equação quadrática gerada neste trabalho gerou melhores
resultados de predição da umidade volumétrica do solo em relação às demais.
Palavras-chave adicionais: CS616, reflectometria no domínio do tempo, sensor.
Introduction
The management of the water soil content is
important in agricultural system production, it intends to
avoid the deficit or excess of water in soil, providing
ideal conditions for crops growth and decreasing irrigation costs (Freitas et al., 2013; Soares et al., 2015).
Usually there are two methods to obtain soil
water content, direct and indirect. In the first one, the
soil sample is extracted from the field to the lab for

procedures, with no automation (standard method). In
the second one, there is not necessity to extract soil
sample from the field, providing conditions to automation and faster result obtaining (Gubiani et al., 2015;
Souza et al., 2016).
Among indirect methods, the TDR (Time
domain reflectometry) sensors is quick, simple, and
robust way to obtain values of water soil content, and it
provides a non-destructive method for soil samples
(Topp et al.,1980; Skierucha et al., 2012). A disad-
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vantage of TDR is the relatively high cost, it is because
the TDR needs a separate pulse and sampling unit. An
alternative for the TDR is the CS616 water content
reflectometer (WCR) sensors (Campbell Sci. Inc.,
Logan, UT), a type of a transmission line oscillator that
operate in the time domain like TDR. The technology
embodied in CS616 sensor is quite similar to time
domain reflectometers (TDR), however does not needs
a separate pulse and sampling unit (Kelleners et al.
2005).
Usually, sensor manufacturers provide standard equations to soil water content prediction, but several works show that results from that standard equations do not express the real soil conditions, because
each soil has a specific features, requiring calibration
models (Tommaselli & Bacchi, 2001; Santos et al.,
2010; Gonçalves et al., 2011).
At beginning, for water content soil prediction,
there was an another point disregarded, it was the soil
temperature (Topp et al., 1980). However, along the
time, researches showed the temperature influence in
water soil content prediction by TDR methods.
Depending on temperature range, the predicted values
of soil water content may achieve variation up to 10.0%
(Mittelbach et al., 2012; Jung et al., 2013; Lu et al.,
2015).
The objectives of this study was to analyze soil
temperature influence for soil water content prediction
by means TDR CS616 sensor and develop calibration
equations to use with this sensor, in Dystrophic Red
Latosol.
Material and methods
This work was carried out in the Laboratory of
Agrometeorology located at the Center for Research,
Studies and Agro-Environmental Development
(CEPEDA) of the State University of Mato Grosso UNEMAT, Campus Tangará da Serra, 14°39' S and
57°25' W, with an average altitude of 440 m (INMET National Institute of Meteorology).
Climate region according to Köppen is tropical
wet (Aw), and the average precipitation is 1,830 mm, in
which two seasons are defined, one dry and one rainy,
being from April to September and October to March,
respectively (Dallacort et al., 2011). The soil was classified as a Dystrophic Red Latosol with a very clayey
texture (Embrapa, 2013).
The procedures in this work were adapted by
the methods proposed by Benson & Wang, (2006) and
Udawatta et al. (2011). At the experimental field of
UNEMAT, Tangará da Serra Campus, deformed soil
samples were collected at November of 2016, in subsequent layers: 0.0-0.2 and 0.2-0.4 m to represent the
soil profile. This soil has 415.0 g kg-1 of sand,
147.0 g kg-1 of silt and 438 g kg-1 of clay, (Inoue et al.,
2010).
The soil samples from each layer were sifted
by means sieve mash number 2 and placed in the
oven (105 °C) to dry for 24 hours. After, pre-
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determined weights for each 5 cm increment of soil
were packed to a desired bulk density of 1.1 Mg m-3 in
a calibration cell. The calibration cell was a polyvinyl
chloride (PVC) pipe with sealed bottoms, 0.4 m long
and 0.1 m diameter. Note that to fill the calibration cell
we followed the same sequence of soil layer from field.
The height of profile soil inside of the calibrations cell
was 0.3 m. Avoiding preferential flow of water through
the internal calibration cell walls, we applied paraffin.
For each calibration cell, one CS616 sensor
manufactured by Campbell Scientific (Campbell Sci,
2004), and one temperature type K sensor were
inserted. Both of them sensors were attached in a Data
Logger for data registration. Gravimetric soil moisture
percentage at the beginning and end were evaluated
to assure no moisture loss during the study.
The water content in the sieved soil was
adjusted by spraying the soil with the required amount
of distilled water. It was assigned six soil water content
levels (0.00; 0.06; 0.11; 0.16; 0.22; 0.27 m3 m-3). The
value “zero” was not used to fit the model, because it
has not a physic meaning. The top of the calibration
cell was sealed with plastic after compaction to prevent
evaporation. The calibration cells were conducted by
cooling to warming, soil temperature range was from
1.0 up to 40.0 °C, and then measuring the period with
the WCR (CS616). The calibration cell was cooled
using a refrigerator and warmed using an oven.
The collected data was tidied and submitted to
the analyses of variance and regression analysis, linear (eq. 1) and quadratic (eq. 2), to verify the behavior
of the variables, at a 5% probability level using by
means of R statistical software (R Core Team, 2017).
Z = 𝛽1 x + 𝛽2 y + 𝜀

(1)

Z = 𝛽1 x + 𝛽2 y + 𝛽3 x 2 + 𝛽4 y 2 + 𝜀

(2)

Fitted equations were compared with standard
equations provided by sensor CS616 manufacturer
(eq. 3 and eq. 4).
θ =−0.4677 + 0.0283T

(3)

θ = –0.0663 – 0.0063T + 0.0007T2

(4)

Where: θ = volumetric water content (m3 m-3);
T = period (micro seconds; µs).
Performance of fitted equations were assigned
by the root mean square error (RMSE) (eq. 5).
N

RMSE =

√∑ (Oi − Pi )
i=1

n

2

100
̅
O

(5)

Where: Pi stands for the predicted values, Oi for the
̅ for the observed mean values,
observed values and O
n is the number of samples.
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Simulations are considered to be excellent
with RMSE < 10%, good between 10-20%, fair
between 20-30%, and poor > 30% (Loague & Green,
1991).
Results and discussions
Analyzing the temperature effect for period
values, there was more period variation for greater
values of volumetric water content. Notice that difference increases between the first and third quartile from
0.0 up to 0.27 m3 m-3 (Figure 1).

Figure 2 - Period as a function of soil temperature for
six levels of soil volumetric water content by CS616
sensor.

Figure 1 - Period for volumetric soil water content by
means sensor (CS616) with temperature variation.
The sensibility behavior of period for temperatures is function of the water content level, and it may
vary proportionally by changes in water soil content
(Benson & Wang, 2006; Lu et al., 2015). We found in
this study an uniform response of the period for soil
water content 0.0 m3 m-3 (Figure 2). However, regarding the water content raise from 0.06 up to 0.27 m3 m-3,
specially between 5.0 and 20.0 °C, the period
increases with increasing temperature. For temperatures greater than 20.0 °C, there is a trend to minimize
the period ascendancy.

Udawatta et al. (2011) observed a 0.725 µs
increment of measured period originated from an
increase in temperature from 5 to 40 °C by means of a
TDR sensor. It indicates 0.013 m3 m-3 change in estimated soil water content by means of a manufacturerprovided quadratic equation. In another study, as temperatures increased between -22.0 and 36.0 °C, the
period also showed increases, achieving a difference
around 2.0 and 16.0 µs, for soil water content of 0.06
and 0.41m³ m - 3, respectively (Benson & Wang, 2006).
However, Carvalho et al. (2015) observed a non significant effect of temperature in period values for a
range between 28.0 and 105.0 °C. We noticed that the
period measured by means of CS616 sensor is more
sensible to temperatures between 5 and 20 °C (Figure
2). Thus, these findings indicate that soil-specific calibrations with temperature compensation should be
developed to obtain better predictions of soil volumetric
water content. Regarding analysis of variance for the
period, and temperature variables, we found a significant effect for both of them at 1.0% level, for linear and
quadratic model (Table 1).

Table 1 - Analysis of variance results for soil volumetric water content over period and temperature
Source of variation
Period (µs)
Temperature (°C)
Residues
Source of variation
Period (µs)
Temperature (°C)
Residues
ns

FD
1
1
2097

SS
10.3719
0.3363
0.3038

FD
2
2
2095

SS
103888
0.4726
0.1806

Linear regression model
MS
F
10.3719
71585.6
0.3363
2528.2
0.0001
Quadratic regression model
MS
F
5.1944
60242.4
0.2363
2740.7
0.0001

No significant; *Significant at 5% probability; **Significant at 1% probability.
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Pr(>f)
2.2 10-16**
2.2 10-16**

Pr(>f)
2.2 10-16**
2.2 10-16**
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Once both variables (period and temperature)
were significant for soil volumetric water content, a
linear and a quadratic model were fitted, equations 6
and 7, respectively.
θ = −0.3745 + 0.02587T − 0.001181C

(6)

θ = −0.6292 + 0.05078T − 0.0005592T2 −
2
− 0.003688C + 0.00006044C

(7)
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Where: θ is volumetric water content (m3 m-3), T is the
period (µs) and C is the soil temperature (°C).
Both of them fitted model achieved deterministic coefficient around 98.0%, and all parameters were
significant (5.0%) by test-t. Comparing RMSE is possible to note that quadratic fitted model provides the best
predictions values (Table 2).

Table 2 – Root mean square error (RMSE) of fitted and manufacturer equations
Equation
Linear fitted equation
Quadratic fitted equation
Manufacturer linear fitted equation
Manufacturer quadratic fitted equation

RMSE(%)
7.24
5.58
14.87
21.23

Regarding the method from Loague & Green
(1991), we found excellent score for both of them fitted
equations (linear and quadratic), with a smooth
advantage for the quadratic model. About manufacturer equations, the linear and quadratic equations
provided a good and poor score, respectively.
Others factors may influence on period measurements by means CS616 sensor, especially the clay
content (Udawatta et al., 2011; Ojo et al., 2015). We
observed that the soil moisture instrument calibrations
developed by the manufacturers for a general proposing are not always adaptable for use under field conditions. Therefore, it is important for scientists and irrigation professionals who use that newer sensors to control soil water content, proceed the calibration of the
sensors to ensure good results (Logsdon, 2009).

Campbell Scientific Inc, CS (2004) Instruction Manual,
CS616 and CS625 Water Content Reflectometers.
Logan, UT, USA. 46p.

Conclusion

Embrapa (2013) Empresa Brasileira de Pesquisa
Agropecuária. Centro Nacional e Pesquisa em Solos.
Sistema brasileiro de classificação de solos, Brasília.
353p.

The temperature variable influences in period
measurements by means CS616 sensor. We found
greater variations between temperatures 5.0 and
20.0 °C, and there is more period variation for greater
values of volumetric water content. About the use of
TDR sensor to predict soil water content, there is a
recommendation to consider the temperature variable.
For conditions in this study, the quadratic regression
model was the best fitted model to describe the relationship between volumetric water content, period and
temperature, with root mean square error of 5.58.
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