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INTRODUCTION

Vegetation plays an essential role in the energy

ABSTRACT

As an indicator of surface moisture, TVDI has great potential for application in agriculture
in different types of climates, but the best results have been obtained in arid climates,
given the presence of areas with contrasting water conditions. Some studies under
subtropical climate conditions have shown good results in the use of TVDI as an indicator
of surface moisture but some uncertainties still need to be better understood. This study
aimed to evaluate the coherence of temperature-vegetation dryness index (TVDI) values,
obtained from sensors installed on the surface, compared to data obtained using orbital
images in an agricultural area in southern Brazil under humid subtropical climate
conditions. The analyses employed normalized difference vegetation index (NDVI) and
surface temperature (Ts) data obtained through sensors installed on the surface, with
continuous monitoring, as well as Landsat OLI/TIRS images, covering the period of the
soybean cycle. The TVDI values, obtained from NDVI and Ts radiometric sensors
installed in the field, indicated consistency of using Landsat-OLI/TIRS orbital images to
map the surface moisture condition, representing the spatial and temporal variations of
the water condition of soybean cultivations under subtropical climate conditions.

spectrum, assisting in agricultural monitoring, considering
its relationship with the water status of vegetation.

exchange process on the Earth’s surface, modulating energy
inputs and outputs, whose flows can be quantified through
energy balance (Ryu et al., 2019). Changes that may occur
in the soil-water-vegetation system cause alterations in this
balance and may lead to yield losses in agricultural areas,
being important to be quantified (Fontana et al., 2015;
Matzenauer et al., 2020).

In this context, the use of remote sensing, through
the application of indices to monitor vegetation in
agricultural areas, becomes attractive. The normalized
difference vegetation index (NDVI), is an index that
expresses the quantity and status of green biomass. On the
other hand, surface temperature (Ts) can be obtained
through the detection of the energy emitted in the thermal

The dispersion in the two-dimensional space
between Ts and NDVI is usually triangular (Sandholt et al.,
2002; Fuzzo & Rocha, 2018; Schirmbeck et al., 2018). The
edges of this triangle define two limits (wet and dry), which
are used to calculate an index that expresses the moisture on
the surface, the temperature-vegetation dryness index
(TVDI). Proposed based on empirical parameterization that
considers the strong relationship between Ts and NDVI,
TVDI is a simple method, with great potential for
application, based on information obtained only from
satellites. The index was proposed in a study that covered
part of the semi-arid region of Senegal, West Africa, using
37 images from NOAA-AVHRR (Sandholt et al., 2002), but
later has been applied using different types of images (Chen
et al., 2015; Bai et al., 2017; Uniyal et al., 2017; Sayago et
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al., 2017; Holzman et al., 2018; Liu & Yue, 2018, Wang
et al., 2020).

As an indicator of surface moisture, TVDI has great
potential for application in agriculture in different types of
climates, but the best results have been obtained in arid
climates, given the presence of areas with contrasting water
conditions (Holzman et al., 2018). Some studies under
subtropical climate conditions have shown good results in
the use of TVDI as an indicator of surface moisture
(Schirmbeck et al., 2017b 2018), but some uncertainties still
need to be better understood.

Sensors installed in towers on a local scale on the
surface, continuously monitoring vegetation and
collecting surface data, with technology similar to that
used in satellites, are sources of reference data for
validating orbital data (Baghzouz et al., 2010; Balzarolo et
al., 2011). These data can serve to better understand the
functioning of the TVDI index and its limitations,

especially under climate conditions other than those in
which the index was proposed.

Based on the current need for agricultural
modernization, this study aimed to evaluate the coherence
of TVDI values, obtained from sensors installed on the
surface, which use technology similar to that of satellites,
compared to those obtained using orbital images in an
agricultural area in southern Brazil under humid subtropical
climate conditions.

MATERIAL AND METHODS
Study area

The study area is located in an agricultural region in
southern Brazil, in the state of Rio Grande do Sul, in the
Pampa biome, where most of the state’s grain production is
concentrated (FIGURE 1). The experiment was conducted
on-farm.
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FIGURE 1. Location of the study area in southern Brazil in the state of Rio Grande do Sul. Detail of the sensors installed in the

experimental area in the soybean field.

Engenharia Agricola, Jaboticabal, v.42, n.2, 20210043, 2022



Surface moisture index by radiometric measurements and orbital data

It is a region characterized mainly by agricultural
areas of intensive summer and winter uses, with an
altimetric variation from 700 to 1,389 m and climate
classified as Cfa according to Koppen (Alvares et al., 2013).

The analyses covered the period from spring to
summer of 2017-2018. The soybean crop, cultivar DM 5958
RSF IPRO, was sown in November, according to the
agricultural calendar (11/13/2017) (Fontana et al., 2015)
and the harvest occurred on 04/03/2018.

Surface measurements

Surface measurements included biophysical and
radiometric data observed in the vegetation. The leaf area
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index (LAI) and phenological stages of soybean are among the
biophysical data used to characterize the crop development.

The NDVI and Ts data were also obtained from
continuous monitoring, with records every 15 minutes,
using the Meter Group - Em50 series data logger. The
radiometric sensors were mounted in pairs (Ts/NDVI) on
the tower (FIGURE 2), pointing in the same direction, with
an angle of 90° at a height of approximately 1 m above the
top of the canopy with weekly adjustment. The data from
the field sensors were obtained at the time of the satellite
passage (10:30 am), with an average of three measurements
(10:15, 10:30, and 10:45 am) being extracted.

Dry edge

Wet edge

Normalized Difference Vegetation Index

FIGURE 2. Schematic representation of the evaporative triangle in two-dimensional space between the surface temperature (Ts)
and the normalized difference vegetation index (NDVI). Source: Schirmbeck et al. (2017a).

The NDVI sensor measured the incident and
reflected radiation in the red spectrum (0.6 to 0.7 um) and
near-infrared (0.805 to 0.815 pm) (SRS-NDVI sensor —
Meter Group). The hemispherical NDVI sensor was
installed facing upwards to measure the incident radiation
(FIGURE 2), thus providing the reference values. The other
NDVI sensor was installed facing downwards, with the field
of view restricted to 20° to measure the reflected radiation
from vegetation.

A Ts sensor also facing downwards was coupled
next to this sensor to measure the radiation in the thermal
spectrum (8 to 14 um) emitted by the surface (SI 421sensor
- Apogee), with an 18° half-angle field of view.

TVDI

TVDI is obtained from the dispersion between Ts
and NDVI (Equation 1), with dispersion in two-dimensional
space usually triangular (FIGURE 2) (Sandholt et al., 2002),
establishing two limits that serve to normalize the model.

The wet limit is determined by the average Tsmin, being
an indicator of the absence of water deficiency when TVDI =
0. The dry limit is an indicator of the existence of water
deficiency when TVDI = 1. The negative slope of the dry limit
line of dispersion is related to the surface evapotranspiration
rate, being used to parameterize the model (Chen et al., 2015;
Fuzzo & Rocha, 2018). The dry limit is obtained by the linear
coefficient a and angular coefficient b of the line obtained
from the scatter plot between NDVI and Ts.

TVDI = — s Tsmin) (1)

(a+b NDVI =Tsmin)
Where:
Ts is the radiative temperature of the pixel (K);
Tsmin is the minimum surface temperature (K),

NDVI is the vegetation index, and a and b is the
linear and angular coefficients of the line,
respectively.

Meteorological water balance and evapotranspiration

The response analysis of the TVDI index relative to
the surface water conditions was analyzed through the
calculation of the meteorological water balance using the
methodology of Thornthwaite & Mather (1955). The
meteorological water balance was calculated on a daily
scale (Pereira, 2005), considering a K¢ between 0.4 and 1.15
(Allen et al., 2006) and a variable available water capacity
(AWC) during the cycle depending on the growth of plants
and roots throughout the period (Dourado Neto et al. 1999).
The reference evapotranspiration was estimated using the
Penman-Monteith method (FAO 56) (Allen et al., 20006).

In this analysis, correlations were performed
between the main water balance variables that are
associated with soil water availability and the TVDI data
measured in the field, using a total of 25 days. The T test (p
< 0.05) was applied using Excel to verify the consistency of
the linear correlations.
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Landsat OLI/TIRS images

The study area covers 309 pixels of Landsat images,
which were used to construct the evaporative triangle. Four
images without clouds or noise were obtained during the
period of study. The wet and dry limits were defined using
an area larger than that studied aiming to contain hot and
cold pixels and, therefore, the a, b, and Tsmin values,
according to the methodology already used (Schirmbeck et
al., 2018). The images were taken on November 20 (crop
implantation), January 7 and February 8 (vegetative
development), and February 24 (beginning of maturation).

The average values of NDVI, Ts, and TVDI of each
image were extracted from a 3 x 3 window centered on the
coordinates in which the sensors were installed. The image
data were compared with the sensor measurements.

RESULTS AND DISCUSSION

The results showed consistency between the average
data obtained from the crop, the sampling window, and the
data measured by the sensors (TABLE 1). The mean
absolute errors showed values of 0.02 and 0.56 for NDVI
and Ts, respectively, and 0.06 for estimate TVDI.

TABLE 1. Average values of the normalized difference vegetation index (NDVI), surface temperature (Ts), and temperature-
vegetation dryness index (TVDI) obtained from radiometric sensors and Landsat OLI/TIRS images for the entire crop and
sampling window on the measurement points (pixel) as a function of the days after sowing (DAS) and phenological stage.

DAS Image date Stage Type NDVI LAI Ts TVDI
Window 0.88 28.31 0.57
R1 Crop 0.86 541 28.69 0.59
55 Jan./07
Sensor 0.87 27.98 0.51
Absolute Error* 0.01 0.33 0.06
Window 0.93 28.18 0.62
R5.1 Crop 0.92 7.76 28.73 0.69
87 Feb./08
Sensor 0.9 29.09 0.7
Absolute Error* 0.03 091 0.08
Window 0.92 26.76 0.42
R6 Crop 0.92 6.48 26.98 0.45
103 Feb./24
Sensor 0.89 27.21 0.46
Absolute Error* 0.03 0.45 0.04
Mean Absolut Error* 0.02 0.56 0.06

*error calculated between sensor and window measurement

The lowest NDVI values were observed at 55 days
after sowing (DAS) (January 7). On this date, the soybean
was at the beginning of flowering (R1 stage), with an LAI
= 4.4. Moreover, Ts was high, reaching values close to 28
°C, and TVDI presented intermediate values compared to
the other dates.

The two images from February showed NDVI values
higher than 0.9, a condition in which the saturation of the
index is known to occur (Zhang et al., 2014; Fontana et al.,
2015; Mzid et al., 2020) when variations in green biomass
do not lead to variations in the index. The period of highest
vegetative development occurred in early February, when
the crop was at the beginning of grain formation (R1), with
an LAT higher than 8, coinciding with the occurrence of high
surface temperatures. The high TVDI values expressed the
occurrence of water deficiency in the soil-vegetation system
in this period of the highest green biomass (TVDI higher
than 0.6). In this situation, the leaves close the stomata, thus
leading to an increase in the surface temperature (Allen et
al., 2006; Chen et al., 2015; Holzman et al., 2018).

Also, the vegetation index is similar for the
relationship between the TVDI index and the surface
temperature February 8 and February 24 (Schirmbeck et al.,
2017b; Uniyal et al., 2017), but the TDVI values reduced on
the second date, reflecting the reduction in temperature.
Variations in NDVI are slow and continuous throughout the
cycle of an annual crop, and thermal variations can reveal

variations in surface moisture, evidencing the choice of the
terms to compose TVDI (Holzman et al., 2018; Schirmbeck
et al., 2018).

The precipitation observed at the end of February (70
mm from February 18 to 24) was the only water input in the
field and provided better water conditions and,
consequently, a reduction in TVDI values. Furthermore, the
approach of the autumnal equinox, with reduced energy
available on the surface, led to a reduction in solar radiation,
decreased the evaporative demand of the atmosphere, and,
therefore, the surface temperature (Holzman et al., 2018;
Schirmbeck et al., 2018).

FIGURE 3 shows the coherence of the TVDI values
measured by radiometric sensors compared with the
distribution of the values extracted from images for the 309
pixels that cover the entire crop area. The value measured by
the sensors on the two February dates is shown in the central
block of the boxplot, which represents 50% of the values
observed in the plot. Also, the central block of the boxplot
had a small range of values for the three dates, indicating the
uniformity of water conditions in the field. Quartiles 0-25%
and 75-100% showed higher amplitudes, mainly the upper
quartile of the image of February 8. These results may
indicate that the calibration of the data set generated by the
sensors onboard the Landsat satellite is adequate and generate
consistent results when using these data to calculate TVDI
(Baghzouz et al., 2010; Balzarolo et al., 2011).
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FIGURE 3. Box plot of TVDI data obtained from the pixels that make up the Landsat image. TVDI red dot obtained by field

sensor measurements.

The spatial distribution of TVDI in the three dates is
shown in FIGURE 4. The range of colors varies from blue
to red, and the closer to red, the higher the moisture
deficiency on the surface (TVDI = 1). The images evidence
the main advantage in using TVDI, that is, the spatialization
of information and the possibility of analyzing the index
variability in the space of interest. The image of February 8
shows the highest TDVI values in the upper left portion (in
red) of the field, pixels that possibly caused the highest

amplitude observed in the boxplot (FIGURE 3). Low
variability in water conditions is observed in the
cultivation area, which is consistent with the average data
(TABLE 1 and FIGURE 3). The images of January 7 and
February 8 showed the highest TVDI values, mainly in
February. The image of February 24 showed the lowest
index values (blue predominates) when the crop was at the
grain filling stage, a period that defines the final crop yield
(Fontana et al., 2015).
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FIGURE 4. Spatial distribution of TVDI for the study area for Landsat OLI/TIRS images of January and February. Detail for

the location of the sensor installed on the surface.

The dispersions between TVDI and the main variables
obtained from the meteorological water balance, which are
associated with water availability, showed an association
(FIGURE 5). Positive linear correlations were found between
TVDI and water deficit and negative correlations between
TVDI and soil water storage, ETr, and the ETt/ETO ratio, all
significant according to the T test (p < 0.05). Among the
analyzed variables, soil water storage had the highest

correlation coefficient (—0.72), followed by soil water deficit
(0.57). Although the nature of these variables derived from
water balance (moisture indicators) is different from the
quantity expressed in TVDI, the result is encouraging, as it
reveals coherence with what was expected. TVDI was
obtained using an average of 309 pixels that cover the
soybean crop, and the other variables were obtained using
data from the weather station that characterizes the region.
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FIGURE 5. Dispersions between TVDI and the main variables derived from the meteorological water balance: Storage, Deficit,

ETr, and ETt/ETO.

CONCLUSIONS

These study enable understand the functioning of the
TVDI index and showed the coherence of TVDI values,
obtained from sensors installed on the surface, which use
technology similar to that of satellites.

The similarity of the NDVI and Ts values obtained
with surface sensors and those embedded in the Landsat-8
platform also defines similarity in the TVDI values derived
from them.

Surface data are obtained with a high degree of
measurement control and serve as a reference for the data
obtained in the images. The images make it possible to
represent the variability of surface moisture conditions
within the crop.

TVDI can therefore be recommended as an indicator
of surface moisture and assist in agricultural monitoring
systems, reducing risks associated with climatic variables
and helping decision-making in the sector, becoming
important in soybean production areas such as in the
southern Brazil.
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