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ABSTRACT: The most southern Brazilian state, Rio Grande do Sul, 

is characterized by high crop yield and is, currently, the third leading 

soybean producer in the country. Therefore, agriculture is very important 

to the economy of the region. Because agriculture is highly dependent 

on variable weather parameters, the present study aimed to test the 

Temperature-Vegetation Dryness Index (TVDI) as a regional indicator 

of water status under the climate and soybean crop management 

conditions that predominate in northwestern Rio Grande do Sul. For 

this, soybean crop seasons with contrasting yields were selected: 

2004 – 2005 (yield 0.5 t·ha–1) and 2009 – 2010 (2.7 t·ha–1). TVDI was 

obtained from the surface temperature (TS) and Normalized Difference 
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Vegetation Index (NDVI) images available from MODIS products, which 

were correlated to obtain a triangular scatter plot. Rainfall data from 

surface weather stations were also used. The results showed that 

the pattern of the TVDI is associated with rainfall variability. However, 

as the TVDI is based on normalization of the wet and dry edges of 

each image individually, the comparison of TVDI values across different 

images is challenging. This deficiency can be mitigated by analysis 

of the parameters used to derive the index. Therefore, both the TVDI 

and the “b” and TSmin parameters used to derive it can elucidate the 

patterns of crop response to water availability.
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INTRODUCTION

The most southern state in Brasil, Rio Grande do Sul, 
is characterized by a significant grain production, and 
soybean crop, which takes place in the spring/summer 
period, occupies the largest area (IBGE 2016). Despite 
the average annual increase of soybean production in the 
state, the harvest varies greatly among crop seasons. 
This high variability is especially determined by two 
main risk factors inherent to agricultural activity that 
are not controlled by the producer: market and climatic 
adversities.

Regarding to climatic adversities, several studies 
have shown that rainfall from December to March is the 
isolated weather element that has the greatest impact on 
soybean yield in Rio Grande do Sul (Berlato and Fontana 
1999; Fontana et al. 2001). This results from the fact that, 
in a largely non-irrigated agriculture activity, rainfall 
is the only water supply to the system and, therefore, 
associated with water availability for the crop. Water 
restrictions, especially during blooming and grain filling, 
hinder crop development and yield (Zanon et al. 2016).

The Temperature-Vegetation Dryness Index (TVDI) 
has been used to determine soil moisture and water 
availability on a regional scale (Sandholt et al. 2002; 
Gao et al. 2011; Holzman et al. 2014). It is potentially 
an important monitoring tool for agriculture. The TVDI 
is calculated directly based on the synergy between 
surface temperature and vegetation index derived from 
satellite images and does not require measurements of 
surface weather elements. The relationship between 
the surface temperature (TS) and vegetation index 
(VI) often generates a triangular or trapezoidal shaped 
dispersion (Price 1990; Carlson et al. 1994). The slope of 
the linear regression between TS and VI represents the 
degree of stress, given the negative relationship between 
these 2 parameters (Nemani and Running 1989; Carlson 
et al. 1995; Moran et al. 1996; Fensholt and Sandholt 2003; 
Venturini et al. 2004; Wang et al. 2007; Holzman et al. 
2014). The trapezoid or triangle shaped dispersion 
depends on the availability of the water content in the 
soil. The trapezoidal shape tends to occur more often in 
hot climates with high vegetation cover (Carlson 2007).

The moderate resolution imaging spectroradiometer 
(MODIS) sensor, aboard the Terra platform, provides 
images of the surface temperature (MOD11A2) and 

vegetation index (MOD13A2) with temporal resolution 
of 8 and 16 days, respectively. These products enable 
monitoring crop development cycle over time, calculating 
TVDI, which can be used to define water availability. Both 
indicators are key to agricultural monitoring systems.

Several studies have using the TVDI determined 
from the MODIS sensor images (Chen et al. 2011; Son 
et al. 2012; Holzman et al. 2014). The results have been 
used to plan and manage the water resources to mitigate 
impacts on agriculture, as well as for crop monitoring 
and forecasting. Sandholt et al. (2002) proposed to use 
the Normalized Difference Vegetation Index (NDVI) 
to calculate the TVDI; and several subsequent studies 
have used the TS and NDVI relationship (Gao et al. 2011; 
Chen et al. 2011; Son et al. 2012).

This study aimed at testing the TVDI as an indicator 
of regional water availability, considering the climate and 
soybean crop management conditions that predominate 
in northwestern part of Rio Grande do Sul. The specific 
objectives were to characterize the shape of the TS and 
NDVI relationship as well as to analyze the sensitivity 
of the relationship parameters to calculate the TVDI 
and to determine water availability.

MATERIAL AND METHODS

The study area is located in the mid-northwestern 
Rio Grande do Sul state, which is characterized by large 
volume of grain production (Figure 1). Agriculture in this 

Figure 1. Location of the study area and used meteorological stations. 
Rio Grande do Sul State, Brazil.
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region is the base of the economy, with approximately 
6.5 million ha of the total area according to the base map 
of IBGE (2010), including the municipalities with the 
highest yield in the state. The average grain yield was 
2.6 million ha between 2000 and 2012, with an average 
yield of 2 t·ha–1. Soybean is the main spring-summer 
crop in terms of cultivated area and economic return 
to farmers in this region.

The study area is located in the northern half of the 
state, where the rainfall in the summer ranges from 350 
to 550 mm, which on average is not enough to supply 
the water demand of soybean crops (Matzenauer et al. 
2011). In the summer (December to March), the average 
temperatures (above 22 °C) are higher than in the winter 
(below 18 °C, but above –3 °C), from June to September. 
There is no dry season in the state, and rainfall is 
higher than 60 mm every month of the year (Figure 2). 
In consequence, the study area is classified as “Cfa”, 
according to Köppen (1948), with hot summers.

The TVDI was calculated (Equation 1) as proposed 
by Sandholt et al. (2002):

There were used TS and NDVI data originated from the 
MODIS, MOD11A2, and MOD13A2 products, with spatial 
resolution of 1,000 m corresponding to composition periods 
of 8 and 16 days, respectively. The data covering the study 
area were downloaded from the Land Processes database - 
Distributed Active Archive Center (LPDAAC 2015) product 
tile h13v11, which were transformed from the sinusoidal 
projection to WGS 84 geographic coordinates. The images 
were cut according to the boundaries of the study area, and 
a mask was applied to the soybean cultivation area of the 
equivalent crop.

The TS and NDVI images were correlated to obtain the 
TVDI (Figure 3), resulting in a dispersion pattern which 
can assume a triangular or trapezoidal shape, depending 
on the existing biomass and soil moisture content (Price 
1990; Sandholt et al. 2002). The index is calculated from 
a normalized format that varies between 0 and 1 for each 
image. More distant dispersion points represent a very small 
percentage of the entire dataset and they may correspond 
to anomalous surfaces including water and clouds. These 
points, which are close to the dry or wet edges, were discarded 
from the analysis as recommended by Carlson (2007).

The TSmin was calculated by the average of the minimum 
temperatures, corresponding to the wet edge. The parameters 
“a” and “b” are the linear and angular coefficients of the 
straight line, respectively, and represent the dry edge. They 
were obtained from the NDVI and Ts scatterplot and used to 
normalize the model. In this study, TSmin and the parameters 
“a” and “b” were determined for each one of the 12 images 
that include the 2 analyzed crop seasons.

The 2004 – 2005 and 2009 – 2010 crop seasons with 
contrasting soybeans yields of 0.5 and 2.7 t·ha–1, respectively, 
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where: TS is the observed surface at the given pixel 
(K); TSmin is the minimum surface temperature (K), 
corresponding to wet edge of the evaporative triangle; 
“a” and “b” are linear and angular coefficients of the 
straight line representing the dry edge.

TVDI = (TS – TSmin)/(a + b × NDVI – TSmin) (1)

Figure 2. Normal monthly rainfall and monthly average temperature 
in Rio Grande do Sul, Brazil. Figure 3. Evaporative triangle.
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were chosen for the analysis. The lower yields recorded 
in 2004 – 2005 resulted from lower rainfall and average 
temperatures slightly higher than those registered in January 
and February (Table 1), compared to the Climatological 
Normal and those observed in 2009 – 2010. 

Only the soybean crops were analyzed, so the crop 
area was determined by the method that utilizes the 
difference between the NDVI at the maximum development 
minus NDVI at implantation, as proposed by Santos et al. 
(2014). To this end, the pixels that showed in the image 
differences greater than 0.30 and 0.39 for the 2004 – 2005 and 
2009 – 2010 harvests, respectively, were considered 
soybeans. The criterion for determining this threshold was 
to obtain a farming area nearby a crop area divulged by the 
IBGE (2016) for each crop.

The rainfall data were obtained from three weather 
stations (Figure 1), belonging to the Instituto Nacional de 
Meteorologia (INMET), located in major grain producer 
areas. Subsequently, the data were grouped in 16-day periods 
to become compatible with the timescale of MODIS images.

The TVDI and NDVI data were used to analyze the 
results originated for the 2 crop seasons, initially, extracted 
from the soybean growing areas in 5 × 5 pixel windows 
centered on the coordinates of the 3 weather stations, and 
posteriorly for the entire area mapped as soybean crop in 
northwestern Rio Grande do Sul.

Two images with different water conditions were chosen: 
one, with water deficit (2/18/2005) and another, in wet 
conditions (3/6/2010) to analyze the TVDI pattern, the 
index parameters, and rainfall. Finally, the NDVI, TVDI 
and “b” and TSmin parameters were correlated with rainfall 
by scatterplots.

RESULTS AND DISCUSSION

The dynamics of the soybean crop development in 
the study area can be evaluated looking at the pattern of 
NDVI over time (Figure 4). The observed pattern is typical 
of annual crops and consistent with what is expected for 

Average air temperature (°C) Total rainfall (mm)

Occurred Climatological normal Occurred Climatological normal

2004 – 2005 2009 – 2010 1961 – 1990 2004 – 2005 2009 – 2010 1961 – 1990

Cruz Alta 24.1 23.8 23.2 134.1 409.9 256.0

Passo Fundo 22.6 23.0 22.05 132.6 230.1 315.5

São LuizGonzaga 26.0 25.9 24.7 190.5 643.6 281.6

Table 1. Average air temperature and accumulated rainfall in January and February for the 2004 – 2005 and 2009 – 2010 harvests and 
climatological normal. 

Source: INMET (2016)

Figure 4. Temporal profile of the Temperature-Vegetation Dryness Index (TVDI) and the Normalized Difference Vegetation Index (NDVI) 
in northwestern Rio Grande do Sul and rainfall in the weather stations of Cruz Alta, São Luiz Gonzaga, and Passo Fundo, Brazil, in the 
2004 – 2005 (a) and 2009 – 2010 (b) crops.
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the region (Fontana et al. 2015), allowing to track the 
differences regarding the temporal evolution of the green 
biomass of soybean over the 2 crop seasons. The analysis 
of crop development against the critical periods of the 
cycle allows interpreting the responses of soybean plants 
to environmental conditions.

NDVI was low in November, associated with low green 
biomass coverage upon crop implantation (recommended 
sowing data is between October 11 and December 31, according 
Cunha et al. 2001). NDVI increased gradually as the biomass 
also increased up to the blooming stage, reducing again at the 
end of the cycle. These data are coherent since the average 
crop cicle is about 140 days (Thomas and Costa 2010). The 
highest NDVI values were observed from January to March, 
associated with the higher density of crops green biomass. At 
blooming, soybeans reach maximum leaf area index, maximum 
capacity to intercept solar radiation, and photosynthesis, 
thus causing NDVI to peak. In the 2004 – 2005 and 
2009 – 2010 crop seasons, the highest NDVI were 0.79 and 
0.85, respectively, both in February, coinciding with blooming 
that usually occurs in February (Fontana et al. 2015). The 
variations observed between years indicate different conditions 
for crop growth and development and may be used for 
estimating yield models. The highest NDVI values in the 
2009 – 2010 crop were consistent with the highest yield of 
2.7 t·ha–1 compared to 0.5 t·ha–1 in the 2004 – 2005 crop.

On the other hand, the TVDI (Figure 4) showed a similar 
temporal pattern for both crops seasons.  High values were 
observed at the beginning and end of the cycles, contrary 
to the NDVI pattern, which are partly due to the biomass 
capacity to control the evapotranspiration process. The 
values greater than 0.8 observed during these periods can be 
attributed to bare soil (beginning of cycle) and/or senescent 
vegetation (end of cycle) that cause lower evaporation rate 
and higher soil temperature (Wang et al. 2007). On the other 
hand, TVDI decreased during the higher vegetative growth 
period (blooming and grain formation) which, associated 
with an increased transport of water by the plants into the 
atmosphere, indicated more appropriate water conditions, 
but with important differences between the 2 seasons.

The rainfall was higher in the 2009 – 2010 crop season 
(Figure 4b), which can influence the TVDI, especially during 
the period of higher vegetative growth. The index dropped 
more sharply in January in the 2009 – 2010 crop compared 
to the 2004 – 2005 one, reaching a minimum 0.45 and 0.52, 
respectively. The index increased rapidly in February in the 

2004 – 2005 crop season (Figure 4a).  This increase coincides 
with the period when large water deficit is observed more 
often in the region, as a result of increased atmospheric 
evaporative demand and higher water consumption by the 
plants (Matzenauer et al. 2002; Mundstock and Thomas 2005).

Therefore, TVDI responded to the biomass variability in 
the study area while the rainfall caused fluctuations of the 
TVDI profile along soybean development period. Nevertheless, 
the scatter-plot analysis between the cumulative rainfall and 
TVDI (Figure 5) presented high variability while TVDI did not 
display significant increasing trend with decreasing rainfall.
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Index (TVDI) and rainfall accumulated in 16 days in Cruz Alta, São 
Luiz Gonzaga, and Passo Fundo, Brazil. 
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This apparent inconsistency can be explained by 
the fact that the TVDI calculation is based on the 
normalization of wet and dry edges that are applied 
individually for each image, making the comparison of 
the index values between different images and/or crops 
more challenging.

It is noteworthy that using the TVDI normalized for 
each image is more common in the literature (Gao et al. 
2011; Holzman et al. 2014; Liang et al. 2014). Moreover, 
this is critical to the use of TVDI for crop monitoring 
purposes and can sometimes be misinterpreted. This 
deficiency, however, can be minimized by analyzing 
the parameters that determine the dry and wet edges of the 
evaporative triangle, which are rather comparable between 
different images or crop seasons.

As an example, Figure 6 shows the triangles obtained 
in two different days, with low (2/18/2005) and high 
(3/6/2010) water availability. On 2/18/2005, the greater 

negative slope of the dry edge corresponds to higher 
temperature pixels for each NDVI (Sandholt et al. 
2002). The NDVI/TS slope has been associated with 
the resistance of the stomata and evapotranspiration 
surface (Nemani and Running 1989). Steepening can 
be interpreted as a greater contrast between dry (non-
irrigated, higher temperature) and wet (irrigated, lower 
temperature) areas.

The straight line of the wet threshold corresponds to 
the number of cooler pixels, which is a result of increased 
water content (Carlson et al. 1994; Sandholt et al. 2002). 
As expected, on 2/18/2005 (Figure 6a), the average 
minimum temperature was close to 24 °C, higher than 
that observed for more humid conditions (Figure 6b) 
of about 19 °C, demonstrating the relationship between 
water and thermal conditions. 

The TVDI distribution in the study area for these 2 
images can be seen in Figure 7. Red represents the highest 
indices worst water conditions, which predominate in 
much of the northwestern area of the state. It is important 
to emphasize that, when using normalization by image, 
it is possible to differentiate spatially different water 

Figure 6. Dispersion between the Normalized Difference Vegetation 
Index (NDVI) and surface temperature (TS) on 2/18/2005 (a) and 
3/6/2010 (b) in northwestern Rio Grande do Sul, Brazil.
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conditions in the soy-producing region of the studied 
areas, but they should not be compared between dates 
and harvests. 

The dispersion between rainfall and TSmin data and 
the slope of the straight-line “b” (Figure 8) shows a 
reverse trend, as TSmin decreases and “b” increases, 
rainfall increases as well. The increase of “b”, dry edge 
straight line with less negative slope, is due to the fact 
that for higher rainfall, the incidence of warmer pixels 
decreases especially for smaller vegetation cover (NDVI) 
(Carlson et al. 1994; Sandholt et al. 2002). The lower 
TSmin results from the greater water availability in the 

soil, enabling the vegetation to control the temperature 
better (Sandholt et al. 2002).

It is noteworthy that, contrary to what is often seen in 
the literature, it is not appropriate to use the parameterized 
TVDI for image to compare water availability in different 
dates, an important limitation of the index. However, 
it is possible to minimize this limitation by using the 
TVDI calculated parameters. However, in this case, there 
is another important constraint, associated with loss of 
information related to the spatial variability of the index 
in the area to be monitored, which is certainly one of 
the main advantages of using satellite images.
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CONCLUSION

In the rainy subtropical climate conditions that 
prevail in Rio Grande do Sul, the dispersion between TS 
and NDVI assumes a triangular shape (the evaporative 
triangle). The parameters defining this triangle, which 
are used to calculate the TVDI, are associated with water 
conditions prevalent in regions.

In each image or the date, the TVDI highlights 
the differences in water availability that occur in the 

assessed region, which are partly associated with the 
spatiotemporal variability of rainfall.

However, the TVDI is based on the parameterization 
of the wet and dry edges that are applied to each image 
individually, the comparison of index values between 
different dates or crop seasons becomes complex.

In the comparisons between dates or crops, it is 
recommended to use the information contained in the 
parameters “b” and TSmin, used to calculate the index, 
which can be indicators of water availability over time. 
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