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ABSTRACT: Soybean crops occupy most areas in Rio Grande do Sul State and are highly depen-
dent on rainfall since most of them are non-irrigated. Rainfall during the harvest period is often
insufficient to meet the water demand, making water indicators an important tool for the crops.
This study compared two approaches in the parameterization process of TVDI (Temperature-
Vegetation Dryness Index) in a subtropical climate region of Brazil. The process used Moderate
Resolution Imaging Spectroradiometer (MODIS) images of the surface temperature (T ) and Nor-
malized Difference Vegetation Index (NDVI), with spatial resolutions of 1,000 m and periods of
8-16 d, respectively. The evaporative triangles for the T,/NDVI scatter plots were built either for
each image (scene-specific parameterization) or for all images at once (crop-type parameteriza-
tion). The rainfall data were obtained from meteorological stations located in the study site and
the analysis period comprised two contrasting harvests regarding soybean yield (most important
crop in the region). The scene-specific parameterization allowed to analyze water status in the
study site by inspecting the wet and dry edge of each image and identifying the areas of stress
in each one. TVDI crop parameterization showed that the model was able to determine the
time and frequency of water stress events during the crop-seasons. TVDI crop-parameterization,
therefore, is more consistent for crop monitoring and forecasting purposes.

Introduction

Soybean crops cover most cultivated areas in Brazil
(IBGE, 2015), with significant variations in productivity
between regions. The reasons for yield differences vary
according to regions (Sentelhas et al., 2015), but they
are associated mainly to water deficit. Similarly, soybean
crops occupy most cultivated areas in Rio Grande do
Sul (RS) State and, because it is cultivated mostly un-
der non-irrigated conditions, the crop is highly depen-
dent on rainfall, which is often insufficient to meet crop
demands. Therefore, amount and distribution of water
supply impose the upper limit of soybean productivity
in the state (Zanon et al., 2016).

Given the extensive cultivated area in RS, param-
eters obtained from remote sensing techniques can be
very useful to monitor the crop water status. The images
allow obtaining surface information with a higher level
of spatial and temporal detail than any other method
does. Consequently, many studies (Esquerdo et al., 2011,
Gusso et al., 2014; Valipour, 2015) have sought orbital
indicators of the crop water status through impacts
observed on soil surface using vegetation responses
(changes in canopy vigor or architecture) or looking at
meteorological data (changes in energy balance).

The vegetation index (VI) is a sensitive indicator of
plant "greenness" and, therefore, can be indicators of wa-
ter status (Huete et al., 2002; Gao et al., 2011). However,
the response of these indices is slow and it only occurs
when stress has already affected plant development.
On the other hand, surface temperature (T,), which is
also obtained from orbital images, responds quickly to
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stress (Wan, 2008). Based on this concept, Sandholt et
al. (2002) proposed the index TVDI (Temperature-Vege-
tation Dryness Index) to monitor water conditions. This
index is based on the relationship between VI and T;
and the model allows parameterizing the vegetation wa-
ter status between wet and dry limits of the evaporative
triangle. TVDI has been applied to crop monitoring in
several regions (Wang et al., 2006; Gao et al., 2011; Hol-
zman et al., 2014; Liang et al., 2014), but it is not yet
tested in large grain-producing areas in southern Brazil.
Moreover, in most studies, the type of parameterization
applied to TVDI and the consequences of using differ-
ent approaches are not sufficiently explained. In this
context, we compared TVDI performance to character-
ize water conditions in the humid subtropical climate of
RS, using two approaches to the TVDI parameterization
process.

Materials and Methods

Study site

Figure 1 shows the map of Rio Grande do Sul
State, detailing the northwestern region with significant
soybean production in southern Brazil. The study site
covered the entire territory but focused on 216 munici-
palities, which are the largest soybean producers of the
state (6.5 million hectares). The climate in the region is
rainy subtropical, Cfa (warm summer, average tempera-
ture of the hottest month above 22 °C) and Cfb (warm
summer, average temperature of the hottest month be-
low 22 °C), according to Képpen's climate classification
(Alvares et al., 2013).
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Figure 1 — Map showing the study site in Rio Grande do Sul State, Brazil, and detailing the subdivision of the mesoregions and limits of

municipalities of the study site.

Background

The TVDI index is based on the dispersion dot-
pattern obtained from NDVI and T, images, which can
be shaped as an evaporative triangle or trapezoid, de-
pending on the climatic condition and vegetation cover
(Price, 1990; Carlson et al., 1994; Long and Singh, 2012).
In general, the tendency is trapezoidal in hot climates
with high vegetation cover (Carlson, 2007).

TVDI has been used by many experts to determine
soil moisture and water availability in the soil-plant sys-
tem at a regional scale (Sandholt et al., 2002; Gao et al.,
2011; Holzman et al., 2014). The TVDI model allows to
normalize the vegetation water status between the wet
and dry limits of the evaporative triangle, with values be-
tween O (wet limit) and 1 (dry limit). Determining these
limits is one of the critical points of the methodology, and
the use of techniques to reduce subjectivity of the process
is recommended (Yang et al., 2015). The correct param-
eterization of the model requires extreme water condi-
tions to occur in the region to characterize the edges of
the evaporative triangle. Especially when using images of
low spatial resolution (pixel of 1,000 m or more), identify-
ing and mapping dry and wet edges can be problematic,
given the difficulty of finding small plots with representa-
tive water conditions (Roerink et al., 2000; Kustas et al.,
2004). Sandholt et al. (2002) proposed to use large areas
in the parameterization process to overcome these limita-
tions, even when using low-resolution images.

The parameterization most frequently used in the
analysis is the individual data (scene), which, as discussed
by Sandholt et al. (2002), can be a limiting factor for the
analysis of the index temporal pattern during the crop
cycle, because the evaporative triangles are specific to
each image, and TVDI is not comparable between them.
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Obtaining TVDI (Temperature-Vegetation Dryness
Index)

TVDI was calculated from the Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) products. The
T, and Normalized Difference Vegetation Index (NDVI)
data had 1,000 m spatial resolution corresponding to ac-
cumulated periods of 8-16 d, respectively. The products
covered h13v1l and h13v12 tiles, which were trans-
formed from the sinusoidal projection to the geographic
coordinates WGS 84 and after, subset the study area im-
age, comprising only the area of Rio Grande do Sul State.

The period of analysis covered two crop-seasons,
2004-2005 and 2009-2010, which had contrasting water
availability conditions (lower and higher water availabil-
ity, respectively), with 12 NDVI and T, images for each
season.

TVDI was obtained from the Equation (1) pro-
posed by Sandholt et al. (2002):

TVDI = (T, -Tymin) / (a + b * NDVI -T,min) (1)

where: T, is the radiative surface temperature observed
in a given pixel (K); Tymin is the minimum surface tem-
perature (K), corresponding to the wet edge of the evap-
orative triangle (Figure 2); "a” and "b" are the linear and
angular coefficients of the straight line representing the
dry edge (Figure 2).

The wet and dry edges were obtained from a scatter
plot of NDVI versus T, delimiting the evaporative triangle
(Figure 2). The steps were as follows: slicing the NDVI val-
ues into 100 intervals of 0.01; obtaining T, values for each
NDVl interval; constructing the cumulative frequency his-
togram for each NDVI interval and identifying T, values
corresponding to 2 % and 98 % occurrence; defining the
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pixels of the wet limit - all pixels with T, < temperature
corresponding to 2 %; and the dry limit - all pixels with TS
> temperature corresponding to 98 % (this procedure was
performed for each of the 100 intervals, and subsequently
the pixels of each limit and interval were grouped); de-
termining the wet edge - calculating the average value of
all pixels that compose the wet limit (value equivalent to
Tymin); dry edge definition - linear regression fitting using
all the pixels that comprise the dry limit.

These limits are used to normalize the model, as
the model provides a stress index between 0 and 1 for
each image. The opposite sides of this triangle are bare
soil (low NDVI and high T,) and total vegetation cover
(high NDVI and low T,). In partial coverage conditions,
the smaller the T, the more suitable the water condi-
tions are and, therefore, the lower the TVDI.

Two approaches were used to obtain the TVDI
parameters. The first was based on a scene-specific pa-
rameterization, which consisted of obtaining "a" and "b"
parameters, and Tymin for each 12 images of each crop-
season. The second approach consisted of grouping the
pixels of all images of the crop-season in a single dis-
persion to ensure that all water availability conditions
throughout crop development period were clustered in a
single evaporative triangle.

The scene parameterization compared all "a" and
"b" parameters and T;min for each image and analyzed
the evaporative triangle dispersions obtained on dates
with different water conditions. In crop-type param-
eterization, the evaporative triangles of both crops were
analyzed.

For both parameterization approaches, the spatial
distribution of TVDI was analyzed across Rio Grande do
Sul State for all images that covered soybean cycle (from
Oct of the first year to Apr of the following year).

The TVDI ability to characterize the water status
in the largest soybean cultivation area in the state was
evaluated by comparing the mean rainfall data of the
meteorological stations, Cruz Alta (-28.63° S and -53.6°

Ts

Partial
cover

Wet edge TVDI =0

NDVI

Figure 2 - Schematic representation of the Evaporative Triangle,
given by the relationship between surface temperature (T) and
normalized difference vegetation index (NDVI); TVDI = Temperature-
Vegetation Dryness Index (TVDI); Source: Adapted from Sandholt
et al. (2002).
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W, 472.5 m), Sdo Luiz Gonzaga (-28.4 ° S and -55.01°
W; 245.11 m), and Passo Fundo (-28.21° S and -52.4° W,
684.05 m). The data were collected daily, but cumula-
tive figures were calculated for 16 d to be compatible
with the temporal resolution of MODIS images used in
the profile analysis of TVDI over the crop cycle. In ad-
dition, to evaluate the TVDI performance obtained from
parameterization by scene and crop-season, rainfall data
analyzed scatterplots and correlation coefficients (p <
0.05) were used.

Results and Discussion

TVDI - scene parameterization

The parameters obtained in the scene parameter-
ization showed significant differences between the two
crop-seasons analyzed. The greatest variability was ob-
served in the slope of the dry edge of the 2004-2005 crop-
season, where "b" values ranged between -27.9 and -6.4.
For the 2009-2010 crop-season, this parameter varied be-
tween -17.5 and -6.3 (Table 1). Sandholt et al. (2002) and
Holzman et al. (2014) stated that in areas with humid
climate, parameters variability is more evident in years
when the rainfall regime is below normal. Accordingly,
this pattern was observed in the 2004-2005 crop-season.

The Tymin data also showed variation, from 288 K
to 301 K in 2004-2005 and 289 K to 298 K in 2009-2010.
From Jan to Mar (soybean developmental peak), the T,
min was higher in 2004-2005 compared to the 2009-2010
crop-season, which was expected since temperature and
water availability are closely associated (Goward et al.,
2002; Liang et al., 2014).

Figures 3A and 3B show the triangles of the two
scenes chosen to exemplify different water conditions. On
02 Feb 2005, the wet edge pixels had lower, close to 295
K, for higher rainfall (21 mm) compared to lower rainfall

Table 1 - Parameters a (intercept), b (slope), and Tmin (minimum
temperature) used to calculate the Temperature-Vegetation
Dryness Index (TVDI) in the scene parameterization for the 2004-
2005 and 2009-2010 soybean crops-season, in Rio Grande do
Sul, Brazil.

Crop-season 2004-2005 Crop-season 2009-2010

a (K) b T,min (K) a (K) b Tymin (K)
1/11 312 -11.3 294 319 -11.9 293
17/11 318 -17.6 296 312 7.6 296
3/12 331 27.8 298 312 -11.8 294
19/12 317 -13.5 297 319 -15.3 297

Date

1/1 330 -24.2 300 312 -6.3 294
17/1 326 -22.5 301 319 -17.5 295
2/2 323 21.8 295 3 -12 298
18/2 330 -27.9 297 309 9.7 294
6/3 328 -17.2 301 314 -12.8 292
22/3 319 21.5 296 309 -10.2 291
7/4 307 7.1 290 309 -12 293

23/4 300 6.4 288 303 -11.2 289

113



Schirmbeck et al.

A 02 Feb 2005 B

18 Feb 2005

02 0408 o8 o 02 "od " os o8 1o
NDVI NDVI
Figure 3 - Dispersion between the vegetation index (NDVI) and

surface temperature (T) for images on 02 Feb 2005 (A) and 18
Feb 2005 (B) in Rio Grande do Sul.
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(6 mm) for 294 K, on 18 Feb 2005. The maximum tem-
peratures and slopes of the dry edges are also different in
the two images. On 18 Feb 2005, the slope (b = -27.9) and
maximum temperatures were even higher, characterizing
major contrast between pixels with lower and higher wa-
ter availability in the region (Goward et al., 2002).

The analysis of TVDI spatial distribution showed
that regions with high and low index values occur in all
images of both 2004-2005 (Figure 4) and 2009-2010 (Fig-
ure 5) crop-seasons. This is an intrinsic characteristic of the
model when parameters are adjusted per scene because
all values are normalized in relation to the scene dry and
wet limits. Using this approach, the water status of the two
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Figure 4 - Spatial distribution of Temperature-Vegetation Dryness Index (TVDI) with scene parameterization for the 2004-2005 crop-season.
Black circled areas are the state mesoregions (northwestern region is highlighted); the white areas correspond to cloud-covered regions

detected from the surface temperature (T,) image.
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Figure 5 — Spatial distribution of Temperature-Vegetation Dryness Index (TVDI) with scene-parameterization for the 2009-2010 crop-season.
Black circled areas are the state mesoregions (northwestern region is highlighted); the white areas correspond to cloud-covered regions

detected from the surface temperature (T) image.

crop-seasons looks very similar. It is known, however, that
this was not the case since the rainfall values between 31
Oct and 23 Apr were different, 827 mm compared to 1,391
mm in the 2004-2005 and 2009-2010, respectively.

TVDI - crop parameterization

In the second approach, all NDVI and T, images of
each crop-season were used to build the dispersion plots
(Figures 6A and 6B). Therefore, the two resulting evapo-
rative triangles show water status during the entire cycle.
The objective was to compare the water conditions be-
tween images of the same crop-season. The comparison
of the triangles showed a small decrease of the negative
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slope of the dry edge in 2009-2010 (b = -23.6 in 2004-
2005 and b = -20.2 in 2009-2010) and a small decrease in
Timin (289.6 K in 2004-2005 and 288.8 K in 2009-2010).
The similarity between the triangles of these two crop-
seasons with very different water conditions may indi-
cate that it is possible to obtain a characteristic triangle of
the climate and environmental conditions for Rio Grande
do Sul. This conclusion can be confirmed by analyzing
a large number of crop-seasons, and if this is the case, it
should be possible to compare different years, which is
strategic in crop forecasting systems.

This important result seems to indicate a way to
make feasible multitemporal studies on the water con-
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Figure 6 — Dispersion between the vegetation index (NDVI) and
surface temperature (T,) for the 2004-2005 (A) and 2009-2010
(B) crop-season in Rio Grande do Sul.

dition using TVDI. However, future analyses need to
be made to evaluate how variations in the incidence of
solar radiation influence on T, determination, consider-
ing the differences over time during the crop or even
between different crop seasons. Moran et al. (1994) rec-
ommended that parameterization be done by scene to
ensure approximately constant conditions of solar radia-
tion throughout the study area. In this case, variations
in soil moisture would be the main determinant of T,
variations.

Comparison between parameterization
approaches

Crop parameterization of TDVI images (Figures 7
and 8) showed a very different spatial distribution com-
pared to that obtained with scene parameterization (Fig-
ures 4 and 5). Several images of the 2004-2005 and 2009-
2010 crop-season showed low TVDI variability over Rio
Grande do Sul, as observed on 31 Oct, 16 Nov, 18 Dec,
02 Feb, 22 Mar and 07 Apr, of the 2004-2005 crop-sea-
son (Figure 7) and 03 Dec, 18 Feb, 06 Mar, 22 Mar and
07 Apr of the 2009-2010 crop-season (Figure 8). Others,
however, showed a high contrast of the index values,
highlighting the differences between regions. The crop
approach, therefore, allowed to identify the areas and
periods of the crop cycle when water restrictions oc-
curred (higher TVDI indices), which was not possible
when analyzing the images that resulted from the scene-
specific parameterization approach.

In the 2004-2005 crop-season (Figure 7), five of the
12 processed images showed high TVDI in the northern
region (area of increased soybean production), which
occurred in the period of great vegetative development
of the plant (high leaf area index). The high values ob-
served especially in Feb and Mar, months when the crop
is more sensitive to water scarcity (flowering and grain
formation), were decisive to the grain yields achieved. In
this harvest, the average yield of 0.5 t ha! was the low-
est of the last 15 years in the northwestern region of RS
State, according to the data from the Brazilian Institute
of Geography and Statistics (IBGE, 2015). Considering
that TVDI has the capacity of locating in time and space
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the occurrence of water restrictions in large producing
regions, it is possible to use the statistics obtained from
long time series of TVDI to quantify associated causes,
for example, yield differences. The use of TVDI imag-
es allows to generate results more detailed than those
currently available for southern Brazil (Sentelhas et al.,
2015; Zanon et al., 2016).

Only three periods with high TVDI were observed
in northern Rio Grande do Sul in the 2009-2010 crop-
season (Figure 8). The first occurred in Nov, during crop
establishment phase when there is more bare soil and
NDVI decreases while T, increases. In the period when
the crop is highly sensitive to water scarcity, TVDI had
low values, indicating that the water condition was ad-
equate. The observed NDVI and T, patterns were dis-
tinct between the two crop-seasons because of the dis-
tinct water status (Figures 9A and 10A). In 2009-2010,
in the northwestern region of the state, the higher rain-
fall determined higher and more durable NDVI values
compared to the 2004-2005 crop-season. In addition,
because of the more favorable water condition, the en-
ergy balance partition was distinct, resulting in milder
temperatures.

Figures 9B and 10B showed different mean TVDI
values of the region depending on the parameterization
type applied. In the parameterization by crop-season,
there were larger variations over the analyzed period.
The temporal profile analysis of TVDI (Figure 9B) shows
higher values in the 2004-2005 crop-season compared
to the 2009-2010 (Figure 10B). High TVDI values were
observed in three and five periods, respectively, in these
crop-seasons. Low rainfall was observed during the
2004-2005 crop-season and four of the highest TVDI
were observed during the crop high coverage (on two
Jan images, the second Feb image, and the first image
of Mar).

Of the three major TVDI events in the 2009-2010
crop-season (Figure 10B), only one occurred during the
time of vegetation peak development (first image of Feb).
The average rainfall was higher than 100 mm (periods of
16 days), during the soybean cycle in the study site, ex-
cept for the second image of Feb (36 mm) and first image
of Mar, which was only 16 mm when a TVDI increase
was also observed.

At the end of the crop cycle (Mar and Apr), low
TVDI values were observed for both crop-seasons, as a
consequence of the decreasing T, and lower NDVI as-
sociated with senescent vegetation at the harvest end
(Goward et al., 2002).

In the parameterization by scene, TVDI variations
were lower during the analyzed period. In general, no
relationship was observed between index variability and
the variability of either T, or NDVI, as well as with rain-
fall events, which reinforces the idea that this type of
parameterization does not allow comparisons between
different dates. Figures 11A, 11B, 11C and 11D show
the association between TVDI and rainfall for the three
weather stations located in the study area, in the two
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Figure 7 - Spatial distribution of Temperature-Vegetation Dryness Index (TVDI) with crop-parameterization for the 2004-2005 crop-season. Black
circled areas are the state mesoregions (northwestern region is highlighted); the white areas correspond to cloud-covered regions detected
from the surface temperature (T ) image.

years and for the two parameterization types evaluated.
The expected negative association, with the lowest rain-
fall generating high TVDI values, was observed only for
the parameterization by crop and for the 2004-2005 dry
year. Although consistent, the scattering of the points was
high and the determination coefficient, low (0.1652). In
the other cases, the dispersion was much greater, espe-
cially in the parameterization by scene. This result rein-
forces the thesis of inappropriateness of using parameter-
ization by scene, but it also indicates that TVDI variability
in this crop-season was governed by factors other than
accumulated rainfall in 16 d. The assessment of TVDI

Sci. Agric. v.75, n.2, p.111-120, March/April 2018

performance against rainfall data is very simplistic and
the correlation coefficients could not be much higher. Re-
lationships that are more consistent could be obtained for
soil moisture measurements or for a complete water bal-
ance, considering not only the water supply in the system
(rainfall) but also the soil ability to retain this water and
the atmospheric evaporative demand. This suggestion
could be tested in future studies, considering the unavail-
ability of these data for this research.

As the dry year provided a greater association be-
tween the TVDI and the rainfall data, there are indica-
tions that the index presents better results in dry climate
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Figure 8 - Spatial distribution of Temperature-Vegetation Dryness Index (TVDI) with crop-parameterization for the 2009-2010 crop-season. Black
circled areas are the state mesoregions (northwestern region is highlighted); the white areas correspond to cloud covered regions detected

from the surface temperature (T )image.

conditions, with lower water availability, as approached
by Sandholt et al. (2002). Despite that, tests still have to
be conducted, since satisfactory results were obtained
by Holzman et al. (2014) in humid temperate climate
conditions in the Pampas region of Argentina.

Conclusions

The scene-specific parameterization of TVDI
enables to analyze water conditions in the study site
against the water limitation of each date individually,
identifying the regions with relatively higher or lower
water availability.

Sci. Agric. v.75, n.2, p.111-120, March/April 2018

The TVDI crop parameterization is suitable to de-
termine the time and the frequency of water restriction
events that occur during the soybean crop cycle.

The TVDI crop parameterization is more effective
to differentiate between the magnitudes of stress events
in years with different yields, indicating the possibility
of using TVDI in yield estimation models.
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Figure 11 - Dispersion between the 16-day cumulative rainfall data
from weather stations of Cruz Alta, Sao Luiz Gonzaga, and Passo
Fundo, and Temperature-Vegetation Dryness Index (TVDI) with
parameterization by crop (A, B) and scene (C, D) for the 2004-
2005 and 2009-2010 crop-seasons in soybean growing areas in
northwestern Rio Grande do Sul, Brazil.
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