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Abstract

Periods in the soybean summer cycle that are sensitive to the occurrence of high temperatures
were studied. An analysis was performed on the variability of soybean yields associated with crop
canopy temperatures during key development periods. A land surface temperature (LST) data se-
ries from MODIS (Moderate Resolution Imaging Spectroradiometer) on the Aqua satellite was
processed between 2003 and 2012 that covered the entire state of Rio Grande do Sul, in Brazil.
Enhanced vegetation index (EVI) data from MODIS on the Terra satellite were used to monitor the
LST during different phenological stages. Spatially interpolated maps of soybean yield distribu-
tions were generated using data obtained from Instituto Brasileiro de Geografia e Estatistica (IBGE)
at state and municipality levels. The results indicate that canopy-LST occurrence in mid-February,
during the grain filling, is most correlated to yield reduction (R2 = 0.82 and RMSD = 14.4%). At the
state level, the average yield is 2003 kg-ha ! with a standard deviation of 308 kg-ha-1. The overall
average of the canopy-LST is 305.0 K (31.8°C) with a standard deviation of 1.9 K. The slope of the
downward linear relationship between canopy-LST and yield was —28.7%. These results indicate
that monitoring heat wave events can provide important information for characterising agricul-
ture vulnerability.

“Measurements are inclusive of drought and heat wave effects.
#Corresponding author.
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1. Introduction

Weather fluctuations and other associated extreme events can cause severe losses to agricultural production with
potential worldwide economic impacts [1] [2]. In Brazil, increases in the frequency of extreme events, such as
the occurrence of high temperatures and reduced rainfall, are prone to produce severe effects on agricultural
yields [3] [4], especially soybeans and maize [5]. As a result, distortions and uncertainties in agricultural policies
may increase losses and establish barriers for agricultural financing [6] due to unpredictable government policies
which are a more important cause of domestic price volatility than world market price fluctuations [1].

Under a climate change scenario, the physical parameters of the earth’s surface, such as temperature, water
availability and evapotranspiration, will change over the future decades [7] [8]. These changes can restrict crop
development and reduce yields, which could be adversely affected as canopy temperature fluctuations often ex-
ceed the optimum range [9]. Thus, a better understanding of plant responses to the combined effect of drought
and heat stress is pertinent [10] to the management of potential regional climate risks in the coming decades [3]
[11] [12].

The stress caused by high temperature occurrences has impacts on agricultural yields, even when the average
temperature reaches one or two degrees above the ideal for the culture [13]-[15]. However, the quantitative as-
sessment of production losses and impacts on yields from the duration and intensity of heat waves is still an is-
sue [16] [17].

Rio Grande do Sul State (RS hereafter) is the third largest producer of soybeans in Brazil and accounted for
approximately 18% of the national production in 2012 [18]. Although the production was 11.62 million tons in
2011, it reached a yield average at the state level of 2845 kg-ha™. The historical average from 2003 to 2012 was
only 2097 kg-ha * [18]. During most years, the frequency and intensity of rainfall from sowing to harvest have
been variable and often insufficient for the full development of culture [19]. For this purpose, improvements in
the management capacity and strategies are essential to benefit from favourable weather conditions and mitigate
impacts of non-favourable conditions [20] [21].

In the Rio Grande do Sul State (RS), the large inter-annual variability of rainfall is mainly due to El Nifio and
La Nifia occurrences, which cause yield fluctuations in southern Brazil [20]-[22]; there, the most impacted crops
are usually soybean and maize [20] in the summer. Prolonged drought effects on the summer crop in 2005
caused a decrease of approximately 75% in the soybean grain production [23]. Although weather fluctuations,
such as high temperature occurrences and water stress, are not always problematic [16], heat waves that may or
may not be associated with droughts are increasingly gaining interest in scientific publications [24] due to the
need for sustainable agriculture management and an assessment of the vulnerability to future international de-
mands [4].

The crop development profile of vegetation can be studied as an integrated function of the weather conditions
[20]. Usually, vegetation indices correlate well with soybean yields because they are mainly associated with
biomass evolution [25] [26].

Remote sensing data associated with geostatistics tools have been applied in agricultural studies. Typically,
EOS-MODIS (Earth Observing System-Moderate Resolution Imaging Spectroradiometer) satellite imagery data
have been applied in the monitoring and modelling of bioclimatic processes, crop cycle development, agricul-
tural production and biophysical parameter estimates [27]-[30].

Several studies have confirmed the potential of MODIS sensors for crop mapping. However, a few challenges
remain to confirm its role as an alternative to traditional official agricultural estimation methods, especially for
crop development conditions. Earlier studies [31]-[33] used temperature measurements from NOAA satellite
data to evaluate global vegetation conditions and drought-induced effects on vegetation.

Recent studies that use satellite data series have indicated that yield vulnerability would be caused by heat
waves via plant damage and inhibited crop growth [17] [24] [32] [34], even when the average temperature
reaches one or two degrees above the optimal temperature for the culture [13]-[15]. These effects are induced by
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reductions in canopy photosynthesis at the time of heat stress [10] [35], by evaporative demand increases [32]
[36] or the flowering period duration changes [37]. Currently, although it is known that the flowering period is
more sensitive to temperature than that to water stress, which especially affects the grain number [4] [34] [35]
[38] [39], heat wave impacts on crop growth are not well understood [16] [17].

Using satellite data [27], we observed that vegetation vigour decreases are able to be linked to yield by means
of the vegetation index. A close relationship exists between the canopy-LST of soybeans and yields in February
during drought occurrence [24]. In the present paper, we propose the following: 1) temperature fluctuations
around the optimum level in the crop canopy have an inverse effect on soybean yields during the summer crop
in Rio Grande do Sul State; 2) heat waves that may or may not be associated with droughts can occur; thus, it is
possible to detect a decrease in yields due to heat waves, even if a drought has not occurred; 3) considering that
heat waves can potentially intensify a drought effect during crop cycle development, it is expected that the most
severe decrease in yields occurs when those effects are combined; 4) in this study, we define a heat wave as any
registered land surface temperature (LST) occurrence that exceeds the average conditions of summer crops dur-
ing a specific time window with a resulting yield decrease.

To evaluate the above mentioned hypothesis, we are investigating the effects of canopy temperature on soy-
bean yield during crop development from early flowering to the grain filling period in RS/Brazil using satellite
imagery.

2. Material and Methods
2.1. Study Area

This study analysed 496 municipalities in RS State/Brazil that are located between approximately 27° and 34°
South and 49° and 58° West, which covers a soybean crop area of ~4.19 million ha during the crop years from
2003 to 2012. Figure 1 displays the study area in Brazil.

Recently, the prevailing management practice is zero till age farming (in Portuguese, Plantio Direto), which
is a low tillage planting and sowing practice that greatly reduces soil erosion and organic matter degradation
[27]. A moist subtropical mid-latitude climate (Cfa and Cfb types) and four well-defined seasons prevail in this
region [40]. Rainfall is relatively well distributed throughout the year, especially in the northern half of RS
where soybean cultivation is dominant. The cumulative average rainfall during the year is 1554 mm; no dry pe-
riod occurs. The cumulative average rainfall during the five-month summer crop (October to February) is 651
mm [41]. The annual average temperature is 291.2 K (18.1°C) which the absolute maximum temperatures occur
in January (315.3 K or 42.2°C), February (312.7 K or 39.6°C) and March (311.8 K or 38.7°C) [41].
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Figure 1. Rio Grande do Sul State and regional study areas from EMATER.
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Three droughts occurred in the study period, which severely affected the summer crops of 2004, 2005 and
2012. The most severe drought in 2005 caused a 75% loss of the soybean production [18] when the temperature
averages over the crop canopy were approximately 7 K higher than the ideal conditions [24].

Typically, RS is rain-fed, and the irrigation systems designed for soybean crop areas cover only 170,000 ha
[42] [43], which comprised less than 4.5% of the total soybean areas in the state in 2006 [18].

2.2. Crop Area Analysis

The soybean crop areas have been identified by application of the MCDA (MODIS Crop Detection Algorithm),
which was developed for crop area estimation and is fully described by [29]. A crop area map for ten different
crop years was generated from a map composition that combines each crop year map from 2003 to 2012. The
resulting crop area map composition tagged all soybean crop pixels at a frequency equal to or greater than two
events, which totalled 5.37 million hectares. Figure 2 shows the resulting soybean map using the MCDA pro-
cedure.

2.3. Data Type and Resolution

Several sources of data were used in this study: 1) annual soybean agricultural statistics at the state and munici-
pality levels [23] for the entire study area were used to compare and evaluate the results obtained from our soy-
bean area estimation procedure; 2) soybean cropping calendars were provided by the State Agency EMATER
(Associacao Riograndense de Empreendimentos de Assisténcia Técnica de Extensdo Rural) for the crop years of
2003, 2004 and 2005; 3) LST data from 2003 to 2012 derived from the MODIS sensor on board the Aqua satel-
lite (product MYD11A2-collection 5) were used to derive temperatures over the soybean canopy (canopy-LST)
in the crop years between 2003 and 2012. This product was preferred because it is obtained during the afternoon
passage. Collection 5 products hada mean and standard deviation of the LST differences of less than 0.2 K and
0.5 K, respectively [44]; 4) official data reports and historical statistics of soybean crop production from IBGE
were obtained; 5) official data reports and historical statistical data of soybean crop areas from IBGE were used
to calculate soybean yields over the entire study area; 6) Enhanced Vegetation Index (EVI) data from 2003 to
2012 derived from the MODIS sensor on board the Terra satellite (product MOD13Q1-collection 5), which is
composed of the best radiometric and geometric pixels selected within a 16-day period, were used to classify the
canopy-LST as an auxiliary data because the vegetation index and LST interpret opposite extreme weather
events [45]. The EVI data are representative of vegetation vigour. EV1 is based on canopy reflectance character-
istics and is designed to minimise the influence of soil and atmospheric effects on satellites [46] [47].
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The EVI expression is 2.5*(Nir — Red)/(Nir + 6 Red — 7.5 Blue + 1), where Nir, Red and Blue are atmos-
pherically or partially atmospherically corrected surface reflectance of near infrared, red and blue bands, respec-
tively [46]. The MODIS images and products were pre-processed by the National Aeronautics and Space Ad-
ministration [48] and are available at no charge at https://Ipdaac.usgs.gov/data_access/data_pool.

2.4. Vegetation Development

Agricultural crop production is characterised by a large variability in yield as a result of the main agrometeo-
rological parameters [25]. This is particularly evident in Rio Grande do Sul State, where agrometeorological
conditions during the summer are known to vary spatially and annually causing different impacts on yield.

Recently, yield estimation models have considered agricultural practices, weather or climatological conditions
as the predominant physically driven conditions that represent the cycle of agricultural development [24], espe-
cially precipitation [20] [21] [26]. In RS State, [27] calculated the relationship between soybean yields and
vegetation vigour from EVI; they obtained an R* = 0.91 for a municipality level analysis by considering an inte-
grative window of the soybean crop cycle. However, agriculture is also impacted by crop canopy temperature
extremes, such as heat waves [17] [24] [49]. Figure 3 presents the high variability of yield in RS.

The preferred period of soybean sowing in RS is from mid-October to mid-December, according to agricul-
tural zoning for lower climatic risk within various soils, regions and cultivars [50]. Depending on the sowing
date, maximum plant growth is observed from late January to early March [29]. The flowering period is typi-
cally reached between late January and early March (EMATER), as observed during the 2003 to 2005 period.
Figure 4 present the mean agricultural calendar for soybean in RS.
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2.5. Canopy-LST and Soybean Crop Yield

LST is a measure of surface temperature (also known as skin temperature), rather than air temperature, which is
more commonly applied in physiological studies [51]. The theoretical basis is Planck’s Law of Radiation, which
describes that radiating energy from a black-body, as predict by Stefan-Boltzmann’s Law, is distributed in the
electromagnetic spectrum as a function of its temperature [52]. Thus, the LST is the internal manifestation of the
random translational energy of the molecules constituting a body [53] [54]. Several applications of thermal ra-
diation have used the black-body radiation theory for temperature estimations since the pioneer studies of Dick,
Penzias and Wilson in the 1950s [54]. For Earth Science studies, the external manifestation of an object’s energy
can be detected by remotely sensed devices into an orbital path way using thermal scanning technology [55].
Therefore, it is possible to obtain a physical measure from the vegetation that covers the surface.

Considering that physiological activities of leaves are closely related to their actual temperature (canopy tem-
perature), rather than air temperature, the LST can be used as a reliable measure of physiological activity of a
vegetation canopy [51] [56], because the vegetation structures of soybeans with planophile canopies are prone to
preserve spectral emissivity information [57]. Canopy-LST can exert a direct effect on plant photosynthesis.
Among the main impacts of heat stress, the effect on photosynthesis is the most important on yields due to the
inhibition of the crop growth rate [17]. Canopy temperatures between 298 K (25°C) and 309 K (35°C), with an
ideal average near 303 K (30°C), are most frequently considered the ideal conditions for soybean development
[14] [17] [35]. Nevertheless, studies have demonstrated that the combined use of the LST and vegetation index
assumes an inverse mathematical relationship [24] [36] [58].

2.6. Satellite Data Retrieval and Processing

To generate the yield map, spatially interpolated maps were obtained using the spherical/ordinary kriging
method, which is based on the trend of the variability in the sample’s values and the distance between them [59].
This technique is adequate for the conditions identified in the present study, where a limited number of mete-
orological stations were available. To generate spatially interpolated maps, average yield values for each mu-
nicipality were placed at their centroids. Then they were defined at the regional scale to generate regional aver-
ages of yield, EVI and accumulated rainfall.

First, we acquired MODIS/Terra data (MOD13Q1 product-collections 5) and MODIS/Aqua data (MYD11A2)
that covered the entire RS State (image tiles: H13V11 and H13V12) for the 2003-2012 study period. The 496
municipalities were grouped into ten regional areas of EMATER. It is important to note that the analysis of de-
viations from the smoothed maps was only performed on the areas mapped as soy cultivation between 2003 and
2012. The original LST data product (MYD11AZ2), as distributed by NASA, corresponds to composites of eight-
day averages. The original vegetation index product (MOD13Q1) is distributed for 16-day maximum value
composites. Thus, to match the LST product to the EVI product, we rearranged data and grouped them as fol-
lows:

1) MOD13Q1 already represents a maximum composite of 16 days; thus, any further calculation was per-
formed within 16 days of EVI, starting from DOY 001;

2) To retrieve the most representative LST data from the crop canopy, the first step was to obtain the maxi-
mum LST composition over 16 days by combining two MYD11A2 products (an average of eight days) that
cover the same DOY period from item 1;

3) After that, steps 1 and 2 were also performed for the subsequent 16-day composites of MYD11A2 and
MOD13Q1;

4) By combining two LST composites of 16 days as a function of the maximum EVI, the canopy-LST com-
posite of 32 days is obtained. Therefore, the resulting product at DOY 001 is representative of the temperatures
over crop canopies that occurred when the EVI was maximum between DOY 001 and 032. Canopy-LST at
DOY 017 is representative of the temperatures over crop canopies that occurred when the EVI was maximum
between DOY 017 and 056, and so on. An earlier analysis of canopy-LST (prior to DOY 001) was not per-
formed due to the heterogeneous surface, which characterises the initial phenological stage. Such conditions can
induce spatial variations of several degrees in the near surface air temperature [60] and consequently in the can-
opy-LST because of the absence of the soybean vegetation canopy in the initial development period;

5) Canopy-LST maps are generated for different time periods of the phenological stage, which cover a time
window of 32 days (DOY 001; 017; 033; 049) (as presented in Figure 5(b)). All Canopy-LST maps and Yield
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map were merged with the crop area map from MCDA,;

6) Finally, the percentage variation of each regional average canopy-LST composite was compared to its av-
erage from 2003 to 2012 in the same time window. This calculation is performed such that the generated LST is
associated with the maximum EVI that occurs in one of the two 16-day composites. The detailed procedure is
important because we are not interested in the maximum LST registered in the time window of 32 days, but
rather we were valuing the LST associated with the best vegetation coverage of the time window, which is con-
sidered the canopy-LST in order to avoid a previous moisture background and/or drought effects. Here we note
that the concept of the former mentioned calculation is completely different from the latter.

Although studies of crop modelling that use LST data very often do not adequately adhere to these funda-
mentals, for cold or heat effects on vegetation, the physical concepts in the previously mentioned review sec-
tions must be seriously considered before processing the imagery.

3. Results

Soybean yields in RS State obtained from IBGE were compared to the canopy-LST at various development
stages at the state and regional scales from 2003 to 2012. Spatially interpolated maps of the yield average dis-
tribution (Figure 5(a)) and the canopy-LST distribution for DOY 001, 017, 033, 049 and 065 (Figure 5(b))
were obtained. Linear least square regression analysis was performed for state level soybean production esti-
mates that were obtained from IBGE for the same period. A LST analysis was performed on the Kelvin scale;
therefore, each 1% percent deviation from the average corresponds to approximately 3 K. Figure 6 presents the
relative yield distribution as a function of the relative canopy-LST in RS.

The soybean yield deviations from each crop year were compared to the canopy-LST deviation. An analysis
of the data shows a well-defined trend for higher yields and below average canopy-LST occurrences and lower
yields for above average LST (Figures 6(c) and (d)).

To better understand the canopy-LST impacts and its correlation to yields, all of the data were analysed as
deviations from the averages between 2003 and 2012. Through a non-linear relationship, it was observed that
variations in the canopy-LST averages from DOY 033 (between February 2" and March 5"), which is fully re-
lated to the flowering period in Figure 4 (Feb. 1-Feb. 2), are characterised by R? = 0.68 and RMSD = 19.3%.
However, a linear relationship with R? = 0.82 and RMSD = 14.4% is obtained at DOY 049 (between February
18" and March 21%), which is more closely related to the grain filling period (Feb. 2-Mar. 1).

The dense group of points placed in the inferior right quadrant of Figure 6(f) represent points with a relative
canopy-LST above 2% in all ten regions in the summer crop year of 2005. As observed by [24], these higher
canopy-LST deviations in 2005 are linked to the most severe drought occurrence of the study period. Consider-
ing a minimum yield of 1000 kg-ha *, the overall yield average inside the crop areas from 2003 to 2012 was
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Figure 6. Scatter grams that compare the relative yield distribution as a function of the relative canopy-LST obtained from
crop years 2003 to 2012.

2003 kg-ha * with a standard deviation of 308 kg-ha *. Considering DOY 049, the overall average canopy-LST
is 305.0 K (31.8°C) with a standard deviation of 1.9 K, the minimum is 296.4 K (23.2°C), and the maximum is
315.0 K (41.8°C). These physically driven conditions led to a linear decreasing relationship of —28.7%. How-
ever, when considering drought-free crop years (without 2005 and 2012), the new overall yield average is 2260
kg-ha * with a standard deviation of 326 kg-ha *. Under these conditions, the new overall average canopy-LST is
303.6 (30.4°C) with a standard deviation of 1.8 K, the minimum is 295.8 (22.6°C), and the maximum is 313.0 K
(39.8°C), which are close to the suggested limit of the ideal temperature conditions.

4. Discussion

The heat stress that occurs during flowering and pod formation (R1-R5) affects grain numbers, which is closely
related to the yield [35] [38] where as stress during grain filling (R5-R7) reduces the grain size [38]. When en-
ergy and water conditions are non-limiting for plant growth, considering complete canopy conditions, crops can
present elevated canopy-LST due to aerodynamic resistances that suppress sensible heat transfer [32]. When
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evaluated cotton plant (C3 plant as soybean) development under stress conditions and [10] observed that the di-
rect effects of temperature on reproductive processes (flowering) are difficult to distinguish from metabolic
processes because the inhibition of photosynthesis can also be caused by overheating the canopy, even under
well-watered conditions. However, in the present investigation, considering the drought-induced crop years of
2005 and 2012 (Figures 3 and 6(f)), yield loss may be associated with the coupled effect of two different physi-
cally driven conditions: an initial reduction in the water availability followed by a temperature increase, which is
probably exacerbated by the energy exchange mainly due to wind, humidity and exposure to incident radiation
[32] [61] [62].

As presented in Figure 4, the average agricultural calendar for ten different regions in the state presents three
maxima of the flowering period from the first half of February to the first half of March that are greater than
30%. Although DOY 049 also covers the flowering period, similar to DOY 033, we note that the results for
DOY 049 are more correlated. However, this result is possibly linked to the computational redundancy of the
canopy-LST data to yield losses due to drought. As the canopy-LST in the DOY 049 window covers the last end
of the crop development profile, the damaging effects due to heat waves may overlap with early drought effects
that may have begun several weeks prior, especially for crop years 2005 and 2012. In this situation, the imple-
mentation of strategies and policy planning for the region, such as a sowing calendar and the use of irrigation
techniques [22], are extremely important. Heat waves can potentially increase drought effects by overheating the
vegetation canopy, which inhibits photosynthesis [10] [63] and intensifies plant damage (Figure 6(f)). Further-
more, it is important to note that, considering the mean agriculture calendar (Figure 4), DOY049 does not cor-
relate as well as DOY 033 with the flowering period (Figure 6(c)), but it does correlate better to grain filling
(Figure 6(f)). This suggests that, although higher temperatures can occur in the earlier phenological stages (as
during flowering), severe impacts on yields are prone to be observed during the grain filling stage, especially
when the elevated canopy-LST is associated with drought(e.qg., crop years 2005 and 2012) (Figure 3).

The relatively smaller correlations between canopy-LST and yield for the 32-day composite windows pre-
sented in Figures 6(a) and (b) can be linked to background effects. The periods covered are DOY 001 between
January 1 and February 1% (Jan 1-Jan 2 in Figure 4) and DOY 017 between January 17" and February 17" (Jan
2-Feb 1 in Figure 4). Soil cover by vegetation during this stage is sparse, which increases surface temperature
and may be confused with an unrealistic rise in the canopy-LST.

5. Conclusions

We observed that variations of the averages of canopy-LST during flowering/grain filling periods of summer
crops are closely associated with variations in soybean yields.

The results indicate that heat waves that are slightly warmer than the optimal conditions for growth can po-
tentially increase drought effects and yield loss by overheating the vegetation canopy and intensifying plant
damage.

Finally, we concluded that future studies on canopy-LST monitoring can significantly contribute to the re-
gional characterisation of agriculture vulnerability and management of potential climate conditions and fluctua-
tions.
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