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Abstract

:

Droughts can exert a strong influence on the regional energy balance of the Amazon and Cerrado, as can the replacement of native vegetation by croplands. What remains unclear is how these two forcing factors interact and whether land cover changes fundamentally alter the sensitivity of the energy balance components to drought events. To fill this gap, we used remote sensing data to evaluate the impacts of drought on evapotranspiration (ET), land surface temperature (LST), and albedo on cultivated areas, savannas, and forests. Our results (for seasonal drought) indicate that increases in monthly dryness across Mato Grosso state (southern Amazonia and northern Cerrado) drive greater increases in LST and albedo in croplands than in forests. Furthermore, during the 2007 and 2010 droughts, croplands became hotter (0.1–0.8 °C) than savannas (0.3–0.6 °C) and forests (0.2–0.3 °C). However, forest ET was consistently higher than ET in all other land uses. This finding likely indicates that forests can access deeper soil water during droughts. Overall, our findings suggest that forest remnants can play a fundamental role in the mitigation of the negative impacts of extreme drought events, contributing to a higher ET and lower LST.
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1. Introduction


Approximately 20% of Amazon vegetation and 50% of Cerrado have already been converted to other uses [1], largely pastures and croplands [2,3,4,5]. While deforestation rates in both biomes have declined from their peak in the early 2000s [3,6], between 5000 and 9000 km2 are still deforested each year. The state of Mato Grosso has been at the forefront of deforestation, accounting for 40% of all Amazon deforestation from 2000 to 2005 and about 20% to date (1341 km2) [7]. Mato Grosso also accounted for 24% of deforestation in the Cerrado biome from 2014 to 2017 [7]. Such changes in land use are expected to drive important regional climatic changes [8,9] because deforested areas covered by crops and pastures tend to be warmer and evapotranspire less [10,11,12] than areas covered by native forests and savannas. Such deforestation-induced climate changes have the potential to amplify drought effects on vegetation [13].



In recent years, the Amazon–Cerrado ecotone has experienced four severe droughts [13,14,15,16,17]. In 2005 and 2010, precipitation was below the long-term average across 37% and 50% of the Amazon region, respectively, mostly due to increases in sea surface temperatures (SST) in the tropical North Atlantic Ocean [14,15,18]. In 2015, the Amazon and Cerrado experienced another severe drought, but this time related to a strong El Niño event [16,18]. Furthermore, precipitation across the Xingu region (southeast Amazonia) was lower in 2007 than in any other year during the 2000–2010 period [12,19]. While several lines of evidence suggest that drought frequency will increase in the near future [13,20], it is still unclear how drought intensification may influence the regional energy balance across different land uses.



Tropical forests and savannas have several strategies to cope with droughts [6,19]. For example, neotropical trees and shrubs can access large volumes of soil water (e.g., below 15 m deep) via deep root systems that help sustain high photosynthesis and evapotranspiration during dry periods [11,21,22]. However, droughts can have severe consequences for the structure and functioning of tropical vegetation [23]. In a large-scale rainfall exclusion experiment, for instance, tree mortality abruptly increased after deep soil moisture dropped below 50% for two consecutive years [24]. Further, savanna tree leaves tend to senesce or arrest ET during the dry season, although some trees and shrubs can maintain green leaves all year long.



As large areas of the Amazon and Cerrado are converted to pasture and croplands, the region’s capacity to cycle water during dry periods can be greatly diminished [18]. In fact, climatic changes associated with deforestation in the Amazon and Cerrado can exacerbate the effects of regional droughts. Pasture and croplands replacing forests and savannas tend to decrease evapotranspiration and increase sensible heat [12,25,26]. These changes in the energy balance components alter the regional climate, and may partially account for the 18-day lengthening of the dry season observed across the southeast Amazon [27,28,29]. Moreover, large-scale agricultural expansion may actually reduce the capacity of vegetation to withstand droughts, yet few studies have quantified that effect. From this perspective, our objective was to evaluate the impacts of drought on evapotranspiration (ET), land surface temperature (LST), and albedo on cultivated areas, savannas, and forests.




2. Materials and Methods


2.1. Study Area


Our study focuses on the Brazilian state of Mato Grosso (MT), a region that has experienced high rates of deforestation for agricultural expansion during the last three decades [5,6,7]. Spanning an area of 903,358 km², MT encompasses three different biomes: Amazon forest (480,216 km2; 53.6%); Cerrado savanna (354,823 km2; 39.6 %); and Pantanal wetland (60,885 km2; 6.8%) [30]. In 2018, the state was responsible for approximately one-quarter of Brazil’s grain production (59.5 million tons), including 30.5 million tons of soybean and 26.4 million tons of maize [31]. Its climate is divided into distinct dry and wet seasons, with the mean annual precipitation ranging from 1500 to 2000 mm [22,32], and air temperature from 23 to 25 °C [33]. Altitudes in the state vary between 400 and 800 m above sea level.




2.2. Datasets


To investigate how recent droughts affected evapotranspiration, land surface temperature, and albedo in Mato Grosso, we combined data products derived from the Moderate Resolution Imaging Spectroradiometer (MODIS: MOD8, MCD43A3, MOD11A2, MOD16A2), precipitation from the Tropical Rainfall Measuring Mission (TRMM 3B43) [20], and land cover maps of the region [34,35,36,37,38].



Land cover—We used three different time series of land cover maps to determine the principal land covers in Mato Grosso (forest, savanna, and agriculture). First, we extracted the “forest” class based on global forest change maps published by Hansen et al. [35]. This dataset is comprised of yearly forest change maps from 2000 to 2014 at 30-m resolution. They were developed based on images from the Landsat 5 (Thematic Mapper (TM)), Landsat 7 Plus (Enhanced Thematic Mapper (ETM+)), and Landsat 8 (Operational Land Imager (OLI)) satellites [35]. Forest cover was estimated based on percent tree cover (over 5 m in height). Second, we used cropland distribution maps from Spera et al. [38], which used EVI (MOD13Q1) phenology to distinguish single-cropping, double-cropping, and major crop types [39,40] at 250-m resolution. Finally, we extracted the “Cerrado” class from the TerraClass Cerrado dataset [34]. This dataset was created based on 118 scenes collected by Landsat 8-OLI in 2013. To integrate these products, we first standardized the spatial resolution of all three datasets to 250-m resolution. Next, we created the “forest” class based on [35]; “agriculture” by combining crops listed in [38]; and “Cerrado” from TerraClass [34]. Finally, we integrated the three land use classes into one map to conduct the analyses (areas with other land uses were not considered in the analyses).



Land surface temperature (LST)—LST values were derived from the time series (2000–2014) of the MOD11A2 (collection 006) product. With a spatial resolution of 1 km and a temporal resolution of 8 days, the LST data was obtained using the “generalized split-window” algorithm [20].



Evapotranspiration (ET)—ET data were obtained from the time series (2001 to 2014) of the MOD16A2 (collection 005) product. With a spatial resolution of 1 km, the MOD16 product was calculated from the MOD12 (ground cover), MOD15 (fraction of photosynthetically active radiation absorbed, leaf area index), and meteorological data of the GMAO (Global Modeling and Assimilation Office) model [41]. The algorithm used here is based on the Penman–Monteith equation, adapted by [37]. We did not use collection 006 due to the prevalence of missing data (NA) for the study area, compared with collection 005. Although the uncertainty of the ET product derived from MODIS (MOD16) is estimated to be only ~5% for tropical forests [37], there are not many validation sites. Furthermore, a study evaluating the uncertainty associated with the MOD16 ET found that misclassification of land cover maps represented the main source of uncertainty in the ET model [42]. To minimize this issue, we used here only pure pixels for each class of land use (i.e., just pixels that did not experience a transition during the study period).



Albedo—The true surface albedo was estimated from the clear sky and dark sky albedos of the MOD43A3 product (collection 005, 500-m resolution), as described by Schaaf et al. [43]:


albedo = [1 − S(θ, t)] αbs + S (θ, t) aw



(1)




where t is the atmospheric optical depth (AOD), S(θ, t) is the fraction of diffuse light, abs is the dark sky albedo, and aws is the clear sky albedo. The S(θ, t) data were obtained from the look-up table available in the documentation for the MOD43 product [21]. Assuming a homogeneous AOD throughout the study area, we obtained the AOD and calculated the true surface albedo at midday.



Drought intensity—We used the maximum climatological water deficit (MCWD) as our metric to represent annual drought intensity between 2000 and 2014 (as described by [44] and [13]). The MCWD index is calculated from the monthly cumulative water deficit (CWD), which is the sum of the negative balance between monthly precipitation and evapotranspiration. We used the TRMM precipitation dataset (3B43, version 7) to estimate rainfall [45] and a fixed ET value of 100 mm to calculate CWD (a metric of dry season intensity), following Aragão et al. [44] and Malhi et al. [13]. The MCWD was defined as the most negative monthly CWD value observed over the annual cycle [44].




2.3. Statistical Analyses


We performed three different analyses to evaluate whether the effects of drought were less pronounced in forest areas than in deforested areas. First, we identified years with droughts above the historical average (extreme drought). Second, we compared the response variables (ET, LST, and albedo) in the year of extreme drought with the four-year mean for the years closest to the extreme drought (two before and two after). Finally, we used covariance analyses to evaluate how the relationship between drought intensity and each response variable (ET, LST, and albedo) varied for the three land cover types (forest, cropland, and pasture).



(I) Identification of Extreme Drought Events



To identify drought years, we calculated the mean MCWD for each pixel in Mato Grosso). We found a significant deviation (p < 0.001) in 2007 and 2010, which we classified as drought years (Figure 1).



To characterize the spatial distribution of the drought across Mato Grosso, we defined areas with values exceeding 1.50 standard deviations from the mean, whether lower (≤1.49 SD) or higher (≥1.50 SD). The areas ≥1.50 SD in 2007 had a deficit greater than −501.09 mm, whereas those in 2010 had a deficit greater than −499.20 mm.



Using the equation below, we calculated the hydrological deficit associated with each area based on the difference between the historical MCWD mean and the standard deviation of the historical MCWD series multiplied by 1.50:


Tewd = MCWDh − (MCWDSD * 1.50)



(2)




where Tewd is the threshold of extreme water deficit, MCWDh is the historical mean of the MCWD, and MCWDSD is the standard deviation of the historical mean MCWD.



(II) Comparing ET, LST, and Albedo in Drought Years with Historical and Biannual Averages



As a second step, we calculated the percent changes in albedo, LST, and ET (in forest, savanna, and cropland) throughout the state and in areas where the drought exceeded 1.50 standard deviations from the mean. To do so, we first determined two historical means for each variable, based on the time series from 2001 to 2014.



In order to control for long-term trends in the data (i.e., increasing or decreasing values), we also created two biannual means based on the means of the pair of years preceding and following each focal year (2007 and 2010). To remove the effects of extreme years on the historical means, we excluded the focal years from these averages. As with MCWD, we calculated all annual means based on the hydrological year (October–September).



To estimate the effect of droughts on the evapotranspiration (ET), land surface temperature (LST), and albedo, we calculated the difference between drought years (2007 and 2010) and non-drought years (2001 and 2014, excluding drought years) for each variable of interest (ET, albedo, and LST). We then extracted these differences (Δe) for pure pixels of each land use, defined as areas that did not change during the study period. In the case of forests, we only included pixels with 100% forest cover. We also summarized Δe for pure pixels in areas where the drought was more or less intense. All calculations were performed using the raster package in R [46].



(III) Seasonal Effect of Drought on ET, LST, and Albedo by Land Use and Cover



To quantify how dry season intensity affects the albedo, land surface temperature (LST), and evapotranspiration (ET), we first extracted the monthly (dry season only) ET, LST, and albedo for each land cover type (forest, savanna, agriculture). Using the raster R package [46], we then calculated monthly averages for each variable of interest, and regressed them against monthly CWD.





3. Results


In Mato Grosso, the dry seasons of 2007 and 2010 were 18.05% (MCWD = 67.6 mm lower) and 26.44% (MCWD = 99.8 mm lower) drier than the historical mean (2001–2014) (Figure 2). While a larger area of the state experienced low MCWD values in 2010, the most negative values of MCWD were recorded in 2007 (minimum of −600.2 mm) in the southeast portion of the state. The southwest endured the most intense drought in both 2007 (−97.3 mm, 28.55%) and 2010 (−116.8 mm, 34.39%). The regions least affected by droughts were the north in 2007 (65.48 mm, 17.65%) and the northeast in 2010 (64.9 mm, 15.87%).



When we analyzed mean changes in energy balance components across the entire state of Mato Grosso, we found an overall increase in surface temperature and albedo during the droughts of 2007 and 2010. The dry season LST was 0.3 °C (mean = 30.8 °C) higher than the historical mean in 2007 and 0.7 °C (mean = 30.1 °C) higher in 2010 (Figure A1). Albedo also increased during those drought years, but only by 0.01 (mean = 0.143) in 2007 and by 0.04 in 2010 (mean = 0.147) (Figure A2). ET in 2007 and 2010 was slightly lower during drought years (2007: −0.8 mm per month; 2010: −4 mm per month) when considering only the years from 2010 to 2014 in our long-term average (Figure A3 and Figure A4)).



When we controlled for land use changes during the study period (i.e., excluding pixels that changed status), we found that energy balance components in forested areas were more stable across years compared with deforested areas. For example, (annual) mean LST in 2010 increased less in forests (0.3 °C) than in savannas (0.6 °C) or croplands (0.8 °C) (Table A1). However, in 2007 such increases in LST were more similar across land uses. Albedo also increased more in agricultural fields during the droughts of 2007 and 2010 (0.007 and 0.01, respectively), but in forests and savannas, these increases did not differ from zero (p > 0.05). In 2007 and 2010, ET during the 2007 drought decreased by 1.0 mm and 1.2 mm per month in forests and savannas, respectively, compared to the two previous years. In 2010, there was a decrease in ET of 3.97 mm per month in forested areas, 4.10 mm per month in savannas, and 2.85 mm per month in croplands.



A comparison of areas with more (≥1.50 SD) and less (≤1.49 SD) intense MCWD for the entire state of Mato Grosso (across all land use classes) indicated increases in LST and albedo as a function of drought intensity (Figure A5). In 2007, for instance, the areas experiencing more negative MCWD were 0.1 °C warmer (LST) than areas experiencing higher-than-average MCWD (Table A2). There was also an increase in albedo during the droughts of 2007 and 2010 relative to other non-drought years (~0.001) across drier portions of Mato Grosso, especially in 2010 (+0.003). Regions that became drier during the drought of 2007 also evapotranspired less (0.85 mm per month) compared with non-drought regions. However, the inverse pattern was observed in 2010, when ET was 1.69 mm per month higher in regions with low MCWD compared with regions experiencing no droughts.



Comparing the three response variables (ET, LST, and albedo) in areas of higher and lower drought intensity revealed significant differences for albedo and LST, but not ET. In 2007, the LST of forest (0.1 °C), cropland (0.2 °C), and savanna (0.1 °C) regions were higher in areas of more intense drought. In 2010, however, only agricultural areas experienced a difference in temperature (0.1 °C) in areas of higher drought intensity. In 2007 and 2010, the albedo of forest (0.02 and 0.01, respectively) and savanna (0.01 in both years) regions was higher in areas of more intense drought, whereas in croplands a difference was only recorded in 2010 (Δ = 0.03). In the case of ET, in 2007 cerrado (2.39 mm/month) and cropland (2.56 mm/month) showed smaller increases in areas of greater drought intensity. However, the opposite occurred in 2010, where cropland (1.39 mm/month), cerrado (2.39 mm/month), and forest (3.44 mm/month) regions showed the smallest increases in areas of lower drought intensity.



Overall, drought intensity exerted a significant influence on the relationship between monthly dry season intensity (CWD) and the three response variables (ET, LST, and albedo), with the magnitude of changes varying among land uses (Figure 3). For example, we found that a 100-mm increase in dry season intensity was associated with a 3 °C increase in LST for croplands, compared with 2 °C in savannas and 1 °C in forests. The forest ET was also less affected by drought compared with other land uses. For example, for an increase of 100 mm in dry season intensity, ET dropped by 9 mm per month in forests, 12 mm in savannas, and 20 mm in cropland. While the albedo of all three types of land cover was related to drought intensity, it did not significantly increase with a 100 mm increase in water deficit.




4. Discussion


This study tested the hypothesis that cropland expansion into forest and savanna regions of the southern Amazon amplifies drought-related changes in the regional energy balance components (land surface temperature, evapotranspiration, and albedo). Our main prediction was that deforested areas experience greater increases in LST and albedo during droughts than forested areas, but smaller decreases in ET because forests and savannas have deeper rooting systems. Our results partially support this hypothesis. Savannas and forests remained significantly cooler (as represented by LST) than cropland during the drought of 2010, while maintaining a more constant albedo during drought years. The overall importance of this result is that increased deforestation can amplify the effects of droughts by further increasing land surface temperature and albedo, two important variables regulating the regional climate. However, contrary to our hypothesis, ET in forests and other land uses increased or remained similar to the historical average during the droughts of 2007 and 2010. Although the ET product used here (MOD16) has been tested and validated for tropical forests [37], improved regional estimates of ET would likely enhance our ability to detect ET differences across years and land uses, given that such differences were relatively small.



The modest increases in forest surface temperature during drought years (compared with other land uses) is likely due to the capacity of forests to access deep soil water to meet increased atmospheric demand. By converting more of the incoming solar radiation into water fluxes and maintaining high ET throughout drought years, forests are expected to cool LST compared with croplands. Some studies estimate that Amazon forests convert ~75% of the incoming solar radiation into latent heat [12,47,48]. Crops may also cool the land surface (via evapotranspiration) at the onset of droughts; however, as droughts intensify, there is a tendency for crops to dry out, followed by a rapid increase in surface temperature. Compared with croplands, we also observed less pronounced increases in LST during droughts in savannas. Although savannas have a lower fraction of canopy cover compared with forests, they were more efficient in cooling down the land surface during drought years compared with other land uses. Overall, we observed the greatest differences in LST between forests/savannas and cropland during the dry season in drought years. This result probably relates to croplands having low canopy cover during the driest months (non-growing season) and shallower roots than forests and savannas, both of which limit access to larger volumes of deep soil water [19,23].



Albedo controls much of the energy exchange between the biosphere and the atmosphere [36]. Land uses reflecting a higher proportion of the incoming shortwave radiation have less available energy to power the hydrological cycle. In our study, we expected forests to maintain lower albedo than other land uses, given their year-round dark canopy. However, we observed significant increases in albedo in forested regions, particularly those experiencing high water stress. This suggests that the droughts of 2007 and 2010 were intense enough to trigger reduced photosynthesis, abnormal leaf shedding, or both. A similar pattern was observed for savannas, a vegetation type that is considered drought tolerant. In contrast, we expected cropland (first) to have low canopy cover and high albedo during recent droughts, but observed only minor increases in albedo in these regions during the dry season. One potential explanation for these unexpected results is that albedo in croplands is already extremely high, on average, and droughts have little additional effect. Forests and savannas, on the other hand, have much lower albedo and can experience larger increases during drought years.



Our findings of increased ET during drought years in forested regions are consistent with previous findings that groundwater (accumulated during the preceding rainy season) may be sufficient to sustain ET at levels similar to or even higher than those recorded during the rainy season [23,49,50,51]. The increase in ET observed in cropland during drought years (2007 and 2010) may also be related to management responses (such as shifting the initial planting date) or to the considerable spatial and temporal variation in the crops planted in the state. For example, recent studies in the Cerrado biome suggest that double-cropped areas (i.e., planted with soybeans followed by a short-season maize crop in a single rainy season) may sustain higher ET than native vegetation during most of the rainy season (December–May). ET is even higher when grasses such as Brachiaria are planted during the fallow period [26].



Increases in dry season intensity (represented by CWD) caused ET reductions and LST increases across all land uses. In croplands, the effect of seasonal droughts on ET was even greater, possibly due to reduced leaf cover [23], but also to a likely increase in exposed soil area resulting from early harvests or crop failures. Studies show that during the dry season there is a reduction in net photosynthetic activity as plants engage in various strategies to conserve water, many of which tend to reduce transpiration. As drier/hotter air increases atmospheric water demand (i.e., vapor pressure deficit), plants tend to close their stomata to prevent leaf water potential from falling below levels critical to the stability of the plant water transport system. In some cases, plants drop their leaves to reduce water loss in response.



In general, our results suggest that deforestation for the expansion of croplands amplifies the effects of droughts, given that surface temperature and albedo increased more in croplands than in forests, while ET remained high in forested regions. However, modeling studies that consider feedbacks between changes in the energy balance and climate should be made for more precise assessments. Mato Grosso is Brazil’s principal producer of agricultural commodities, including beef, soybean, maize, and cotton [31]. It also has a prolonged dry season, during which minor changes in the hydrological cycle can have major negative impacts on crop productivity, triggering increases in wildfires or abandonment of short-harvest crops [52]. Given their stabilizing effects on the regional energy balance components (LST and albedo), preserving remaining forests should be a priority in agricultural development strategies. The high evapotranspiration rates and low surface temperatures found in forested environments can provide an important buffer to drought conditions, while contributing to global efforts to mitigate climate change due to greenhouse gas emissions [12,53].




5. Conclusions


Our hypothesis received strong support. We found that the effects of drought on the land surface temperature (LST) and albedo are greater in areas of cropland and savanna in comparison with forested environments in the Brazilian state of Mato Grosso. As droughts increased in intensity (measured by the cumulative water deficit (CWD)), forests maintained relatively stable evapotranspiration compared with savannas and croplands. Croplands showed a greater increase in LST compared with savannas and forests. Albedo also demonstrated a significant relationship with drought in all three land uses.



In 2007 and 2010, cropland areas showed a greater increase in albedo and LST than that observed in savanna and forest areas. While forests showed a smaller increase in ET, they represented approximately half of the evapotranspiration recorded in Mato Grosso. Our results indicated that, in years of extreme drought, the forest contributes to smaller changes in the energy balance components at local and regional scales. In contrast, deforested areas experience larger changes in the energy balance that may act synergistically to intensify droughts. By maintaining higher levels of ET, and lower LST and albedo, natural environments not only help to maintain the hydrological cycle but also to buffer against the effects of droughts.
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Table A1. Parameters used to evaluate evapotranspiration (ET), land surface temperature (LST), and albedo (in years of severe drought) in the principal types of land cover (forest, savanna, and cropland) in the Brazilian state of Mato Grosso.






Table A1. Parameters used to evaluate evapotranspiration (ET), land surface temperature (LST), and albedo (in years of severe drought) in the principal types of land cover (forest, savanna, and cropland) in the Brazilian state of Mato Grosso.





	
Land Surface Temperature 2007




	

	
∑b

	
∑h




	
Uses

	
xAe

	
Δe

	
Teste de Tukey p

	
Δe

	
Teste de Tukey p






	
Generally

	
30.80 ± 0.8 °C

	
0.4 ± 0.6 °C

	

	
0.3 ± 0.6 °C

	




	
Forest

	
27.81 ± 0.6 °C

	
0.2 ± 0.3 °C

	
Forest-Cerrado < 0.001

	
0.2 ± 0.3 °C

	
Forest-Cerrado < 0.001




	
Cerrado

	
31.45 ± 2.2 °C

	
0.5 ± 0.6 °C

	
Forest-Agriculture < 0.001

	
0.3 ± 0.6 °C

	
Forest-Agriculture < 0.001




	
Agriculture

	
33.85 ± 1.3 °C

	
0.3 ±1.0 °C

	
Cerrado-Agriculture < 0.001

	
0.1 ± 0.8 °C

	
Cerrado-Agriculture < 0.001




	
2010




	
Generally

	
30.10 ± 0.8 °C

	
0.4 ± 0.7 °C

	

	
0.7 ± 0.7 °C

	




	
Forest

	
27.80 ± 0.7 °C

	
0.1 ± 0.4 °C

	
Forest-Cerrado < 0.001

	
0.3 ± 0.3 °C

	
Forest-Cerrado < 0.001




	
Cerrado

	
31.43 ± 2.1 °C

	
0.4 ± 0.7 °C

	
Forest-Agriculture < 0.001

	
0.6 ± 0.7 °C

	
Forest-Agriculture < 0.001




	
Agriculture

	
33.81 ± 1.2 °C

	
0.7 ± 0.9 °C

	
Cerrado-Agriculture < 0.001

	
0.8 ± 0.8 °C

	
Cerrado-Agriculture < 0.001




	
Albedo 2007




	
Generally

	
0.143 ± 0.006

	
0.002 ± 0.007

	

	
0.001 ± 0.007

	




	
Forest

	
0.133 ± 0.003

	
0.000

	
Forest-Cerrado ns

	
0.000

	
Forest-Cerrado ns




	
Cerrado

	
0.139 ± 0.012

	
0.002 ± 0.007

	
Forest-Agriculture < 0.001

	
0.000

	
Forest-Agriculture < 0.001




	
Agriculture

	
0.179 ± 0.007

	
0.009 ± 0.009

	
Cerrado-Agriculture < 0.001

	
0.007 ± 0.008

	
Cerrado-Agriculture < 0.001




	
2010




	
Generally

	
0.147 ± 0.005

	
0.001 ± 0.007

	

	
0.004 ± 0.006

	




	
Forest

	
0.132 ± 0.003

	
0.001 ± 0.005

	
Forest-Cerrado < 0.001

	
0.003 ± 0.004

	
Forest-Cerrado < 0.001




	
Cerrado

	
0.139 ± 0.014

	
0.001 ± 0.007

	
Forest-Agriculture < 0.001

	
0.002 ± 0.007

	
Forest-Agriculture < 0.001




	
Agriculture

	
0.180 ± 0.007

	
0.004 ± 0.010

	
Cerrado-Agriculture < 0.001

	
0.010 ± 0.009

	
Cerrado-Agriculture < 0.001




	
Evapotranspiration 2007




	
Generally

	
72.05 ± 19.06 mm

	
–0.8 ± 6.07 mm

	

	
6.52 ± 5.07 mm

	




	
Forest

	
113.33 ± 6.03 mm

	
–1.0 ± 3.42 mm

	
Forest-Cerrado < 0.001

	
3.93 ± 3.08 mm

	
Forest-Cerrado < 0.001




	
Cerrado

	
72.90 ± 23.35 mm

	
–1.2 ± 6.06 mm

	
Forest-Agriculture < 0.001

	
6.83 ± 6.06 mm

	
Forest-Agriculture < 0.001




	
Agriculture

	
51.55 ± 10.51 mm

	
4.33 ± 9.52 mm

	
Cerrado-Agriculture < 0.001

	
9.01 ± 8.06 mm

	
Cerrado-Agriculture < 0.001




	
2010




	
Generally

	
73.80 ± 15.60 mm

	
–4 ± 5.32 mm

	

	
8.01 ± 7.02 mm

	




	
Forest

	
113.47 ± 22.56 mm

	
–3.97 ± 3.41 mm

	
Forest-Agriculture < 0.001

	
3.96 ± 4.19 mm

	
Forest-Agriculture < 0.001




	
Cerrado

	
72.67 ± 21.36 mm

	
–4.10 ± 5.31 mm

	
Cerrado-Agriculture < 0.001

	
9.99 ± 8.06 mm

	
Cerrado-Agriculture < 0.001




	
Agriculture

	
60.56 ± 11.62 mm

	
–2.85 ± 8.96 mm

	
Forest-Cerrado < 0.001

	
14.60 ± 8.57 mm

	
Forest-Cerrado < 0.001








∑h = ratios obtained using the historical mean; ∑b = ratios obtained using the biannual mean; Ae = annual mean for 2007 or 2010, Δe = the difference in the LST, ET, or albedo (in 2007 and 2010) in comparison with the historical or biannual means; ns = not significant (p > 0.05).
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Table A2. Parameters used to evaluate the variation in the evapotranspiration (ET), land surface temperature (LST), and albedo between years of extreme drought and normal years in the three principal types of land cover (forest, savanna, and cropland) in the Brazilian state of Mato Grosso.
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Land Surface Temperature 2007




	

	
xAe

	
Δe

	
Test t

	
N




	
Uses

	
DP ≥ 1.50

	
DP ≤ 1.49

	
DP ≥ 1.50

	
DP ≤ 1.49

	
p

	
DP ≥ 1.50

	
DP ≤ 1.49






	
Generally

	
31.29 ± 2.6 °C

	
30.28 ± 2.5 °C

	
0.4 ± 0.6 °C

	
0.3 ± 0.3 °C

	
<0.001

	
3205

	
3205




	
Forest

	
27.9 ± 0.5 °C

	
27.8 ± 0.5 °C

	
0.3 ± 0.3 °C

	
0.2 ± 0.3 °C

	
<0.001

	
5914

	
129,982




	
Cerrado

	
31.6 ± 2.3 °C

	
31.4 ± 1.9 °C

	
0.3 ± 0.6 °C

	
0.3 ± 0.6 °C

	
<0.001

	
141,445

	
313,656




	
Agriculture

	
34.3 ± 0.8 °C

	
33.8 ± 0.9 °C

	
0.3 ± 0.8 °C

	
0.1 ± 0.7 °C

	
<0.001

	
3205

	
34,576




	
2010




	
Generally

	
30.42 ± 2.6 °C

	
29.87 ± 2.6 °C

	
0.7 ± 0.7 °C

	
0.7 ± 0.7 °C

	
<0.001

	
233,310

	




	
Forest

	
28.0 ± 0.7 °C

	
27.8 ± 0.5 °C

	
0.3 ± 04 °C

	
0.3 ± 0.3 °C

	
<0.001

	
35,106

	
111,172




	
Cerrado

	
31.5 ± 1.9 °C

	
31.6 ± 2.0 °C

	
0.7 ± 0.6 °C

	
0.7 ± 0.8 °C

	
<0.001

	
177,554

	
309,650




	
Agriculture

	
33.9± 1.0 °C

	
33.7 ± 0.9 °C

	
0.6 ± 0.8 °C

	
0.7 ± 0.8 °C

	
<0.001

	
20,650

	
21,203




	
Albedo 2007




	
Generally

	
0.143 ± 0.018

	
0.143 ± 0.017

	
0.001 ± 0.007

	
0.001 ± 0.006

	
<0.001

	
601,683

	




	
Forest

	
0.132 ± 0.002

	
0.133 ± 0.003

	
0.001 ± 0.004

	
−0.001 ± 0.004

	
<0.001

	
23,540

	
520,359




	
Cerrado

	
0.139 ± 0.012

	
0.140 ± 0.012

	
0.001 ± 0.006

	
0.000

	
<0.001

	
565,467

	
1,253,626




	
Agriculture

	
0.179 ± 0.007

	
0.179 ± 0.007

	
0.006 ± 0.008

	
0.007 ± 0.008

	
<0.001

	
12,676

	
138,484




	

	

	

	
2010

	

	

	

	




	
Generally

	
0.147 ± 0.017

	
0.146 ± 0.013

	
0.005 ± 0.008

	
0.002 ± 0.007

	
<0.001

	
932,970

	




	
Forest

	
0.131 ± 0.003

	
0.133 ± 0.003

	
0.004 ± 0.004

	
0.003 ± 0.004

	
<0.001

	
140,289

	
445,091




	
Cerrado

	
0.142 ± 0.012

	
0.140 ± 0.012

	
0.003 ± 0.007

	
0.002 ± 0.007

	
<0.001

	
709,736

	
1,236,756




	
Agriculture

	
0.179 ± 0.007

	
0.178 ± 0.006

	
0.012 ± 0.009

	
0.009 ± 0.009

	
<0.001

	
82,945

	
84,752




	
Evapotranspiration 2007




	
Generally

	
64.88 ± 26.52 mm

	
79.23 ± 26.51 mm

	
5.33 ± 5,63 mm

	
6.48 ± 6.48 mm

	
<0.001

	
150,685

	




	
Forest

	
107.24 ± 6.69 mm

	
113.50 ± 7.02 mm

	
5.59 ± 3.04 mm

	
3.92 ± 3.06 mm

	
<0.001

	
5908

	
130,762




	
Cerrado

	
72.60 ± 29.49 mm

	
73.00 ± 25.02 mm

	
5.09 ± 5.64 mm

	
7.48 ± 6.15 mm

	
<0.001

	
141,610

	
177,544




	
Agriculture

	
59.49 ± 8.50 mm

	
61.04 ± 6.72 mm

	
6.52 ± 7.35 mm

	
9.08 ± 7.64 mm

	
<0.001

	
3167

	
34,601




	

	

	

	
2010

	

	

	

	




	
Generally

	
70.73 ± 21.31 mm

	
76.86 ± 23.77 mm

	
9.34 ± 8.43 mm

	
7.65 ± 8.65 mm

	
<0.001

	
223,437

	




	
Forest

	
107.73 ± 5.70 mm

	
114.54 ± 6.99 mm

	
4.95 ± 3.03 mm

	
1.51 ± 4.12 mm

	
<0.001

	
35,167

	
111,936




	
Cerrado

	
72.03 ± 25.31 mm

	
71.07 ± 26.28 mm

	
11.11 ± 7.56 mm

	
9.98 ± 8.06 mm

	
<0.001

	
167,541

	
309,498




	
Agriculture

	
61.59 ± 6.45 mm

	
59.31 ± 6.68 mm

	
15.25 ± 8.39 mm

	
13.86 ± 8.54 mm

	
<0.001

	
20,729

	
21,146








Ae = mean for 2007 or 2010; Δe = the difference in the LST, ET, and albedo (in 2007 and 2010) in comparison with the historical mean; N = the number of repetitions; ≤1.49 SD = drought less than 1.50 standard deviations of the mean; ≥1.50 SD = drought more than 1.50 standard deviations of the mean; ns = not significant (p > 0.05).
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Figure A1. Histograms of the variation in surface temperature for the principal land covers in the Brazilian state of Mato Grosso during the drought events of 2007 and 2010. The dotted lines (green = forest; blue = savanna; red = cropland) represent the means recorded in each type of land cover. In graphs (I,II), Δe is the difference between the mean for the year of extreme drought (Ae) and the biannual mean (b). In graphs (III,IV), Δe is the difference between the mean for the year of extreme drought (Ae) and the historical mean (b). Graph (V) shows the variation in surface temperature between 2001 and 2014. 
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Figure A2. Histograms of the variation in the albedo of the principal land cover types in the Brazilian state of Mato Grosso during the drought events of 2007 and 2010. The dotted lines (green = forest; blue = savanna; red = cropland) represent the means recorded in each type of land cover. In graphs (I,II), Δe is the difference between the mean for the year of extreme drought (Ae) and the biannual mean (b). In graphs (III,IV), Δe is the difference between the mean for the year of extreme drought (Ae) and the historical mean (b). Graph (V) shows the variation in the albedo between 2001 and 2014. 
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Figure A3. Histograms of the variation in the evapotranspiration of the principal land cover types in the Brazilian state of Mato Grosso during the drought events of 2007 and 2010. The dotted lines (green = forest; blue = savanna; red = cropland) represent the means recorded in each type of land cover. In graphs (I,II), Δe is the difference between the mean for the year of extreme drought (Ae) and the biannual mean (b). In graphs (III,IV), Δe is the difference between the mean for the year of extreme drought (Ae) and the historical mean (b). Graph (V) shows the variation in the evapotranspiration between 2001 and 2014. 
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Figure A4. Land surface temperature (LST) (middle, obtained from the MOD11A2 product), albedo (bottom, obtained from the MOD11A2 product), and evapotranspiration (ET) (top, obtained from the MOD16 product) in the areas where the drought exceeded 1.50 standard deviations of the mean (higher or lower). The areas outside the red polygons are those in which the drought was ≤1.49 SD of the mean. 
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Figure A5. Histograms of the increase or reduction in the land surface temperature (top), albedo (middle), and evapotranspiration (bottom), for the areas with extreme conditions (≥1.50 SD or ≤1.49 SD) during the droughts of 2007 and 2010. The dotted lines (red = drought ≥1.50 SD, blue = drought ≤1.49 SD) represent the averages for each area. 
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Figure 1. Variation in the drought index (maximum climatological water deficit (MCWD)) between 2001 and 2014. The dotted line represents the historical mean. 
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Figure 2. Increase in the maximum climatological water deficit in 2007 and 2010 for each region of the Brazilian state of Mato Grosso (N = North, NW = Northwest, MW = Midwest, SE = Southeast, SW = Southwest). Data obtained from the Tropical Rainfall Measuring Mission (TRMM) satellite [45]. Each pixel represents the difference between the annual deficit and the historical value between 2001 and 2014 (ΔMCWD). 
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Figure 3. Effects of drought (cumulative water deficit (CWD)) on evapotranspiration (ET: top), land surface temperature (LST: middle), and albedo (bottom) within the Brazilian state of Mato Grosso. The shaded areas indicate the interquartile interval. 
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