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Abstract: Drought events have been reported in all Brazilian regions every year, evolving slowly
over time and large areas, and largely impacting agriculture, hydropower production, and water
supplies. In the last two decades, major drought events have occurred over the country, such as
the 2010 and 2015 events in the Amazon, the 2012 event in the Pampa, and the 2014 event in the
Cerrado biome. This research aimed to understand drought propagation and patterns over these
biomes through joint analysis of hydrological, climatic, and vegetation indices based on remote
sensing data. To understand the drought cascade propagation patterns, we assessed precipitation,
evapotranspiration, soil moisture (at surface and sub-surface), terrestrial water storage, land surface
temperature, enhanced vegetation index, and gross primary productivity. Similar drought patterns
were observed in the 2015 Amazon and 2012 Pampa droughts, with meteorological and agricultural
droughts followed by a hydrological drought, while the 2014 event in the Cerrado was more associated
with a hydrological drought. Moreover, the 2015 Amazon drought showed a different pattern than
that of 2010, with higher anomalies in precipitation and lower anomalies in evapotranspiration. Thus,
drought propagation behaves differently in distinct Brazilian biomes. Our results highlight that
terrestrial water storage anomalies were able to represent the hydrological drought patterns over the
country. Our findings reveal important aspects of drought propagation using remote sensing in a
heterogenous country largely affected by such events.
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1. Introduction

The Earth’s surface has warmed over the past decades [1,2], and the last few years have
been described as the warmest on record [3]. A changing climate can lead to unprecedented
climate extremes due to changes in frequency, intensity, spatial extent, duration, and
timing of droughts and floods [4,5]. Drought can lead to major impacts on agriculture,
hydropower production, and water supplies [6-8]. In 2020, Brazil experienced one of the
worst water crises in almost a century [9], and in 2021-2022, it continued to experience
drought events in its south and southeast regions [10], as shown by the Brazilian’s Drought
Monitoring System (https:/ /monitordesecas.ana.gov.br/ (accessed on 12 December 2022)).
Furthermore, climate change is projected to lead to more intense and recurrent drought
events in some regions of Brazil [11].

Brazil is particularly vulnerable to droughts events, especially agricultural and electri-
cal production in eastern Brazil, since irrigated agriculture uses 32% of the country’s water,
and hydropower provides more than 70% of Brazil’s energy generation [6]. Considering the
importance of agriculture (irrigated and rainfed) to the Brazilian economy (e.g., soybean
crops), drought events cause an increase in water use for irrigation to avoid crop failure
due to climatic conditions. Anderson et al. [7] identified agricultural regions within Brazil,
primarily in the southern and northeastern states, where crop yields have been climatically
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sensitive to moisture deficits during the past decade. In southern Brazil, one of the worst
droughts ever was registered in the austral summer of 2020, which affected several sectors,
such as agriculture, hydropower generation, and water supply to the population [12].
In the Amazon, reduced water vapor in the atmosphere, evapotranspiration (ET), and
precipitation (P) [13] can impact agriculture, river transport, and hydroelectric generation,
triggering forest fires, tree mortality, and changes in carbon emissions [14].

Droughts have been grouped into four types [15-17]: (i) meteorological drought,
related to anomalous P deficiency; (ii) agricultural drought, associated with deficit in soil
moisture; (iii) hydrological drought, related to negative anomalies in surface and subsurface
water; and (iv) socioeconomic drought, when the phenomenon leads to socioeconomic
impacts. However, these definitions can be updated as the knowledge of drought risk
expands. In addition, these drought types are all progressive stages of the same drought
propagating through the hydrological cycle [18]. These events can be assessed by changes
in hydrological fluxes, such as P, and land surface water fluxes, including ET and runoff,
and storage, including soil moisture and groundwater [19]. The depletion of soil moisture
storage is related to complex hydrological processes connecting the atmosphere, surface,
and soil or geological formations, including ET, infiltration and percolation to groundwater,
and runoff to streams [20]. These variables can be used to assess different drought types;
for instance, P for meteorological drought, soil moisture for agricultural drought, and
streamflow, reservoir, or groundwater levels for hydrological drought [16,21].

The expression “drought propagation” has been used to denote changes in the drought
signal as it moves through the terrestrial part of the hydrological cycle (from anomalous
meteorological conditions to hydrological drought) [20]. A variety of characteristics of
drought propagation (e.g., the response time scale, lag time, and propagation rate) can be
defined to depict the propagation process [22]. Additionally, determining the mechanisms
of drought propagation is necessary in a multi-indicator approach [23]. Moreover, mete-
orological droughts with similar features (e.g., magnitude and duration) can propagate
differently and cause distinct social and economic impacts, evidencing the need to im-
prove the understanding of drought propagation mechanisms [24]. Shi et al. [25] analyzed
drought propagation on a global scale and showed that regions with humid climates and
large ET rates had a strong response relationship between meteorological and hydrological
drought. Considering the effects of a warmed climate, Jehanzaib et al. [26] calculated the
propagation probability of a meteorological drought turning into a hydrological drought
and found that the probability increased significantly under climate change scenarios. To
better characterize extreme events, especially considering that regional intense droughts
have caused major depletion of water resources in southeastern Brazil, Melo et al. [27]
pointed out that further analysis of drought propagation is necessary.

In order to address the complex characteristics of droughts (timing, duration, intensity,
and spatial extent), as well as their development and cascade propagation through the
water cycle, a multi-indicator approach is required [23]. Advances in remote sensing of the
terrestrial water cycle have helped in this, enabling the Earth’s surface and atmosphere to
be monitored at different spatial and temporal resolutions all over the globe and providing
a core alternative for regions with a low density of ground measurements [28-32]. For
example, Farahmand et al. [33] characterized drought cascades in the USA using satel-
lite observations of vapor pressure deficit (VPD), P, terrestrial water storage (TWS), and
reanalysis-based estimates of root zone soil moisture. Moreover, remote sensing data can
empower policy and decision makers towards social, economic and environmental policies
that promote better adaptation to extreme droughts [6].

Because of Brazil’s dimensions, each region and biome has specific climatological
and ecological characteristics, in addition to different population densities and occupation
patterns, which influence the frequency and intensity of drought impacts in each location.
Scientific studies have been published on droughts using remote sensing for different
Brazilian regions and biomes [11,34-41], although very few studies have been dedicated to
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biomes such as the Pampa [11,41]. Furthermore, most research has focused primarily on P
and ET [42].

Droughts affected most parts of Brazil in last decades [43,44], with an increasing
trend in droughts and heatwaves in some parts of the country [45]. Therefore, the main
goal of this study was to understand drought patterns and propagation, and to compare
events that occurred in different Brazilian biomes based on remote sensing data. This was
accomplished by assessing eight hydrometeorological and land-surface indicators, such
as P, ET, soil moisture at surface and sub-surface, TWS, land surface temperature (LST),
enhanced vegetation index (EVI), and gross primary productivity (GPP), based on remote
sensing data that are publicly available through a cloud computing environment (Google
Earth Engine—GEE). We evaluated four extreme drought episodes that occurred in Brazil:
the 2010 and 2015 events in the Amazon, the 2012 event in the Pampa, and the 2014 event
in the Cerrado biome. The spatial and temporal drought patterns were determined by
assessing the response and recovery time of each variable in relation to its anomalies for
the extreme drought events. This allowed us to evaluate the drought propagation patterns
through the hydrological cycle, in addition to the onset, duration, and maximum intensity
of drought events.

2. Materials and Methods
2.1. Study Areas and Drought Events

Three Brazilian biomes with great importance for the country’s water, energy, and
food security were chosen as study areas (Figure 1): the Amazon, Cerrado, and Pampa.
Major drought events occurred over these areas in the last two decades, such as the 2010
and 2015 events in Amazon, the 2014 drought over southeastern Brazil (where the Cerrado
biome predominates in combination with the Atlantic Forest biome), and the 2012 event
in the southern region (mostly covered by the Pampa biome). It is worth mentioning that
other severe drought events occurred in Brazil in the last years, although they were not
addressed in this study, such as the 2019-2020 drought in the Pantanal biome [46] and the
2020 drought in the southern region [12].

The analysis of droughts in Brazil covered three study areas delimitated by regions of
500 x 500 km? in each of the three biomes. The location of these regions was defined to
coincide with large areas affected by major drought events in the last decades.

2.1.1. Amazon: The 2010 and 2015 Droughts

According to Marengo et al. [47], most of the Brazilian Amazon has an annual P cycle
with the highest rainfall in austral summer and an average annual rainfall of approximately
2200 mm/year [48,49]. The wet/dry seasons are defined as December-March/July-October
for southern Amazonia and February-May/July—October for northern Amazonia, accord-
ing to the rainfall seasonal cycle [50].

The southern Amazon, especially the southeastern region, includes the area with a
large expansion of deforestation, also known as of the arc of deforestation, which is the
driest portion of the Amazon Basin [51], with months with rainfall rates lower than 100 mm
during the austral winter [52]. The region was affected by severe droughts in 2010 and
2015, which were associated with a record-breaking warming [50,53,54]. The analyzed
region was located over the southern Amazon biome, a region predominantly covered
by forest (76%), associated with indigenous lands and conservation units, and especially
characterized by large deforestation associated with agriculture and pasture development
(22% covered by farming) [51].

2.1.2. Cerrado: The 2014 Drought

The Cerrado (usually called the “Brazilian savanna”) biome covers a large part of
southeastern Brazil and its vegetation encompasses savanna formations as well other types,
ranging from grasslands to forests [55]. The Cerrado is a seasonal ecosystem character-
ized by distinct dry and wet seasons [56], with a rainy season during the austral summer
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(December-February) [57]. The region was affected by an intense South Atlantic Conver-
gence Zone (SACZ) episode during mid-to-late December 2013 [57]. There was a rainfall
deficit until the end of the rainy season, in March 2014, and this scenario was repeated in
2015, which resulted in a scarcity of soil moisture [58]. Water supplies, agriculture, and
energy generation were severely affected by this event, since the region is highly populated
and contains the main hydropower plants in the country, numerous industrial centers, and
irrigation fields [6]. The selected study area was located in a region roughly corresponding
to the Upper Parand River basin. This area is predominantly covered by farming (77%),
with some parts covered by forest vegetation (13%).

2.1.3. Pampa: The 2012 Drought

The Brazilian Pampa is predominantly a natural grassland region located in the
extreme south of the country, within the South Temperate Zone, and has both subtropical
and temperate climates with four well-characterized seasons [59]. The region has regular P
during the whole year, even though it is often subject to prolonged and severe droughts,
which can greatly affect the growth and harvest of crops [60]. The biome faced significant
drought impacts between 2009 and 2015, with municipalities declaring an emergency and
constantly reporting economic losses in the agricultural sector [11]. In this context, most
of Brazilian southern region presented drought conditions through an extensive area in
2011-2012, which affected water supplies in rural properties, agriculture, and livestock
production [43]. The studied area was mostly located in the Pampa biome (southern
portion), while the northern portion had a mixture of agricultural lands and remaining
vegetation from the Atlantic Forest biome. This area is predominantly covered by farming
(45%), grassland (26%), and forest (20%).
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Figure 1. Brazilian biomes and land cover in the study areas. Land cover from MapBiomas [61].

2.2. Datasets

Remote sensing datasets (Table 1) were obtained from GEE, a cloud computing-based
platform that allows extensive computational processing in a planetary scale [62]. The GEE
public data catalog encompasses widely used geospatial datasets, with most of the catalog
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consisting of remote sensing data, but also including diverse environmental, geophysical,
and socio-economic datasets.

Table 1. Synthesis of remote sensing datasets.

. Spatial Temporal Data Main
Variable Data Resolution Resolution Availability Reference
Land surface temperature (LST) MOD11 1 km 8 days 2003-2016 [63]
Precipitation (P) IMERG ~11 km Monthly 2003-2016 [64]
Surface soil moisture (SM)

Subsurface soil moisture (SSM) SMOS-SMAP ~28 km 3 days 2010-2020 [65]
Evapotranspiration (ET) MOD16 0.5 km 8 days 2003-2016 [66]
Terrestrial Water Storage

Anomalies (TWSA) GRACE ~111 km Monthly 2003-2016 [67]
EVI MOD13 1km 16 days 2003-2016 [68]
GprpP MOD17 0.5 km 8 days 2003-2016 [69]

2.2.1. Land Surface Temperature

LST is the radiative skin temperature of the land surface, and hydrologic and ecological
processes are sensitive to variations in LST [70]. LST estimates are available from the MODIS
MOD11A2 product and were derived here with a spatial resolution of 1 km and an average
8-day compositing period, consisting of an average from two to eight days of the MOD11A1
daily LST product [63].

2.2.2. Precipitation

Precipitation (P) was obtained from the GPM mission, launched in 2014 in a coopera-
tion between NASA and JAXA. GPM expands on the previous Tropical Rainfall Measuring
Mission (TRMM), which operated from 1997 to 2015, providing improved P measurements
globally. The algorithm used is the Integrated Multi-satellitE Retrievals for GPM (IMERG),
which provides P estimates from analysis of several satellites of the GPM constellation, with
microwave-calibrated infrared (IR) satellite estimates, P gauge analyses, and potentially
other P estimators [64]. The IMERG algorithm provides global P estimates with half-hourly
and monthly temporal resolutions of approximately 11 km (0.1°).

2.2.3. Surface and Subsurface Soil Moisture

The adopted soil moisture dataset was developed by the Hydrological Science Labora-
tory (HSL) at NASA’s Goddard Space Flight Center in collaboration with USDA Foreign
Agricultural Services and USDA Hydrology and Remote Sensing Lab. This dataset was
generated by integrating estimates from the Soil Moisture Ocean Salinity (SMOS) and Soil
Moisture Active Passive (SMAP) missions into a modified two-layer Palmer model using
a one-dimensional (1D) ensemble Kalman filter (EnKF) data assimilation approach [65].
The model accounts for the daily amount of water withdrawn by ET and replenished by P.
Surface soil moisture (SM) and subsurface soil moisture (SSM) data are composed of 3-day
composites with a spatial resolution of approximately 28 km (0.25°).

2.2.4. Evapotranspiration

ET was obtained from the global MOD16 dataset, which estimates ET from the Penman-
Monteith equation parameterized with land surface and vegetation properties [66]. Daily
meteorological reanalysis data and remotely sensed vegetation property dynamics from
MODIS are used as inputs. The algorithm calculates ET considering the sum of daytime
and nighttime components and separating the dry canopy surface from the wet [71]. The
MOD16 ET dataset is available on an 8-day (MOD16A2) basis at a spatial resolution of
500 m.
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2.2.5. Terrestrial Water Storage

TWS anomalies (TWSA) were analyzed with the Gravity Recovery and Climate
Experiment—GRACE dataset, developed by NASA and the German Aerospace Center,
which measures changes in the Earth’s gravitational field to detect regional changes in
Earth’s water bodies [67]. Water storage is assessed in the form of TWSA. GRACE data
are processed by different processing centers: CSR (University of Texas at the Center for
Space Research), GFZ (GeoForschungsZentrum Potsdam), and JPL (NASA Jet Propulsion
Laboratory). Here, the GRACE datasets from JPL were used, as also adopted in previous
studies [72,73]. Monthly TWSA has a spatial resolution of approximately 111 km.

2.2.6. Vegetation Index

EVI and GPP estimates were used in this study to analyze the vegetation behavior dur-
ing drought events. The global MOD13 product from MODIS [68] was used to obtain EVI
data. These 16-day composites are acquired with a spatial resolution of 1 km (MOD13A2).
The GPP dataset was available as an 8-day composite time-series derived from MODIS [69],
at a spatial resolution of 500 m (MOD17A2H version 6).

2.2.7. Data Analysis

All datasets were assessed for the period of 2010-2020. The data were evaluated using
the native spatial resolution on a monthly scale; thus, average values in each month were
calculated for variables that had a temporal resolution of less than a month. Anomalies
based on the z-score were also assessed. The z-score indicated how much a variable de-
viated from its mean (positive or negative anomaly), according to its standard deviation.
It provided the monthly anomaly values for all years of the analyzed period, which en-
abled visualization of periods of more extreme drought events. This type of analysis has
already been performed in other studies for the detection of droughts by remote sensing
products [33,39,74,75]. The Z-score was calculated for each variable through Equation (1):

7 (o () o

where Z is the z-score; X is the analyzed variable; X is the spatial mean value for each
month m; (Xp) is the average of X, for the same month of the year over the 10-year
period (2010 to 2020); and o (Xp,) is the standard deviation of the total time series over the
same month of the year. The fraction of the polygon area affected by monthly negative
anomalous values (z-score below or equal to —1) was obtained in each region for a 3-month
composite. This result showed the amplitude and spatial extent of the drought event, as
demonstrated by Panisset et al. [76]. This metric from monthly negative anomalous values
(z-score < —1) was also used to indicate the most affected areas during the extreme drought
event. This assessment considered the hydrological variables P, SM, SSM, ET, and TWSA.
We evaluated drought propagation by analyzing the time of drought recovery for each
hydrological, climatic, and vegetation variable after onset of the drought (when TWSA
became extremely negative). Finally, we identified the onset, duration, and maximum
intensity for all case studies. For the onset of droughts, we used the threshold of z-score
equal to “—1" as an indicator of moderate drought [33], considering consecutive anomalous
values for monthly intervals. We assumed the onset of P (for a z-score < —1) equal to zero,
and the onsets of other variables were characterized relative to onset of P. TWSA were
evaluated without gap-filling the data. Figure 2 summarizes the data analysis process.
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Figure 2. Methodological flowchart applied in this study.

3. Results
3.1. Spatio-Temporal Drought Patterns

The drought temporal patterns are presented in Table 2, indicating the percentage
of the polygon area in each biome that was affected by monthly anomalous values of P,
SM, SSM, ET, and TWSA. The results showed how the hydrological variables represented
drought in each region, the time lag of the anomalies, in which period the anomalous
situation started, and the length of time taken to return to a normal state. On the other
hand, Figure 3 represents the drought spatial patterns focusing on the temporal effects of
the phenomenon.
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Figure 3. Area affected by monthly anomalous values from —2 to 2 for precipitation (P), surface soil
moisture (SM), subsurface soil moisture (SSM), evapotranspiration (ET), and terrestrial water storage
anomalies (TWSA), for the Amazon, Cerrado and Pampa.
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Table 2. Percentage (%) of the polygon area affected by monthly negative anomalous values
(z-score < —1) for precipitation (P), surface soil moisture (SM), subsurface soil moisture (SSM),
evapotranspiration (ET), and terrestrial water storage anomalies (TWSA), for the Amazon, Cerrado,

and Pampa.
Location Data P SM SMM ET TWSA
MAM 24% 39% 65% 0% 0%
2010 HA 0% 5% 32% 2% 0%
SON 1% 2% 11% 29% 22%
2010-2011 DJF 0% 0% 0% 13% 0%
Amazon HA 0% 0% 0% 0% 35%
2015 SON 79% 22% 22% 0% 66%
2015-2016 DJF 52% 44% 60% 1% 88%
MAM 22% 1% 4% 0% 69%
2016 A 0% 0% 0% 1% 88%
SON 0% 0% 0% 0% 0%
2013 SON 0% 0% 1% 0% 0%
2013-2014 DJF 26% 21% 27% 6% 0%
MAM 0% 28% 40% 10% 88%
2014 JJA 0% 3% 7% 29% 88%
SON 0% 0% 1% 22% 90%
Cerrado 20142015 DJF 0% 1% 2% 2% 100%
MAM 0% 0% 1% 1% 62%
2015 A 0% 2% 2% 0% 62%
SON 0% 0% 0% 0% 53%
2015-2016 DJF 0% 0% 0% 0% 2%
011 A 0% 0% 0% 1% 0%
SON 20% 1% 7% 1% 3%
2011-2012 DJF 11% 62% 76% 51% 56%
Pampa MAM 78% 62% 47% 4% 25%
2012 JJA 3% 20% 28% 0% 73%
SON 2% 0% 0% 11% 78%
2012-2013 DJF 0% 0% 0% 0% 0%

For the Amazon in 2015, the first negative anomalies (z-score < —1) occurred in SON
for P, SM, and SSM, considering that TWSA already showed a z-score < —1 in a smaller
percentage of the area (35%) in JJA 2015. P covered a major percentage of the area with
anomalous values (<—1) in SON 2015 (79%), while anomalous values of SM and SSM
affected the greatest percentage of the area in DJF 2015 (44% and 60%, respectively). TWS
continued with a z-score < —1 until JJA 2016, reaching up to 88% of the area affected, and
being the last variable to return to normal conditions. For this drought, no ET anomalies
were observed in the MOD16 dataset. Thus, drought patterns in 2015-2016 were associated
with a meteorological drought, later turning into agricultural and hydrological droughts.
The 2010 event in the Amazon showed a different behavior in relation to that of 2015, with
a larger area affected by anomalies in SM and SSM than by P anomalies in MAM 2010.
SSM continued with negative anomalies in part of the area (32%) in JJA 2010. On the other
hand, negative ET anomaly values were found in SON 2010, which were not observed in
2015. In this same period, however, there were negative TWSA anomaly values affecting a
much smaller area than in 2015 (22%).

The Cerrado showed a more expressive effect of drought propagation (Figure 3), while
the negative anomalies followed a pattern that started in DJF 2013-2014 by affecting P
(26%), followed by effects in SM, SSM, and ET in the following months, and finally reaching
the TWSA variable. The MAM 2014 data already showed a larger part of the area (88%)
affected by TWSA anomalies, while the entire area was affected by negative TWSA anomaly
values (z-score < —1) in December 2014 to February 2015. Further, the Cerrado had a longer
period (especially from 2014 to 2015) with part of the area affected by negative anomalies
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compared to the other regions of this study. The 20142015 drought in the Cerrado clearly
represented a long-lasting hydrological drought episode, with a slow recovery time, and
large impact in TWSA.

In the Pampa, the first sign of major P anomalies (z-score < —1) were observed in
SON 2011 (20% of the area), followed by anomalies in all other variables, especially from
December 2011 to May 2012. It was noticed that TWSA continued to show anomalies
in a large part of the area from June to November 2012 (73% in JJA and 78% in SON).
The Pampa’s 2012 drought appeared as both a meteorological and agricultural drought,
followed by a hydrological drought. The duration of this drought was shorter than the one
in the Cerrado, approaching the duration of the Amazon droughts.

3.2. Drought Propagation Analysis

The negative anomalous values (z-score < —1) in the drought events, plotted with
3-month moving averages (Figure 4), showed that the anomalies in TWSA lasted longer
and had more accentuated values during the 2015 Amazon drought than during the 2010
event. For the vegetation and LST variables, taking out the GPP peak in 2016, the droughts
show reduced anomaly values for EVI (reaching a z-score of —2.0 in August 2010 and —1.9
in December 2015) and GPP (approximately —1.9 in October 2010), and positive anomalies
for LST in 2010 and 2015-2016. Considering anomalies in the hydrological variables, the
2010 drought reached more negative z-score values in April 2010 for P (—1.3), May 2010
for SM and SSM (about —2.1 for both variables), and October 2010 for TWSA (—1.8). Until
October 2010, there remained very negative anomalous values for SM, SSM, and ET. For
the 2015 drought, the most negative values were found for December 2015 for P, SM, and
SSM (—2.0, —2.2, and —2.3, respectively) and in July 2016 for TWSA (—1.7).

Drought propagation in the Cerrado was clear for the 2014 event, as demonstrated
by anomalous decreases in various hydrological variables. In January 2014, the z-score for
P was —1.4, and the values for SM, SSM, ET, EVI, and LST in February 2014 were —1.8,
—1.9, —2.0, —1.9, and +1,9, respectfully. The negative anomalies stood out for TWSA, with
z-score values <—1 between May 2014 and August 2015. The long drought duration in the
Cerrado (with recovery in 2016) also affected ET, EVI, and GPP. In the Pampa biome, the
hydrological variables reached negative anomalous values in January 2012, with values of
—1.6,—-19 —-1.8, —2.1,and —1.4 for P, SM, SSM, ET, and TWSA, respectively, reaching —1.9
for TWSA in August 2012. The hydrological variables point to a short-duration drought that
lasted less than a year and occurred during the austral summer season. A great increase in
positive LST anomaly values was observed in May 2012 (approximately 1.7). At the same
time, the results indicated the fast evolution of EVI and GPP to negative anomaly values
(in February 2012, the EVI anomaly reached a value of —2.2).

Table 3 summarizes the characteristics of the drought events according to onset,
duration, and maximum intensity. This enabled the visualization of drought propagation
characteristics on climatic and hydrological variables and vegetation indices, especially
considering the duration and severity (maximum intensity). The difference between the
2010 and 2015 droughts in the Amazon became clearer, highlighting P, ET, and TWSA. The
SM and SSM in 2015 showed more months with negative anomalies, although their severity
was variable and did not always reach the threshold of —1. In addition, the duration of
the Cerrado 2014 drought is noteworthy, especially for ET, TWSA, and GPP. In the Pampa
biome, droughts usually occur in the summer (such as the 2012 drought), when there
are naturally higher temperatures. The event started with a reduction in P and all other
variables already registered negative anomalies in the following month, with the effect of
propagation being more present when the duration of these anomalies was evaluated (see
SM, SSM, and TWSA).



Remote Sens. 2023, 15, 454 10 of 16

a) Amazon
3
+ Precipitation __EVI
04 2 e GPP
- Surface soil
> 1
= Subsurface soil g 0
g c
S <
2 -
< Evapotranspiration ’
-2
Terrestrial Water Storage 4
3
(at) Land Surface Temperature
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Time (years) =11
£o
<
-1
0 1000 km -3 T T T T T T T T T T
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Time (years)
b) Cerrado
3
+ Precipitation — EVI
0 W\r/\,wv\/w\,\‘/\/\/\/\/\ 2 4 - GPP
- Surface soil 1 A
W\W\/\/\/\"’\/\ 5
= Subsurface soil moisture g 0 1%
E é i
g 1
< Evapotranspiration
W\MM 21
Terrestrial Water Storage -3 v - . T v T v T T T
% 5
(b1) Land Surface Temperature
2
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 1]
Time (years) =
g
2
< |
21 03)
0 1000 k -3 r r T T T T T v T T
m 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
{S— Time (years)
c) Pampa
+ Precipitation
04
- Surface soil moisture
E Subsurface soil moisture
‘% \W/M
Evapotranspiration
\w\/\/’\ﬁ\f\ s
(c1) Land Surface Temperature
24
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Time (years) =11
5o
<
-1 4
N
0 1000 km -3 T T T T T T T T r r
< 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
v

Time (years)

Figure 4. Temporal drought patterns (2010 to 2020) for analyzed variables in the three Brazilian study
areas: (a) the Amazon, (b) Cerrado and (c¢) Pampa; being (al), (b1), and (c1) for P, SM, SSM, ET, and
TWSA; (a2), (b2), (c2) for EVI and GPP; and (a3), (b3), and (c3) for LST. The hatched area represents
z-score < —0.5 verified in dry periods with long effect in the analyzed variables (approximately 2010
and 2015 for the Amazon, 2014 for the Cerrado, and 2012 for the Pampa).
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Table 3. Characteristics of drought events according to onset, duration, and maximum intensity for
the 2010 and 2015 droughts in the Amazon, 2014 drought in the Cerrado, and 2012 drought in the
Pampa biome. The onset was characterized relative to the precipitation onset.

LST P SM SSM ET TWSA EVI GPP
Amazon 2010 drought
Onset (month) -1 0 1 1 4 5 3 4
Duration (month) 3 4 7 7 4 5 4 9
_ Maximum +15 -13 —2.1 —2.1 ~18 ~18 ~20 ~19
intensity (z-score)
Amazon 2015 drought
Onset (month) 0 0 1 1 5 4 9 12
Duration (month) 10 5 4 4 1 7 3 2
_ Maximum +1.8 -20 ~22 -23 —09 -17 ~18 ~1.9
intensity (z-score)
Cerrado 2014 drought
Onset (month) 0 0 0 0 1 2 1 3
Duration (month) 3 3 6 7 11 15 2 10
_ Maximum +1.9 ~14 ~18 ~19 -20 ~16 ~19 ~18
intensity (z-score)
Pampa 2012 drought
Onset (month) 1 0 1 1 1 1 1 1
Duration (month) 4 3 7 10 5 9 4 5
Maximum +2.1 ~16 ~19 ~1.8 ~21 -19 ~22 ~14

intensity (z-score)

4. Discussion

Regarding the Amazon biome, different drought events present distinct effects on
intensity and duration. Our results indicated that the 2015 event affected a larger area
and had higher intensity than the 2010 drought, as also indicated by Anderson et al. [77].
Hu et al. [78] showed that the 2010 drought was well characterized by TWSA in northern
Brazil; however, P did not present significant changes, which could possibly imply that the
drought affected mainly surface water and soil moisture. The Cerrado biome presented
a long period with areas affected by negative anomalies. Van Loon [20] described that
extreme drought scenarios with a lack of available SM and wilting point can limit ET,
which further limits soil moisture depletion but can also limit locally generated P, thereby
exacerbating drought conditions. This may have occurred in the Cerrado, considering the
event duration.

For the Pampa, our results agreed with those of Lopes Ribeiro et al. [11], who found
that soil moisture declined until its lowest point in the beginning of 2012. Moreover,
Cunha et al. [43] indicated the highest intensity of drought in August 2012, and our study
showed SON-2012 with the highest percentage of area affected by TWSA (78%). In 2013, the
biome succeeded in overcoming the drought effects, showing a great capacity to recover
soil moisture after periods of drought [11]. ET and EVI variables reached anomalous values
of z-score <—2 between January and February 2012. Drought is usually associated with
the summer season in this biome, with great influence from ET due to the greater energy
availability for this process as net radiation also increases in this period, which is typically
used for growth of crops and harvesting. Hence, agriculture in this region suffers from
drought events, as it is a climate-sensitive sector [6].

Regarding drought propagation, a pattern of the drought advancing from anomalies
in P to those in SM, SSM, ET, EVI, and GPP was observed, reaching TWSA last. Evaluating
the studied variables, our results indicated high negative anomalous values for SM and
SSM in all analyzed droughts, while LST presented positive anomalies for all events as well.
Furthermore, TWSA were able to represent the hydrological drought duration patterns from
the point where TWSA had very negative values until average values were reached again.
Farahmand et al. [33] also showed the relevance of TWSA deficit analysis on the evaluation
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of drought impacts for four major US drought events. According to Van Loon [20], a
groundwater drought does not always occur, but when it does, it often shows long periods
of low groundwater levels.

The onset and duration of the droughts showed different behaviors for the analyzed
variables, especially considering the duration of TWSA negative anomalies during the
Cerrado 2014 drought (over 15 months). The Amazon and Pampa experienced short-
duration drought events (less than a year) compared to the 2-year drought event that
occurred in the Cerrado from 2014-2016. Geirinhas et al. [45] found that during this
drought episode in the Cerrado, there was an association between drought and heatwave
(dry and hot extreme condition), as a result of hot periods coupled with long-term P deficits
that induced dry surface conditions. This agreed with our results considering a drought
propagation perspective. In this sense, the Cerrado’s drought exhibited a longer duration
compared with the other study areas, which may have occurred due to a combination of
conditions (dry and hot) that amplify the impact of extreme events.

The Amazon and Pampa biomes presented a propagation cascade (as defined by
Van Loon et al. [79]) from meteorological to agricultural (soil moisture deficit) to hydro-
logical droughts (TWSA), while the Cerrado was more affected by a hydrological drought.
Zhou et al. [80] also identified a strong response relationship between meteorological and
hydrological droughts for a study river basin in China. The intensity of the meteorologi-
cal drought was significantly amplified in the hydrological drought, which agreed with
the results found by Yang et al. [81] in which drought effects were assessed in 130 catch-
ments in southeastern Australia. In addition, hydrological drought recovery is slower than
meteorological drought recovery [82].

Regarding the effects of drought on vegetation, the three biomes presented different
vegetation types, which directly influenced the recovery time. This was evaluated mainly
by the duration of the drought on EVI and GPP due to a large influence of P and ET.
According to Anderson et al. [7], the concomitant development of negative P, ET, and
vegetation index anomalies over timescales of several weeks provides valuable evidence
of possible yield impacts. The Cerrado 2014 drought produced a large effect on ET and
GPP with a long duration of negative anomalies (11 and 10 months, respectively), which
was not observed for EVI. For the Pampa 2012 drought, anomalies in ET, EVI, and GPP
had a considerable duration considering that the event lasted less than a year. On the
other hand, we found that the two drought events in the Amazon presented different
behaviors regarding the effects on vegetation. The 2010 drought showed considerable
duration in ET and EVI anomalies, but GPP (9 months) was the main variable with the
longest recovery time for this event, while the 2015 drought had less effect on vegetation
overall. Analyses of drought effects on vegetation are relevant considering that droughts
are ecologically disruptive due to water scarcity, soil degradation, and occurrence of fires,
which additionally cause economic losses in agriculture [41].

As a limitation, the study used only 10 years of data for the anomaly analysis, which
was limited by SM and SSM product availability. Regarding the classification of ‘hydro-
logical drought’, this study focused on TWSA, which refers to all water storage and does
not focus on groundwater. This was due to the occurrence of substantial uncertainty in
soil moisture data from remote sensing [83], leading to higher uncertainties in estimates of
groundwater from TWSA. In addition, some limitations are associated with the analysis
of variables with different spatial resolutions. For example, the GRACE data only had a
spatial resolution of approximately 111 km (1° x 1° grid), although the data demonstrated
a satisfactory correlation with drought propagation and duration. Therefore, future stud-
ies should focus on addressing additional case studies, and as satellite data availability
improves for global domains, it may be possible to achieve data with better spatial and
temporal resolution.
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5. Conclusions

The response and recovery time of several hydrological variables were assessed for
multiple drought events and biomes across Brazil. The duration and propagation of
extreme droughts are important aspects for the comprehension of such disasters. In the
Amazon and Pampa biomes, drought persisted for only a few months and clearly showed a
drought propagation pattern from meteorological to agricultural to hydrological droughts.
In contrast, as result of atmospheric blockage affecting the region in 2014, the drought
in the Cerrado biome was quite intense and the episode was repeated in 2015 (with less
intensity). This event lasted approximately two years and presented characteristics of
a hydrological drought. Considering the analyzed variables, SM and SSM stood out
for exhibiting high negative anomalies and LST showed high positive anomalies for all
of the drought events. Further, TWSA obtained from the GRACE mission satisfactorily
represented the drought duration.

This study was able to improve and promote the comprehension of the characteristic
patterns of extreme drought events for different biomes in Brazil using a comparative
hydrological approach. By understanding the potential duration and intensity of extreme
droughts, we expect this study be useful in helping to identify the impacts of drought events
on the environment and people in different regions of Brazil and worldwide. The use of
remote sensing data for drought analysis is relatively recent, and satellite datasets are funda-
mental tools for analyzing extreme events due to the large amount of hydrological, climatic,
and vegetation variables that are available and the possibility of large-scale analyses.
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