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Abstract: The Sao Francisco River Basin (SFRB) is one of the main watersheds in Brazil, standing
out for generating energy and consumption, among other ecosystem services. Hence, it is important
to identify hydrological drought events and the anomalous climate patterns associated with dry
conditions. The Standard Precipitation Index (SPI) for 12 months was used to identify hydrological
drought episodes over SFRB 1979 and 2020. For these episodes, the severity, duration, intensity,
and peak were obtained, and SPI-1 was applied for the longest and most severe episode to identify
months with wet and dry conditions within the rainy season (Nov-Mar). Anomalous atmospheric
and oceanic patterns associated with this episode were also analyzed. The results revealed the longest
and most severe hydrological drought episode over the basin occurred between 2012 and 2020. The
episode over the Upper portion of the basin lasted 103 months. The results showed a deficit of
monthly precipitation up to 250 mm in the southeast and northeast regions of the country during
the anomalous dry months identified through SPI-1. The dry conditions observed during the rainy
season of this episode were associated with an anomalous high-pressure system acting close to the
coast of Southeast Brazil, hindering the formation of precipitating systems.

Keywords: SPI; drought; Sao Francisco River Basin

1. Introduction

Droughts are a complex problem and can have different meanings and effects for
different sectors, such as agriculture, water management, and hydroelectric systems [1,2].
Generally speaking, droughts are defined for water deficits when compared to normal
conditions and can be classified as meteorological, agricultural, hydrological, and socioe-
conomic, according to the impact associated [2,3]. Lack of precipitation over time and/or
space is the initial stage of all types of droughts and can be defined as a meteorological
drought. Agricultural drought is the evolution of a meteorological drought when the lack
of soil moisture begins to affect the agricultural demands of a region. When the dry period
causes a decrease in soil moisture levels, river flows, groundwater recharge, and in the
amount of water present in the hydrological cycle, it becomes a hydrological drought.
Finally, the last stage is the socioeconomic drought, which occurs when insufficient water
supply promotes a demand that exceeds the supply for an economic good [4].

As the impacts and causes of droughts are varied, different indices and indicators
can be used to monitor different stages of the hydrological cycle and to help identify the
beginning, location, severity, and the end of such conditions [5]. Some indices consider
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precipitation or a combination with other variables [6]. In Brazil, according to WMO
and GWP [5], the National Meteorological and Hydrological Services (NMHSs) listed
the five main indices applied in the country as: the Standardized Precipitation Index
(SPI) [7], Palmer Drought Severity Index [8], Standardized Evapotranspiration Index [9],
Crop Moisture Index [10], deciles and quintiles [11], and crop-specific drought indices [12].

Although there are different methods to study hydrological droughts, each with its
own advantages and limitations, in Brazil, many studies have used the SPI on a 12-month
scale [13-16]. The SPI is an index developed by McKee et al. [17] that is based on the
accumulated precipitation deficit for a given period. One of its main advantages is that it
can be calculated for different time scales, which can be related to impacts of the drought
in different components of the hydrological cycle [1]. On a 12-month scale, according
to McKee et al. [17], this index can be related to hydrological droughts, since the deficit
of precipitation on this scale impacts water resources. The SPI’s main limitation is that
this index is not able to account for the temperature component, which is important in
evapotranspiration processes, since only precipitation is considered in its calculation [1].
Thus, to study droughts associated with deficit precipitation, the SPI is a good methodology.

Extending from the latitudes 7°00’ S to 21°00’ S, i.e., from the southeastern region
of Brazil (SEB) to the northeastern region of Brazil (NEB), the Sdo Francisco (SF) River is
known as the river of national integration, and one of its most important functions is to
transport water to the semiarid region of Brazil [18,19]. Due to its extension, it is subdivided
into four regions: Upper, Middle, Middle, and Lower SF [18,19], with more than half of
the SF River Basin (SFRB) in the NEB [20]; however, 70% of the outflow of the entire SF
River comes from the SEB [21]. The NEB has documented droughts since the 16th century
with significant social and economic impacts [14,15,22,23]. Paredes-Trejo et al. [24] applied
several drought indices based on remote sensing (SMOS-Based Soil Water Deficit Index, Self-
Calibrating Palmer Drought Severity Index, Water Storage Deficit Index, and GRACE-Based
Groundwater Drought Index) and in soil (Standardized Precipitation Evapotranspiration
Index and Standardized Streamflow Index) to analyze the impacts of different drought
types on the SFRB. The authors revealed, between 1980 and 2015, a drying trend in the mid-
and southern regions of the SFRB. In the SEB, dry periods have been extensively reported
since the late 1990s [25,26], and according to Geirinhas et al. [27], the states of Minas Gerais,
Sao Paulo, and Rio de Janeiro recorded statistically significant increases in the number of
episodes of summer droughts and heat waves between 1980 and 2018.

To assess the drought events in Brazil from 2011 to 2019, Cunha et al. [14] used the
Integrated Drought Index (IDI). This index combines a meteorological index (SPI) with a
remote sensing-based index (Vegetation Health Index—VHI). According to the authors,
drought events were identified between 2011 and 2019 throughout the country, and the
SEB was the Brazilian region with the most intense drought event between the periods
2011 and 2019 [14]. In 2014/2015, a period in which the region faced a severe water crisis,
coffee and sugarcane plantations were affected, with estimated losses for the agricultural
sector of about US$ 5 billion in 2014 [28]. The water supply systems were also heavily
impacted; in January of 2015, the storage level of the Cantareira system, the main one in the
Metropolitan Area of Sao Paulo where more than 20 million live, reached 5% of its entire
capacity [29,30]. The NEB presented, between 2011 and 2017, the most extreme drought
experienced by the region in decades. This drought resulted in the declaration of a state of
emergency in 997 municipalities and had a considerable impact on the agricultural sector,
with losses that could reach US$ 6 billion, affecting the economy of hundreds of cities and
towns [31,32].

According to Marengo et al. [33], in the semiarid region of the SFRB, some effects of
droughts are associated with the increase of hunger and poverty. The 1262 municipalities
in the semiarid region are mostly located in nine states of NEB and in the state of Minas
Gerais (SEB), covering an area of 1,128,697 km? [34]. Due to climatic factors and human
activities, this region has been undergoing desertification processes [35-38]. In Brazil,
desertification processes have begun to be identified in semiarid regions since the 1970s,
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and the areas affected by this process are areas where extreme drought events occur [39].
Tomasella et al. [37] used 17 years (2000-2016) of images from the Normalized Difference
Vegetation Index (NDVI) to monitor areas of bare soil located in the equatorial zone
(1-21° 5/32-49° W) and found an intensification in the degradation of the semiarid region
in recent years, which was enhanced by the droughts registered in the region since 2011 [40],
through interviews carried out with residents of the semiarid region during the research
project “PI-SSA”—Projeto Integrativo de Seguranca Socioambiental, which highlighted
the damage to crops as one of the main impacts caused by drought in recent years when
7 or 8 years without harvesting were reported.

Variations in atmospheric circulation patterns in the NEB and SEB may directly affect
the availability of water in the SFRB [25,41]. Usually, droughts in the NEB are mainly
associated with (a) the occurrence of the warm phase of the El Nifio Southern Oscillation
(ENSO) phenomenon, resulting from an anomalous warming of the surface of the Tropical
Pacific sea, which causes changes in the Walker zonal circulation cell, negatively impacting
precipitation in the NEB [42-45] and (b) part of the rainfall variability is explained by
warming in the North Tropical Atlantic Ocean, which results in an anomalous position
further north of the Intertropical Convergence Zone (ITCZ) compared to its climatological
position [45-51]. The SEB is located in the transition region of the tropical and extratropical
atmospheric regimes and presents complex drought mechanisms, which affect weather
patterns and, consequently, the rainfall [52]. The severe drought of 2014 /2015, for instance,
was associated with an anomalous convective activity in the region of Australia that trig-
gered the action of an anomalous high atmospheric pressure system over the warmer South
Atlantic Ocean. This pattern led to the frontal systems having more oceanic trajectories
and disfavored the formation of South Atlantic Convergence Zone (SACZ) events, which,
together with local convection, is the main system causing rain in the SEB [25,26,53,54].

Drought episodes have been associated with the natural climate variability and
the effects of climate change. Studies such as those by Marengo [55], PBMC [56] and
Reboita et al. [57] have indicated the NEB as the most vulnerable to increases in extreme
dry events in the country, with a possible reduction up to 40% in the precipitation rates [58].
In this region, meteorological, agricultural, and hydrological droughts could become longer,
more intense, and frequent [59]; in addition, Marengo et al. [32] and Reboita et al. [57]
showed that drought episodes will likely continue to occur and intensify in the future,
according to climate projections. Increases in the temperature are predicted over SEB,
reaching up to 5 °C in the state of Minas Gerais; increases are also expected in extreme
events of heat and precipitation, associated with longer dry spells [60-62]. According to
Silveira et al. [63], the projections of the CMIP5 models also point to a trend of increase of
the air temperature along the SFRB for the period from 2011 to 2100, estimated at +2 °C
considering the RCP 4.5 scenario and above +4 °C using the RCP 8.5 scenario. For the next
decades, climate projections also show an increase in the water deficit, a reduction of the
flow in the basin, and, as consequence, a reduction of almost 60% in the annual average of
energy generated by hydro power plants in the SFRB. These projections suggest that the
region would become more susceptible to drier conditions [33,64—66].

While there are several studies that identify the droughts over the region of the Sao
Francisco River Basin (SFRB), concentrating on evaluating extreme drought events in terms
of occurrence, persistence, spatial extent, severity and impacts, e.g., Paredes-Trejo et al. [24],
few discuss the drivers of the droughts. Therefore, making use of the SP]I, this study aims
to: (a) identify hydrological drought events in each one of the four subregions of the SFRB
from 1979 to 2020 through a SPI-12 time series and (b) analyze the anomalous atmospheric
and oceanic patterns associated with the anomalous dry rainy season months (identified
via SPI-1) registered during the hydrological drought, with the longest and most severe
drought identified in (a), taking into account the events identified for all the regions.
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2. Materials and Methods
2.1. Study Area

The SFRB is one of the main Brazilian watersheds. This basin runs for 2863 km; crosses
six Brazilian states [20]; and it is subdivided into four regions: Upper, Middle, Sub-Middle,
and Lower SF (Figure 1) [67]. The SFRB stands out (a) for its power generation potential
with important hydro power plants such as Trés Marias, Sobradinho, Paulo Afonso, Ita-
parica, and Xing6 and (b) for the water supply for the population and its activities, among
other ecosystem services such as: navigability, fishing activities, agriculture, and basic
sanitation [68].
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Figure 1. Representation of the study area: left side—location of the SFRB in relation to Brazil and
right side—SFRB subregions. The red boxes delimit the areas considered in the analysis.

The SFRB (Figure 1, left) covers an area of approximately 638,466 km?, comprises
about 7.5% of the entire Brazilian territory, and has a population of over 14 million inhab-
itants [18,69]. Most of the population (7,075,587 people) is located in the Upper SF [69].
Along its physiographic regions, fragments of different biomes are found, such as: Cerrado
in the Upper and Middle SF; Caatinga in the Middle, Sub-Middle, and Lower SF region;
and the Atlantic Forest in the Upper region and in the coastal areas of the Lower SF [19,70].

Due to its territorial extension, different climate patterns are found in its subregions.
According to the Képpen climate classification, the Upper SF has a predominance of Aw
climate (warm and humid tropical, with dry winters); in the Middle SF, Aw and BShw
(semiarid) prevail; the BShw climate predominates in the Sub-Middle region; and the
As climate (warm and humid tropical, with rainy winters) in the Lower SF [71]. The
precipitation patterns in the basin show a decrease from the headwater, which is located
in the SEB (Upper SF) towards the mouth of the river located on the coast of the NEB
(Lower SF) [72]. The main systems responsible for the precipitation in the SFRB are the
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SACZ [73-75] in the Upper and Middle SF and the ITCZ [76] in the Sub-Middle and
Lower SF.

2.2. Data

Different datasets were used in the study. Precipitation data between 1979 and 2020
from the Gauge-Based Analysis of Global Daily Precipitation (CPC) generated by the Na-
tional Oceanic and Atmospheric Administration/Climate Prediction Center (NOAA /CPC)
were used. CPC has a spatial resolution of 0.5° and is constructed based on surface observa-
tions of approximately 30,000 stations distributed across the globe, which are interpolated to
create a higher-quality unified set [77,78]. Therefore, the direct comparison of CPC interpo-
lated data and rain gauge stations shows similar results [79]. For each SF sub-basin, Upper
SF (20°75' S/17°75' S-46°50' W/43°75" W), Middle SF (17°75' S/10°50" S-46°50" W /42°00’
W), Sub-Middle SF (10°50’ S/8°00’ S—42°00" W /38°00" W), and Lower SF (10°00’ S/8°00’
S-38°00" W/36°75' W; red boxes indicated in Figure 1 right), a monthly precipitation time
series based on the areal average was constructed.

ERAS5 Reanalysis [80] data for geopotential heights and zonal and meridional com-
ponents of the wind at 850- and 250-hPa levels, sea surface temperature (55T), and mean
sea level pressure (MSLP) were also analyzed. The data are provided by the European
Center for Medium-Range Weather Forecasts (ECMWF) and have a spatial resolution of
0.25° (https:/ /climate.copernicus.eu/climate-reanalysis, accessed on 30 April 2021). The
850- and 250-hPa levels were selected, as they best represent the South American low and
high levels atmospheric circulation patterns, respectively [81]. At the 850-hPa level, the
low-level jets of South America are represented without the influence of topography, while,
at the 250-hPa level are the high-level jets and the Bolivian High-Pressure System [82].

The Tropical Southern Atlantic Index (TSA) [83] and the Oceanic Nifio Index (ONI),
both available on the National Oceanic and Atmospheric Administration (NOAA—https:
/ /psl.noaa.gov/data/climateindices/list/#Nina34, accessed on 11 August 2021), were
used to indicate the anomalous conditions of the sea surface temperature in the Tropical
South Atlantic and Central-East Pacific Oceans. The South Atlantic Subtropical Anticyclone
Index (Indice do Anticiclone Subtropical do Atlantico Sul—IASAS) [84] was also included
to control the MSLP over the SEB and Southern Brazil as a response of the South Atlantic
Subtropical Anticyclone (SASA) influence. This index is obtained through the difference of
MSLP over the SEB and Southern Brazil [84] and is available on the website of the Univer-
sidade Federal de Itajubd (UNIFEI—https:/ /meteorologia.unifei.edu.br/teleconexoes/,
accessed on 11 August 2021). When the IASAS is positive (negative), the MSLP is higher
(lower) over the SEB and lower (higher) over the southern region. Then, the positive index
phase indicates that the rainfall is concentrated over Southern Brazil, since the low-level jet
east of the Andes flows in the direction of the lower pressure, contributing to the moisture
convergence.

2.3. Identification of Dry Periods

The SPI is an index developed by McKee et al. [17] that uses only precipitation data to
identify wet and dry periods. This index measures the precipitation anomalies in a given
location by comparisons with the total rainfall accumulated rates for the reference period.
The index can be calculated for different time scales of accumulation. The 1-month scale
(SPI-1) can reflect short-term conditions and can be used for the analysis of meteorological
droughts [1]. The 12-month scale (SPI-12), in addition to long-term precipitation patterns,
can also be associated with anomalies of river flows and reservoir levels [1], and it was
chosen to assess hydrological droughts in the SF, following Santos et al. [85]. By calculating
the SPI, the time series is adjusted to a gamma function, and, after this process, it is
transformed into a variable with normal distribution; therefore, the average of the SPI is
always zero, and its variance has a unit value [86]. For its calculation, it is recommended to
have no missing data, as described by Silva et al. [7], McKee et al. [17] and Guttman [87].
SPI-1 and SPI-12 were applied to identify the dry periods in the SF subregions between
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1979 and 2020. The monthly rainfall series used in the SPI (SPI-1 and SPI-12) calculations
had no missing data.

SPI positive values indicate rainy periods, while negative values characterize rainfall
deficits. The onset of a drought episode can be identified when the SPI changes from
a positive to a negative value, and it ends when the index returns to a positive value;
however, to define the event as dry, the SPI must reach a value less than or equal to
—1 [17]. Works such as Gozzo et al. [52], Stojanovic et al. [88] and Drumond et al. [89]
also applied a similar methodology to assess the onset of events in order to include the
mild dry conditions that lead to the establishment of a drought in the analysis. In addition
to the criteria to define a drought, McKee et al. [17] created a system to classify the SPI
values, as shown in Table 1. Hence, after the identification of SPI-12 drought episodes,
the parameters of severity (absolute sum of all SPI-12 values during the event), duration
(number of months between the first and last month of the event), intensity (ratio between
severity and duration), and peak (highest absolute SPI-12 value registered during the event)
were calculated according to McKee et al. [17].

Table 1. SPI index classification. Adapted from McKee et al. [17].

SPI Classification
>2.00 Extremely wet
1.50 to 1.99 Very wet
1.00 to 1.49 Moderately wet
—0.99 to 0.99 Near normal
—1.00 to —1.49 Moderately dry
—1.50 to —1.99 Severely dry
<-2.00 Extremely dry

For this analysis, the longest and most severe hydrological drought was identified
through SPI-12. Afterwards, SPI-1 was used to select months during the rainy season that
prevailed over the SFRB (from November to March), presenting anomalous dry conditions
(SPI-1 is less than —1) within this event. In addition, SPI-1 was also applied to identify
months with near-normal conditions (SPI-1 between —0.99 and 0.99) from November to
March (Nov-Mar) during the period 1979-2020 (Figure 2).

2.4. Anomalous Atmospheric and Oceanic Patterns

Monthly composite maps were plotted using ERAS to investigate the atmospheric and
oceanic patterns associated with the meteorological dry conditions (identified via SPI-1)
observed during the rainy season of the longest and most severe hydrological drought
in the SFRB (identified by the SPI-12 analysis). The composite maps were computed by
subtracting the average of the drier months identified through SPI-1 within the hydrological
drought episode selected from the average of the near-normal months within the studied
period (1979-2020). Both months (dry and normal) were identified with SPI-1.

Figure 2 summarizes the methodology applied in this work through a flow chart.
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a) Identify dry periods

: SPI-12 was used to identify dry:
1 hydrological events in the SF. For :

; these events, the parameters of
1 severity, duration, intensity and:
: peak were calculated. 1

ISPI-1 was used to select: (a) rainy:
:momhs, from Nov to Mar, with drier
—_ conditions compared to climatology (SPI- |
1 1<-1) and (b) months from Nov to Mar!
I'with normal conditions (-0.99<SPI-:

: 1<0.99) between the years 1979 and 2020.

Choice of the event with the longest and
most severe hydrological drought.

b) Atmospheric analysis

of dry event

I Atmospheric compositions were plotted by'
I subtracting dry months from neutral months, |
"' both identified with SPI-1. The fields chosen |
j were: (a) geopotential height and wind at1
1 850 and 250 hPa; (b) SST: (c) MSLP; and !

I (d) precipitation and wind at 850 hPa. :
|

Figure 2. Flowchart of the methodology used in this research.

3. Results and Discussion
3.1. Climatology of Precipitation in the SFRB

The annual and monthly rainfall climatology in the SFRB, considering the period from
1979 to 2020, were calculated in order to identify the wet season in the subregions. The
results are shown in Figure 3.

The rainfall regime in the basin presents temporal and spatial variability, agreeing
with the results of Cruz et al. [90]. The highest annual accumulated rainfall is concentrated
in the Upper and Middle SF regions, with 1200-1400 mm per year. In the Upper and Middle
SF, the wettest months are November, December, January, February, and March, while the
precipitation is the minimum during June, July, and August.



Atmosphere 2022, 13, 41

8 of 20

Monthly Climatology - Middle SF

Precipitation Climatology (1979-2020)

—— > Monthly Climatology - Lower SF

551

Precipitat
wh
(=1

1 2 34 35 %
Months

Monthly Climatology - Upper SF

7 8 9 1011 12

2 3 4 56 7 8 91061112
Months
\:1800

L1600 Monthly Climatology - Sub-Middle SF

250
200
150
100
50
0

Precipitation (mm)

1 23 4 5 6 7 8 9101112

Months

1 2 3 45 6 7 8 9101112
600 Months

255

50w 45w 40W 35W

Figure 3. Annual climatology (mm) for the SFRB considering the period from 1979 to 2020, and
monthly climatologies for each subregion identified by the purple boxes in the central panel. Data:
Gauge-Based Analysis of Global Daily Precipitation (CPC).

The total annual precipitation rates for the Sub-Middle and Lower SF are smaller,
with values between 600 and 1000 mm per year. Differing from the other regions, the
rainy season in the Lower SF is concentrated between the months of March, April, May,
June, and July. In turn, the dry season occurs during the months of September, October,
and November.

The rainfall annual cycle in the Upper and Middle SF regions follows the South
American Monsoon precipitation regime, with wet summers and dry winters [82]. On the
other hand, the precipitation cycle in the Sub-Middle and Lower SF is slightly different,
mainly in the Lower SEF, which is strongly influenced by the ITCZ that migrates to its
southernmost position in the austral autumn months—wet season [82].

3.2. Identification of the Dry Periods

SPI-12 was used to assess the hydrological drought episodes between 1979 and 2020
in the four subregions (Table 2). Analyzing the parameters of severity and duration, the
drought that affected the Upper SF in the last decade (2012-2020) was the most severe and
the longest (in total, it lasted 103 months) among all the episodes identified in the four
subregions. In addition, this episode peaked at 3.08 in January 2015 (Table 2), which refers
to precipitation deficit conditions accumulated from February 2014 to January 2015 falling
into the extreme drought category (as presented in Table 1). The major impacts of this
extremely dry year were described in the literature and discussed in Section 1. Although
not the objective of the present work, it would be interesting in further studies to investigate
the anomalous climate patterns during the year that preceded this peak of —3.08 as an
attempt to understand the extreme climate conditions involved.



Atmosphere 2022, 13, 41

9 of 20

Table 2. Hydrological drought events identified in the subregions of the SFRB from SPI-12 with their
respective parameters. For each subregion, the longest drought episodes are marked in light gray.

Duration

Regions Start Data End Data Severity (Months) Intensity Peak
06,1990 12/1990 241 7 0.34 134

Upper SF 03,2007 11,2008 15.57 21 0.74 205
01/2010 02/2011 11.00 14 0.79 147

03/2012 09,2020 126.47 103 123 3.08

12/1986 11/1987 11.98 12 1.00 158

12/1990 02/1991 219 3 0.73 123

10/1993 02/1994 478 5 0.96 143

, 03/1998 02/1999 11.86 12 0.99 1.57
Middle SF 10/2007 11/2008 15.40 14 1.10 1.97
01,/2012 11/2013 25.04 23 1.09 1.85

02/2014 12/2015 2831 24 1.18 1.88

02/2016 10/2020 63.67 57 1.12 3.14

01/1981 02/1981 1.50 2 0.75 149

03/1982 09,1984 26.78 31 0.86 1.66

12/1990 12/1991 5.87 13 0.45 133

Sub-Middle SF 01/1993 10/1995 3231 34 0.95 248
03/1998 10/1999 18.83 20 0.94 1.65

01/2012 12/2015 61.41 48 1.28 2.64

03/2016 02/2018 30.52 24 127 2.67

05,1980 02/1981 5.05 10 0.50 112

06/1981 02/1983 12.39 21 0.59 1.98

04,1983 08,1984 16.00 17 0.94 1.97

07,1990 12/1991 12.73 18 0.71 1.28

Lower SE 01,1993 05/1994 32.26 17 1.90 2.77
03,1998 03,/2000 37.88 25 1.52 243

01,2003 12/2003 10.33 12 0.86 1.44

04/2012 01/2014 23.02 2 1.05 1.85

04/2015 08,2017 25.99 29 0.90 225

07,2018 07,2019 9.86 13 0.76 115

Since the 2012-2020 drought in the Upper SF was the most severe and the longest
among all the episodes identified for all subregions, this was the episode chosen for the
analysis of the atmospheric and oceanic patterns. It is important to highlight that the
period 2012-2020 also encompasses the SPI-12 drought episodes configured in the other
subregions of the SFRB, indicating the predominance of dry conditions at the basin scale
during these years. For instance, the Upper SF and Middle SF had very similar drought
event distributions, with the Middle SF presenting only three months of accumulated
humid conditions. The Sub-Middle SF was also affected by the SPI-12 drought during
2012-2018, presenting only three months of accumulated wet conditions. The period of
2012-2020 was also predominantly dry in the Lower SE.

Moreover, the largest part of the basin’s population lives in this subregion [69], and
70% of the flow of the entire SF river comes from this region and from part of the Middle
SF [21]. Therefore, the lack of rainfall in the region can compromise the amount of water
available along the basin. The results obtained through the SPI-12 analysis are in accordance
with the ones obtained via different methodologies for the NEB [14,15,22,23]. Droughts
were also detected in the SEB during the middle 2010s [25,26,53,54].

The months during the wet season (Nov-Mar) presenting: (a) dry conditions during
the selected drought event (2012-2020) and (b) near-normal conditions within the entire
period 1979-2020 were identified through the Upper SF SPI-1 time series, and the results
are shown in Table 3. Within the drought event studied, the year 2014 was the only one
with extremely dry conditions during three out of four months of the wet season (Dec—Feb),
indicating the exceptionality of this year as pointed out by the SPI-12 peak in January 2015.
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Considering the entire study period, December was the month with the highest number
of years with extreme drought conditions. In March, dry conditions were identified only
twice, and both of them reached the category moderate. November was the only month
of the rainy season that did not present dry conditions in any year of the selected event.
Further details of the SPI-1 and SPI-12 time series are found in Figures S1 and S2 of the
Supplementary Material.

Table 3. Number of months from Nov to Mar classified as moderate, severe, and extreme dry
conditions (identified by SPI-1) during the hydrological drought event (identified by SPI-12) for the
region of Upper SF (2012-2020) and with near-normal conditions (identified by SPI-1) between 1979
and 2020.

Number of Months between the Period 2012 to 2020 Number of Months Classified
Months with Dry Conditions Classified as as Normal between
Moderately Severely Extremely 1979 and 2020
November 29
2016 2015 2012
December 2014 29
2017 2015 2014
January 2019 26
2012 2014
February 2013 25
2016
2014
March 2017 30

Table 4 shows that the months with meteorological dry conditions in the Upper SF
during the 2012-2020 event (Table 3) also encompassed the dry months identified for the
other subregions, mainly during the months of Dec-Feb (austral summer). Following the
same criteria applied in Table 3 for the Upper SF, the months of dry conditions between Nov
and Mar for each subregion have been identified through their respective SPI-1 time series
and are presented in Table 4, in which is considered the different drought events of each
region within the period 2012-2020 (Table 2). This result justifies the representativeness
of the results based on the 20122020 Upper SF analysis as the basin domain, in addition
to its socioeconomic and hydrological issues already discussed. Even though the Lower
SF has a distinct rainfall regime, the dry months of the austral summer coincide with the
dry months of the Upper SF. The similarity in the dry periods is even higher between the
Middle SF and Upper SF, which have a similar rainy season. Major differences were found
during March, a rainy—dry transition month. While it is the dismissal of the rainy season in
the Upper SF and Mid SF, the peak of precipitation in the Sub-Middle and the Lower SF
normally occurs in March.

3.3. Anomalous Atmospheric and Oceanic Patterns

After the identification of the dry and normal months through SPI-1 for the Upper SF
(shown in the Table 3), atmospheric field composite maps were made in order to verify
the anomalous atmospheric and oceanic patterns associated with dry conditions. These
composite maps were plotted by subtracting the average of variables in the dry months,
within the hydrological drought event, from the average of the variables in the normal
months for the entire period. As the month of November did not present any year with a
dry condition within the analyzed event, the composite maps were made considering only
the dry months from December to March.
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Table 4. Months from Nov to Mar with dry conditions (identified by SPI-1) from each region during
their respective hydrological drought events (identified by SPI-12) within the period 2012-2020. Years
in bold are contained in the Upper SF drought event.

Regions
Months
Upper Middle Sub-Middle Lower
N b 2019 2015 2015
ovember 2016
2012 2012 2012
D b 2014 2015
ecember 2015 2016
2016 2019
2014 2015 2014 2017
Janua 2015 2017 2015
y 2017 2019 2017
2019
2012 2013 2013 2013
February 2013 2016 2017
2016
2014 2012 2012 2013
March 2017 2016 2013

2016

The geopotential height composite map and wind at 850 and 250 hPa shows a wave
propagation pattern from the vicinity of Australia through Southern South America to the
SEB region of Brazil (Figure 4a,b) through all months (Dec-Mar). In the SEB, this pattern
reaches positive values of geopotential height and anticyclonic atmospheric circulation, which
characterizes a region with a high atmospheric pressure system. This circulation pattern,
shown in Figure 4, is similar to the anomalous patterns found for the drought associated with
the Brazilian energy crisis in 2001 [91] and the water crisis in the SEB in 2014 [54].

The Tropical Atlantic Ocean shows conditions closer to the climatological features,
while the Tropical Pacific Ocean does not indicate El Nifio and La Nifia conditions, which
can be confirmed by the indices shown in Table 4. In the South Atlantic Ocean, patterns
similar to those shown in Figure 4 are also found through the MSLP composite map
(Figure 5b). Between 30° S and 60° S latitudes, there is a predominance of positive SST
anomalies (Figure 5a) and a high atmospheric pressure system. In the presence of high-
pressure anomalies, solar energy can more efficiently warm the ocean surface. Therefore,
there is a combination of processes: an anomalous wave propagation pattern favors the
predominance of anticyclonic anomalies close to the Brazilian coast, which, in turn, hinder
the formation of precipitation systems, so that the sky becomes less cloudy and there is a
more effective warming of the SST [53,54].
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Figure 4. Geopotential height and wind anomaly for the months Dec-Mar, considering the subtraction
of the anomalous dry months, within the hydrological drought event from the normal months, both
identified with the help of SPI-1 for the Upper SE. This field was plotted for levels of column
(a) 250 hPa and (b) 850 hPa. SFRB is highlighted by a purple line, and the wave train is indicated

with a dashed line.
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) a) Sea Surface Temperature Anomaly — DEC b) Mean Sea Level Pressure Anomaly — DEC

Sea Surface Temperature Anomaly — FEB Mean Sea Level Pressure Anomaly — FEB
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Figure 5. Column (a) SST anomaly and (b) MSLP anomaly—considering the subtraction of the dry
months within the hydrological drought event from the normal months, both identified with the help
of SPI-1 for the Upper SE. This field was plotted for the months from Dec to Mar.
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The composite map of precipitation anomaly for each month from Dec to Mar within
the period 2012-2020 shows a deficit of precipitation in several regions of the country
(Figure 6). The SEB and NEB regions were the most affected, with rainfall deficits reaching
250 mm in Jan. The SEB faced a serious water crisis between 2014 and 2016, as studied
by Coelho et al. [25], Finke et al. [26] and Marengo et al. [53]. Regarding the low-level
wind anomaly, there was an anomalous anticyclonic circulation on or near the south
and SEB coast. In March, when this system was further away from the coast, the dry
conditions were milder. Confirming the result already found through the SPI-12 analysis,
the precipitation anomaly composite map shows the Upper SF region as the most affected
by the deficit of precipitation. The largest negative rainfall anomalies are associated with
the presence of a positive MSLP anomaly near the coast of SEB Brazil (Figure 5b). This
anomalous high pressure seemed to enhance the flow of the low-level jet east of the Andes
towards Southeastern South America (Figure 6), then favored shaping a precipitation
dipole between the south and SEB. In this dipole, the lack of rain in the region of the SACZ
is associated with above-average precipitation in the southern region of the country or
vice-versa [41,45,92,93]. These anomalous precipitation and low-level circulation patterns
were also similar to the ones registered in the energy crisis in 2001 [91].
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Figure 6. Rain (mm) and wind anomaly at 850 hPa (reference vector is 5 m/s), considering the
subtraction of the dry months within the hydrological drought event from the normal months, both
identified with the help of SPI-1. This field was plotted for the months from Dec to Mar.
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In general, the anomalous atmospheric patterns shown in this study were similar
to those that occurred in the water crisis in the SEB in 2014 [54], indicating that the dry
conditions observed during the 2012-2020 episode over the Upper-SF investigated here
have also affected other regions in the country [89,94]. The predominance of the wave
pattern with positive pressure anomaly over the SEB may inhibit cloud formation, which
can consequently warm the SST, as noted by the positive anomalies of the SST in the South
Atlantic (Figure 5a). The presence of the positive pressure anomaly over the SEB inhibits
the transport of moisture from the interior of the continent to the SEB region. On the other
hand, the southern region tends to show positive precipitation anomalies.

The higher values of atmospheric pressure in the SEB can also be identified by the
TASAS index, which is a measure of the difference in the MSLP between the SEB and
south regions of Brazil. Therefore, between Dec and Mar from 2012 to 2020, there was
a positive IASAS, indicating higher MSLP over the SEB region. The Pearson correlation
coefficient was calculated between the IASAS, TSA, and ONI indices with the SPI-1 time
series to verify the linear relationship between the SASA, the Southern Tropical Atlantic,
and ENSO with the monthly precipitation variability in Upper SF during 1979-2020. To
test the significance of this result, the bilateral {-test was applied considering 40 degrees
of freedom (subtracting 2 years from the 42 years of the study period) at a significance
level of 0.01. The negative correlation between the IASAS and Upper-SF SPI-1 (Table 5)
also supports these results from a climatological perspective. Hence, dry conditions in
the Upper SF during the summer months are associated with a positive MSLP anomaly in
the SEB and negative in Southern Brazil. It was not the focus of this study, but for further
studies, the dynamics of rainfall distribution in the other subregions may be analyzed
through the correlation of the SPI-1 time series with the indices, considering the different
rainy periods.

Table 5. (Left) Upper SFRB SPI-1, IASAS, TSA, and ONI indices values for the dry months within the
hydrological drought studied, and (right) monthly correlations between the SPI-1 time series and the
IASAS, TSA, and ONI indices of the wet season during 1979-2020. All correlation values that are
significant at 99%, according to a bilateral t-test, and above the critical value (0.403) are in bold.

Index Correlation (1979-2020) of SPI-1 with
Month Year
SPI-1 IASAS TSA ONI IASAS TSA ONI
2012 047 251 0.18 —021
2014 —282 0.89 ~0.12 0.66
DEC 2015 ~158 1.69 0.70 2.64 —043 —0.18 0.03
2016 —127 1.29 0.67 —0.56
2014 —201 201 0.11 —0.42
2015 _178 0.29 0.43 0.55
JAN 2017 —129 0.33 0.58 —034 —0.65 —025 0.12
2019 ~1.90 142 0.75 0.75
2012 124 225 —051 —0.72
2013 122 0.37 025 043
FEB 2014 —207 0.02 0.22 —0.46 —046 0.03 0.16
2016 ~1.03 1.28 0.59 214
2014 —1.15 0.94 0.22 —027
MAR 2017 ~1.23 —0.78 0.29 0.05 —047 0.00 —0.27

4. Conclusions

The drivers of droughts in the SFRB region are discussed little, although there are
several studies that have identified periods of drought in the basin region. Thus, the
present study used the SPI to identify the hydrological drought periods in the SFRB and, for
the longest and most severe hydrological drought, analyzed the atmospheric and oceanic
patterns that were associated with dry conditions in the rainy season. The SPI-12 analysis
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showed that all subregions of the SFRB experienced long and extreme hydrological drought
episodes in the 2010s. According to the methodology applied, the Upper SF region stands
out with the longest (103 months; 2012-2020) and the most severe drought when compared
with all the droughts identified for the four subregions between 1979 and 2020.

The analysis of the atmospheric and oceanic composite maps anomalies, obtained
through the differences between the anomalous dry and normal conditions months (iden-
tified by SPI-1 of the Upper SF) during the rainy season, showed that the rainfall deficit,
which affected several regions of the country between 2012 and 2020, was associated with
an anomalous wave propagation pattern of Australia origin. This pattern favored the
predominance of an anticyclonic system near the coast of the SEB, which probably acted
by inhibiting the formation of rain clouds, resulting in an increase in the SST in the region.
This condition leads to a decrease of the precipitation rates in the SEB region and causes
a positive rainfall anomaly in the south region of the country. The IASAS index, which
controls the SASA, presents positive values in almost all the anomalous dry months consid-
ered in the composite maps analysis, agreeing with the pressure anomaly composite maps.
Climatologically, the negative linear correlation between the IASAS and Upper SF SPI-1
time series indicates that the occurrence of an anomalous high atmospheric pressure system
near the SEB coast of Brazil inhibits precipitation in the Upper SF region. Although not
the scope of this study, further investigation of the potential forcing that triggers the wave
propagated in the vicinity of Australia is necessary, as well as a more in-depth study on the
IASAS and the Southern Atlantic variability. Previous studies showed the importance of
the South Atlantic Ocean as a moisture source for Eastern South America [89,94-96].
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