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Dry conditions occurred over S&o Paulo state (southeastern Brazil) from February to July
2018, causing the driest semester in 35 years. Socioeconomic impacts included a record
number of fire spots, most adverse conditions to pollutant dispersion in 3 years and the
winter’s lowest water reservoirs stored volume in 17 years. This paper discusses climate
drivers to the onset and persistence of the dry conditions, with special attention to the
intraseasonal forcing. Barotropic atmospheric circulations forced by the intraseasonal
Pacific-South America teleconnection pattern, embedded in the lower frequency setup
of the Pacific Decadal Oscillation and the Atlantic Multidecadal Oscillation, were identified
as main large-scale forcings to reduce precipitation. Drought evolution was modulated
by other intraseasonal drivers such as the Madden Julian, Antarctic and 10-30 days
Oscillations. A break in the 6-month dry condition, in March 2018, highlighted the
important role of such oscillations in determining precipitation anomalies over SP. Results
show that intraseasonal phenomena and their interactions control drought characteristics
such as magnitude, persistence and spatial distribution within a setup determined by
lower-frequency oscillations. The intraseasonal timescale seems to be key and must
be considered for a complete description and understanding of the complex drought
evolution process in S&o Paulo.

Keywords: drought, SPI, Sao Paulo, intraseasonal oscillations, teleconnection

INTRODUCTION

Drought is a natural phenomenon that occurs whenever water availability is significantly below
normal levels over a long period and the existing demand cannot be met (Redmond, 2002). It is
considered a natural climatological disaster as it becomes severe and extensive in highly populated
areas (Cunha et al,, 2019). Prolonged periods of drought reflect negatively over hydrologic
reservoirs which may cause losses to agriculture and livestock, risks to human lives (e.g., waterborne
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diseases such as dehydration, contaminated and polluted water
intake, etc.) and the environment (e.g., fires).

One of the most important and challenging features of the
drought phenomenon is that its impacts escalate with time,
leading to different categories (Wilhite and Glantz, 1985). Thus,
several indices have been developed to identify drought and to
assess their severity, such as the Palmer Drought Severity Index
(Palmer, 1965) and the Standardized Precipitation Index (SPI)
(McKee et al., 1993). The World Meteorological Organization
(WMO) recommends the use of SPI for operative monitoring
purposes (Hayes et al., 2011) because SPI computation is based
solely on precipitation at different timescales (i.e., accumulated
precipitation over given time spans) to monitor drought
conditions affecting systems with different resilience times. Below
average precipitation in the timescale of 1 month characterizes
meteorological drought. If this condition persists for 2-3 months,
soil moisture decreases significantly, leading to agricultural
drought. Further consecutive months of meteorological drought
will develop hydrological drought, where streamflows and
reservoir levels are impacted by water shortage (WMO - World
Meteorological Organization, 2012).

Over South America, documented main drivers of drought
include teleconnection patterns established with the Pacific,
Atlantic and Indian basins, atmospheric blockings and
decreasing of precipitating synoptic systems (Otto et al,
2015; Seth et al., 2015; Nobre et al, 2016; Rodrigues and
Woollings, 2017; Shimizu et al., 2017; Reboita et al., 2021).
In the last two decades, dry conditions have been impacting
Brazil (Drumond et al.,, 2021) with important episodes in the
Amazon (Marengo et al., 2008; Coelho et al., 2012), Northeast
and Southeast regions (Coelho et al., 2016a; Finke et al., 2020).

One of the most important economic regions of South
America is the state of Sdao Paulo (SP), which is located in the
southeastern part of the continent between ~19.9°S-25°S and
50.5°W-47.9°W. It has a population of more than 46.6 million
inhabitants (IBGE, 2021), nearly 22% of the total Brazilian
population, and is a major business and agricultural Brazilian
pole. The precipitation regime and water availability in this state
is of crucial importance for population and economic activities.

SP is located in subtropical latitudes, so its climate is
determined by both tropical and extratropical atmospheric
forcing. The mean annual precipitation, distributed in well-
defined rainy warm season and dry cold season, is driven by
the south-american monsoon system (Zhou and Lau, 1998;
Raia and Cavalcanti, 2008). During the year, the passage of
cold fronts also influences rainfall, by favoring convergence
zones that bring widespread rain during the summer and
by causing localized storms in winter. Rainfall variability in
SP is affected by the large scale low-frequency teleconnection
patterns El Niflo—Southern Oscillation (ENSO), Pacific Decadal
Oscillation (PDO) and Atlantic Multidecadal Oscillation (AMO),
with below (above)-normal precipitation tending to occur within
the cold (warm) phases of ENSO/PDO and warm (cold)
phase of AMO (Vasquez et al., 2018; Reboita et al., 2021).
Embedded in these large-scale conditions, intraseasonal forcings
are also important rainfall modulators in the region. The Pacific-
South America (PSA) modes (Mo and Paegle, 2001) and the

Antarctic Oscillation (AAO—Thompson and Wallace, 2000;
Reboita et al,, 2009) are two climate patterns that act on a
wide range of timescales, including the intraseasonal range (Mo
and Higgins, 1998; Pohl et al., 2010). Along with the Madden-
Julian Oscillation (MJO—Madden and Julian, 1994) and higher-
frequency oscillations (Gonzalez and Vera, 2014), these patterns
are important regulators of SP rainfall. PSA’s influence is very
diverse, even depending on the convective trigger location, so
it is not straightforward to define which signal of the pattern
enhances or decreases precipitation. As for the other oscillations,
rainfall over SP tends to decrease in the positive phase of AAO
(Vasconcellos et al., 2019; Reboita et al., 2021) and in the phases
4, 5 and 7 of the MJO (Alvarez et al., 2016; Giovannettone
et al., 2020). South Atlantic SST is also linked to SP rainfall
in intraseasonal timescale, with the positive phase of the South
Atlantic Dipole Index (Nnamchi et al., 2011) corresponding to
dry conditions over SP in summer and autumn (Bombardi et al.,
2014; Reboita et al., 2021).

In the first semester of 2018, monthly dry conditions over SP
escalated to the driest autumn-winter in 35 years. Though climate
patterns leading to SP dry conditions in summer are extensively
documented (e.g., Seth et al, 2015; Bier et al, 2021; Abatan
et al., 2022, among many others), studies focusing on autumn
and winter are less numerous. Summer droughts’ socioeconomic
impacts are related to water reservoirs refilling, while impacts
in autumn and winter are mainly related to fires and poor
air quality.

The 2018 dry autumn-winter also contributed to the
worsening of the extreme hydrological drought that persisted
until 2021 (Naumann et al., 2021) and was the Central Brazil
most intense case in decades (Getirana et al., 2021). There
are numerous references discussing the conditions from 2019
onward (e.g., Grimm et al., 2020; Gomes et al., 2021; Marengo
et al., 2021), but to the authors’ best knowledge there are no
studies addressing climate drivers of the dry conditions at the
very onset of this important event, and few studies address the
role of intraseasonal oscillations in drought. In this context,
the objective of this study is to discuss climatological drivers
and the development of rainfall deficit in SP during the first
half of the year 2018, with a special focus on the intraseasonal
timescale. Section Impacts of the 2018 Drought in SP illustrates
socioeconomic impacts of such conditions; Section Data and
Methodology shows the data and methodologies applied in this
study; section Results presents the results of climate analyses, and
Section Discussions and Conclusions brings some discussions
and conclusions.

IMPACTS OF THE 2018 DROUGHT IN SP
Fires and Air Quality

The Queimadas program from the Instituto Nacional de Pesquisas
Espaciais (INPE, Brazilian National Institute of Space Research;
INPE, 2021) showed a total of 3,019 active fire spots in the
state of SP during 2018. Even though this number is lower
than the average for the period 1999-2020, July/2018 registered
the highest record since the beginning of their monitoring
(84% above the climatological mean). Several articles from local
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FIGURE 1 | Monthly stored useful volume in the Brazilian Southeast/Midwest subsystem between 2000 and 2021. In the lower panel, the time series for the year
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newspapers pointed out fires in different municipalities in SP
state, mainly depicting the number of fire spots, the spread of fires
over populated areas, damages in forests—threatening several
animal species—and crops (especially sugarcane fields) and the
poor air quality due to the fire smoke, leading to low visibility
and respiratory diseases (INPE, 2021).

Despite all damages registered by the media, only a few
civil defense municipalities officially reported the disasters
to the federal government; following the Sistema Integrado
de Informagées sobre Desastres (S2iD, Integrated Disaster
Information System; S2ID, 2021), in August/2018 the
municipality of Taciba registered the drought as a disaster,
where the whole population were somehow affected and the
private agricultural sector had an expressive monetary loss
(S2ID, 2021). In addition, the municipality of Rio Claro also
reported disasters related to fires in May, July and August. The
environmental company from SP state (Companhia Ambiental
do Estado de Sdo Paulo; CETESB, 2019) described the period
between May and September as the most adverse for dispersion
of primary pollutants in the SP state and that the 2018 winter
was considered the most adverse when compared with the last
3 years. In the Metropolitan Region of Sdo Paulo, most of the
automatic stations registered a slight increase (compared to

2017) in the mean concentrations of the fine particulate matter
2.5 (PM2.5), which is extremely harmful to the respiratory
system (Arbex et al., 2012).

Water Reservoirs

With dry conditions persisting from 2017 to 2018, SP and
southeastern Brazil faced a severe water crisis. The water shortage
in reservoirs built up from the previous hydrological drought
event of 2013-2014.

Figure 1 shows the useful volume (percentage of the water
volume between the minimum pool level and the full capacity of
the reservoir) stored in the Southeast/Midwest water subsystem,
that includes the state of SP, in the last two decades. The drought
of 2000-2001 lowered the subsystem’s level drastically (Jardini
et al., 2002; Filgueiras and Silva, 2003), but the rainy period of
2005-2014 brought the reservoirs back to their normal state.
Severe dry conditions returned in 2014, decreasing the stored
volume to 15.8% by the end of that year. The clear contrast
between reservoir volumes in the first and second decades of
the 2000’s may be in part linked to the interannual variability
of the AAO; this discussion is presented in Section Discussions
and Conclusions. Rigid water use control, gradual return of rain
in 2016 and near average rainfall in 2017 were not sufficient to
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bring the useful volume of the subsystem back to the levels it had
during most of the previous decade (Figure 1). Thus, it reached
January/2018 with 31.1%, a very low volume for the peak of
austral summer. After the dry rainy season, the level was at 34.2%
in July/2018—the lowest level for July in 17 years (ONS, 2022).

Though reaching such low reservoir levels, the 2018 water
scarcity was not as harmful to the general population as
during the 2013-2015 drought event. It was because the state
government created a program of rational water use and adapted
the water system by connecting reservoirs (Braga and Kelman,
2020). These actions highlight the importance of governmental
mitigation plans during water shortage periods.

DATA AND METHODOLOGY

Data

Monthly mean precipitation for the period 1979-2020 was
obtained from the Climate Research Unit (CRU) TS4.05 dataset
(Harris et al., 2020) with horizontal resolution of 0.5° latitude
and longitude. Air temperature and horizontal wind components
at pressure levels, 500-hPa geopotential height, mean sea level
pressure (MSLP) and outgoing longwave radiation (OLR) were
obtained from NCEP/NCAR monthly datasets (Liebmann and
Smith, 1996; Kanamitsu et al., 2002) with horizontal resolution
of 2.5° x 2.5°. Sea surface temperature (SST) anomalies were
calculated using the 5th version of the NOAA Extended
Reconstructed SST dataset (ERSSTv5; Huang et al., 2017).

For SPI and most of the anomalies computed throughout this
work, the climatological reference period used is 1981-2010, as
recommended by WMO - World Meteorological Organization
(2017). Different reference periods (due to the use of available
products or methodology needings) are informed and, when
suitable, justified.

Regarding the climate indices, some of them are calculated
using climatological periods that do not match the 1981-2010
period. It occurred because diverse datasets were used in this
study, to acknowledge climate data publicly and readily available
to the community. It is a way to show that these derived
products can be assembled to help describe the climate state
during drought events, as long as all datasets are reliable and all
climatologies are drawn from approximately similar periods.

Study Area and SPI

Figure 2 shows the SP state location in Brazil and South America,
along with the area used for SPI calculations in this study,
indicated by a red rectangle (53.2°W-44°W and 25.2°S-19.8°S).
SPI was calculated from the areal average of mean monthly
precipitation to represent droughts in a broad area, avoiding
localized precipitation anomalies resulting from smaller scale
processes. Correlation between SPI obtained from areal average
and from weather stations is moderate to high, as shown by
Gozzo et al. (2019), indicating that SPI areal average may be
a good representation of the drought conditions over diverse
locations in SP.

To compute SPI it is necessary to accumulate precipitation
over monthly periods (1, 2, 3 months and so on) for a sufficiently
long time (discussions on the “sufficient” length can be found in

ane J
£ZUD

nc
408 1

FIGURE 2 | State of Sao Paulo (southeastern Brazil) shaded in orange and
area over which the average precipitation and SPI were calculated
(563.2°W-44°W and 25.2°5-19.8°S).

Wu et al., 2005). A statistical cumulative distribution function
(CDF) is fitted to the time series of accumulated precipitation
for each investigated monthly period. This CDF is then used to
transform the accumulated precipitation values into standardized
values (the SPI values) using a normal distribution having
zero mean and unit variance by matching the percentiles of
the two distributions. For this study, the CDF of the Gamma
distribution and the 1981-2010 period are used for computing
the SPI values for different timescales (SPI-1, SPI-6 and SPI-
12 for accumulations over 1, 6, and 12 months, respectively).
Further information on the SPI calculation, including equations,
references and a more detailed description of the process’
steps can be found in Lloyd-Hughes and Saunders (2002). For
timescales larger than 1 month, the SPI month corresponds to
the last month of the accumulated period (for example, the July
SPI-6 represents the rainfall deviation for the February-March-
April-May-June-July period).

SPI is calculated from the time series of mean average
precipitation inside the red rectangle in Figure 3A, and from this
value the dry condition is categorized in mild, moderate, severe
and extreme, according to Table 1 from McKee et al. (1993)
and WMO - World Meteorological Organization (2012). The
intensity of the dry period is defined as the lowest SPI value
registered during the event (Spinoni et al., 2014).

Atmospheric Circulation and Patterns
Blocking/cyclones/cold fronts frequency anomalies,
intraseasonal/SST/stream function anomalies and wave activity
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6 and 12). Purple lines mark the year 2018 in the time series.
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FIGURE 3 | (A) Boxplot (box-and-whiskers plot) of areal average monthly precipitation (mm) constructed using climatological data in the period 1981-2010 and
observations from CRU dataset for 2018; (B) SPI time series using 1981-2010 reference period, from 2012 to 2020 (timescales 1) and from 1979 to 2020 (timescales

flux (WAF) were calculated to discuss atmospheric patterns
linked to the 2018 dry conditions identified via SPL

Atmospheric blocking events are identified using the Tibaldi
and Molteni (1990) index, adapted to the Southern Hemisphere
(Tibaldi et al., 1994), based on the difference in 500-hPa
geopotential height between two latitudes persisting for at least
3 days. Anomalies are presented as the percentage difference of
blocked days from analyzed months with respect to the long term
monthly climatology.

Extratropical cyclones anomalies (the difference in the
number of cyclones by square degrees with respect to the
climatology) are obtained using a tracking numerical scheme
based on Murray and Simmonds (1991). Firstly, the cyclones are
identified in the MSLP field from NCEP reanalysis with 6 h-
frequency. Then, the climatology and anomalies are computed.

TABLE 1 | Categorization of the SPI intervals.

SPI values Category

0to —0.99 Mild dryness
—1.00 to —1.49 Moderate dryness
—1.5t0 -1.99 Severe dryness
<-2.0 Extreme dryness

Source: McKee et al. (1993) and WMO - World Meteorological Organization (2012).

Details on the cyclone density track product presented in this
study can be found in Reboita and Marrafon (2021).

Cold fronts counting is performed using an objective criteria
based on temperature decrease, MSLP increase and southward
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TABLE 2 | Summary of atmospheric circulation analyses.

Methodology

Blockings

Extratropical cyclones (http://www.grec.iag.usp.br/data/
ciclones_USA.php)

Cold fronts (http://www.grec.iag.usp.br/data/frentes-
frias_USA.php)

Intraseasonal filtering
Stream function anomalies and WAF

Tibaldi and Molteni, 1990

Reboita and Marrafon, 2021

Pampuch and Ambrizzi, 2016

Roberts and Roberts, 1978
Takaya and Nakamura, 2001

Variables Reference period
500-hPa geopotential 1981-2010
height

MSLP 1991-2020
MSLP / low-level air 1981-2010
temperature and winds

OLR 1981-2019
Upper-level winds 1981-2010

TABLE 3 | Climate indices.

Data Reference period Methodology

ONI ERSST.v6 1991-2020 https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/
ONI_v5.php

SOl NCEP/NCAR 1981-2010 https://www.ncdc.noaa.gov/teleconnections/enso/soi#soi- calculation

AAO NCEP/NCAR 1979-2000 https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/
aao/aao.shtml#publication

PDO ERSST.v5 1971-2000 https://www.ncdc.noaa.gov/teleconnections/pdo/

AMO Kaplan SST V2 (Kaplan et al., 1998) - https://psl.noaa.gov/data/timeseries/AMO/

PSA (1 and 2) ERA5 (Hersbach et al., 2020) 2000-2020 https://meteorologia.unifei.edu.br/teleconexoes/indice?id=psa

SASDI ERSST.v56 1979-2020 https://meteorologia.unifei.edu.br/teleconexoes/indice?id=sasdi

to northward shift of meridional wind. In each grid point,
cold fronts are identified when these three changes occur
simultaneously from 1 day to the next one (Pampuch and
Ambrizzi, 2016).

The recursive Butterworth filter (Roberts and Roberts, 1978)
with a cutoff period of 20-90 days is applied to daily OLR
data in order to evaluate the intraseasonal signal of convection
over SP. It is commonly employed in climate and hydro-climate
analyses (Pichard et al., 2017; Afargan-Gerstman and Domeisen,
2020; Bhattacharya and Coats, 2020). To compute the anomalies,
this filter needs to calculate its climatology using a period that
contains the studied years—in our case, 2018—so it could not use
the 1981-2010 period. Thus, the period 1981-2019 was used as
the climate normal for our analyses.

Atmospheric teleconnections are assessed by stream function
fields at upper and lower troposphere (200 and 850 hPa),
calculated through a Poisson equation using the horizontal
wind (Hawkins and Rosenthal, 1965). This quantity represents
the rotational component of horizontal wind, with negative
(positive) anomalies associated with anticyclonic (cyclonic)
circulation anomalies in the Southern Hemisphere. With
these maps, it is possible to identify patterns resembling
the Pacific-South America—PSA Rossby wave trains (Mo
and Paegle, 2001; O’Kane et al., 2017). The circulation
patterns associated with these teleconnections are presented in
Supplementary Figure 1, to facilitate interpretations in Section
Results. To infer where stationary Rossby wave trains are emitted
and/or absorbed, the upper-level wave activity flux (WAF)
divergence field is calculated following Takaya and Nakamura

(2001). Divergence/convergence of WAF vectors shows regions
of Rossby wave emission/absorption. Table 2 shows a summary
of atmospheric circulation analyses, with the used variables
and climatological reference periods, and references to the
computation methodology.

Climate Indices

The relationship between dry conditions in SP and large-scale
climate patterns was assessed through the use of climate indices.
The Oceanic Nifo Index (ONI), Southern Oscillation Index
(SOI), AAO, PDO and AMO indices were obtained from the
National Oceanic and Atmospheric Administration (NOAA),
where further information about their computation can be
found. The South Atlantic Subtropical Dipole Index (SASDI)
was calculated following Morioka et al. (2011) and the PSA
index was calculated as described in Souza and Reboita (2021).
Table 3 shows the data and reference period used for the indices
computation, and links to time series and detailed information
on their methodology.

RESULTS

Characterization of the 2018 Drought

Characteristics of the 2018 drought over SP and its
contextualization within the last decades are determined
using precipitation data and the SPI time series on 1, 6, and 12
months timescales (denoted as SPI-1, SPI-6, SPI-12), suited to
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represent meteorological, agricultural and hydrological droughts,
respectively (WMO - World Meteorological Organization, 2012).

The boxplot of monthly precipitation (Figure 3A) shows that
accumulation for February 2018 (131.6 mm) was considerably
lower than the climatological 1981-2010 mean (194.6 mm) and
below the 25th percentile of the distribution. This also occurred
in April, May and June 2018 (with accumulations of 42.4, 36.5,
and 24.5 mm, respectively), and December 2018 (174.9 mm, and
climatological mean of 219.8 mm). By the thresholds of SPI-1
(upper panel of Figure 3B), dry conditions were moderate in
February, May and December (SPI-1 = —1.42, —1.46,and —1.33,
respectively) and extreme in April (SPI-1 = —2.06). Given that
the driest months were in summer (February and December)
and mainly in autumn (April and May), this year had a quite
different development in comparison to 2014, 2015, and 2017,
when dry conditions were more severe during summer, with
subsequent months near normal (Coelho et al., 2016b). In 2018,
a not so dry rainy season was followed by a very dry autumn.
This study will focus on these dry conditions from February
to July, with the moderately wet break in March (Figure 3B).
This break in dry conditions is an interesting feature of this 6-
month drought, as it was not originated from just few sparse
strong rain events, but from a month with persistent and
widespread precipitation in central and eastern SP (as illustrated
by Supplementary Figure 2)—or in other words, a month where
climate drivers must have been somewhat different from the rest
of the period.

We will not address conditions between November/2018-
January/2019, since they were already discussed by do
Nascimento Silva et al. (2020)—readers interested in this
period are referred to this work.

Calculations of the spatial distribution of SPI-1 illustrate
how the drought signal changes over the region along the
period. February drought was more spatially localized, limited
to the eastern portion of SP (Figure4A). In March, central
and eastern SP had above-average precipitation (SPI > 0),
and the dry signal was restricted to the northwestern portion
of the state (Figure4B). Dry conditions intensified and
spread spatially in April, when severe conditions occurred
over the central and eastern SP and extreme drought was
registered in western SP, along with northern Parand, southern
Mato Grosso do Sul and most of Paraguai (Figure4C).
Drought ceased to affect Bolivia and Paraguay in May, at
the time when conditions also weakened in SP (Figure 4D).
In June (Figure 4E), mild/moderate conditions prevailed over
SP, while drought intensified over northern Argentina. In
July, most of SP experienced mild conditions, with the
westernmost area having a signal of extreme drought, linked to
a drier signal affecting the western Brazil and eastern Bolivia
(Figure 4F).

Persistent monthly dry conditions shown in Figure 4 resulted
in an extreme drought in the February-July period (July SPI-6
= —2.15), the most intense 6-month drought registered in SP
since 1984.
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TABLE 4 | Southern Oscillation Index (SOI), South Atlantic Subtropical Dipole Index (SASDI) and Antarctic Oscillation (AAQ), Pacific Decadal Oscillation (PDO), Atlantic
Multidecadal Oscillation (AMO), Pacific-South America 1 and 2 (PSA1/PSA2) index values during 2018.

le]l AAO PDO AMO PSA1 PSA2 SASDI
February/2018 -0.5 1.04 -0.1 0.05 —0.07 -0.12 -1.29
March/2018 1.5 0.14 -0.71 0.12 -0.22 0 -1.44
April/2018 0.5 -1.17 —0.81 0.05 -0.2 0.28 -1.14
May/2018 0.4 —0.1 —0.45 0 0.1 0.12 -0.77
June/2018 —0.1 0 —0.65 0 0 0 -0.03
July/2018 0.2 0.38 0 0 0 —0.1 0.12

SOl absolute values equal or exceeding 0.5 are bold in blue (La Nifia) and red (El Nifio). AAO, PDO, AMO, PSA1, PSA2, and SASDI absolute index values exceeding one standard
deviation are bold in red (blue) for positive/warm (negative/cold) phase of the oscillation. Source: NOAA and ECMWF-ERAS (PSA1-2).

Climate Patterns of the 2018 February to
July Dry Conditions

The remarkable SP dry conditions registered in the first semester
of 2018 arose from a combination of several climate forcings at
different temporal and spatial scales, such as the teleconnections
in Table 4 and intraseasonal oscillations. This section describes
the intraseasonal and synoptic forcings with special attention
to their differences from February (moderate dry) to March
(mild wet) to April (extreme dry). These months illustrate
how climate patterns act to rapidly vary drought intensity and
spatial distribution.

Pacific-South America Patterns

In February 2018, a negative phase of PSA2 was configured
(Table 4), leading to an anomalous barotropic cyclonic
circulation over Uruguay and Southern Brazil (Figure5A).
The ONI index was near —1, i.e., a La Nifia event was occurring
(Supplementary Table 1).

The positive SST anomaly on the western Pacific (Figure 6A),
between Indonesia and Japan, strengthened the upper-level
jet and produced a strong Rossby wave source, triggering a
well-defined stationary wavetrain over North America and a
weaker one toward South America (Figures 5A,G). Large scale
disturbances can propagate from one hemisphere to another
when a “westerly duct” is configured in the equatorial region
(Webster and Holton, 1982), as was the case in that month (figure
not shown). This Northern Hemisphere wavetrain propagating
through the equatorial “window” (Li et al., 2019) toward South
America intensified the PSA2-induced cyclonic anomaly near the
Brazilian coast.

PSA2 turned neutral in March, while PSA1 reached the
negative phase (Table 4). SST anomalies still show colder waters
in the Equatorial Pacific (Figure 6B) in the decaying phase
of a La Nifa event (Supplementary Table 1). This condition
triggers a strong barotropic wavetrain associated with negative
PSA1, but diversion and absorption occurring in the Pacific
basin (Figure 5H) disturbed the wave-like appearance in the
stream function anomaly field (Figure 5B). In spite of that, the
figure clearly shows a barotropic anticyclone acting over SP,
the expected configuration for negative PSA1. This circulation
may have played a role in maintaining drier conditions to

the north of the state in March (Figure 4B), but it did not
prevent above-average precipitation in central and eastern SP
(Supplementary Figure 2a) that led to a break in dry conditions.
The PSA1 negative phase persisted in April (Table 4), and in
this month the wave pattern can be seen propagating through
a well-defined WAF originating near 160°W-30°S (Figure 5I).
Negative PSA1 is usually established during La Nifia, when there
is suppressed (enhanced) convection over equatorial Pacific (near
20°S on eastern Pacific) at the meridian 160°W, as shown by
Mo and Higgins (1998) and Mo and Paegle (2001). This scenario
was observed in April (Supplementary Table 1 and Figure 5C).
By this month, the La Nifia-induced PSA1 led to dry conditions
over southeastern Brazil in agreement with other studies (Paegle
and Mo, 2002; Gozzo et al., 2021; Santos et al., 2021). From
May to July, PSA1 was neutral. Regarding the PSA2, its positive
phase in April (Table4) forced an anticyclonic anomaly over
the South Atlantic that intensified dry conditions over SP. PSA2
was still positive in May (Figure 5D) and turned neutral in June
and July (Figures 5E,F). From May to July, the WAF analysis
indicate that PSA2 was not linked to an Equatorial Pacific
teleconnection, being instead a manifestation of the internal
atmospheric dynamics (Figures 5J,K,L). This is consistent with
the weakening of SST anomalies in the ENSO region of the Pacific
basin in these months (Figures 6D,E,F). Following the neutral
PSA, dry conditions over SP weakened (Figure 4).

Madden-Julian and 10-30 Days Oscillations

February was characterized by strong suppression of convection
over SP in the 20-90 days timescale (Figure 7G), resulting in
a broad positive OLR area in southern Brazil (Figure 7A). This
condition is associated with the MJO in phase 7 during summer
(Alvarez et al., 2016). In March, a totally different intraseasonal
setup takes place: a strong convection-induced signal is present in
South Brazil (including SP), and convective suppression occurs
in Central Brazil and the Southeastern coast (Figures 7B,H).
This may be linked to a Rossby wave-like 10-30 days period
oscillation (Gonzalez and Vera, 2014). The convective signal
observed in March 2018 bear striking resemblance to the EOF
pattern of OLR presented by those authors, with a strong negative
area over South Brazil near the boundaries with Argentina and
Paraguay, and a positive area northwest-southeast oriented from
Tocantins to Espirito Santo Brazilian states (Figures 1B, 7H and
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FIGURE 6 | (A-F) Sea surface temperature (K) and (G-L) blocking frequency (% of days) anomalies with respect to the 1981-2010 climatology, for February to July
2018.
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7-day 0 from Gonzalez and Vera, 2014). In April, intraseasonal
enhanced convection returns to Central Brazil (Figures 7C,I),
associated with MJO phases 1 and 2 effects during autumn
(Alvarez et al., 2016). Though MJO do not influence SP directly,
subsidence in compensation of the Central Brazil convection was
likely important to increase dry conditions over the state during
the month.

In May MJO did not impact rainfall over SP (with a more
localized signal of suppressed convection, Figures 7D,J), but
in June the Oscillation brought enhanced convection over the
state (Figures 7E,K). Nevertheless, this situation did not bring
abundant rainfall, as it occurred within the dry season when there
is a small amount of moisture available in the region. In July,
MJO in phases 4 and 5 forced a substantial area of suppressed
convection over SP (Figure 7L). This condition strengthened dry
conditions in western SP and in the regions along the borders
of Paraguay and Bolivia and Brazil (Figure 4F). Anomalies of
filtered OLR did not occur over SP in this month (Figure 7F),
indicating that though the rainfall was below normal, cloudiness
was near normal in the month.

Antarctic Oscillation

The AAO index in February was positive (Table 4). This phase
tends to decrease cyclone density in mid-latitudes near the
eastern coast of Argentina (Reboita et al., 2015), and to decrease
frontogenesis frequency between 50°S and 30°S over the South
Atlantic (Reboita et al., 2009). Both effects were observed during
the month (Figures 8A,G), reducing the number of cold and
stationary fronts that, during summer, may couple with the
monsoon circulation to cause widespread and persistent rainfall
over SP.

However, the effects of AAO on cyclones and fronts was absent
during March, when the Oscillation went neutral (Table 4).
With increased cyclogenetic (Figure 8B) and frontogenetic
(Figure 8H) activities at the eastern coast of Argentina and
southern Brazil, and a weaker South Atlantic Subtropical
High (SASH) during the month (Supplementary Figure 4a),
more transients displaced toward SP, favoring precipitation at
eastern and central regions of the state. In April, AAO turned
negative, maintaining above-average frontogenetic activity
over Argentina (Figure 8C), but the negative PSAl-induced
anticyclonic anomaly in subtropical South Atlantic displaced
the strengthened SASH westward (Supplementary Figure 4b),
preventing significant impacts of the fronts over SP. From May
to July, AAO turned neutral. Cyclogenesis frequency was below
normal in June (Figure 8E) and above normal in July (Figure 8F)
in latitudes near the state of SP. Enhanced frontogenetic activity
contributed to increased front passages in SP in May, June and
July (Figures 8J,K,L), but they did not revert the dry conditions,
since frontal systems are not expected to bring widespread
precipitation during winter.

South Atlantic Basin SST

Over the South Atlantic, a negative South Atlantic Dipole
(SAD) phase is configured in February, as indicated by
the SASDI index value of —1.29 (Table4). The cyclonic
(anticyclonic) circulation anomaly over southeastern South

America (South Atlantic) during negative SAD and neutral
ENSO is present (Supplementary Figures 3a,g) but displaced
to the east with respect to the composites of Bombardi et al.
(2014). The difference in positioning may come from the fact that
February/2018 was not ENSO neutral, but within a La Nifia event.
The cyclonic anomaly in this month, driven by the PSA2 and
intensified by an interhemispheric wave propagation, displaced
the South Atlantic Convergence Zone (SACZ) northward of
its climatological position (Figure7A), decreasing available
moisture and precipitation in SP. This SACZ displacement is
shown by Bier et al. (2021) to be an important feature of summer

dry periods in SP.
In March, SASDI became even more negative (Table 4)
and low-level circulation was similar to February

(Supplementary Figures 3b,h). The persistence of similar
SAD conditions in both months contrasted with their inverse
precipitation anomalies over SP, suggesting that SAD was not
relevant to cause a wetter March.

During April and May, warmer SST in the extratropical South
Atlantic, due to the presence of the anticyclonic circulation
anomaly of the PSA2 (Supplementary Figures 3c,d,i,j),
maintained the negative SAD (SASDI = —1.14 and —0.77,
respectively—Table 4), and the index went neutral in June and
July, along with the decreased dry conditions.

In the equatorial Atlantic, a cold SST anomaly near 10°N
(Figure 6C) shifted the Intertropical Convergence Zone (ITCZ)
to the south of its climatological position in April, near north and
northeastern Brazil (Figure 7C). The strengthening of the ITCZ
over this region tends to suppress convection in SP (Souza and
Cavalcanti, 2009; Hohenegger and Jakob, 2020). Linear Pearson
correlation of OLR anomaly between the ITCZ (during austral
autumn, between 50°W-10°E e 5°N-9°N) and the SP state (red
rectangle in Figure 1) regions for the period 1981-2010 resulted
in a correlation coeflicient of —0.33. Though low, it is statistically
significant at the 95% level according to a t-test, reinforcing
the hypothesis that a stronger ZCIT over northern Brazil may
inhibit convection over SP. This forcing persisted in May, and
in June and July, the correlation is still negative (although lower
in magnitude) and statistically significant at the 5% level, but it
may not have influenced the 2018 winter as the ITCZ did not lay
anomalously southward during these months (Figures 8C-E).

Atmospheric Blockings

In the synoptic timescale, atmospheric blocking persistence
upstream of South America hampers the displacement of
precipitating systems from the Pacific basin toward south and
southeastern Brazil. Accordingly, the blocking frequency over
eastern South Pacific was above average in February (Figure 6G).
This may have been a dynamical response to the WAF
convergence (Takaya and Nakamura, 2001) near the Chilean
coast (Figure 5G).

Similar condition occurred in March (Figures 5H, 6H). This
above-average blocking may have played a part in maintaining
the dry signal in northern SP during the month, while other
forcings acted to increase precipitation over the central state
(Figure 4B). In April, a strong blocking over northern Argentina
and southern Brazil (Figure 6I) canceled the effect of increased
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FIGURE 9 | Schematic representation of the main climate drivers for the (A)
February 2018 and (B) April 2018 dry conditions.

high-latitude frontogenesis over SP (Figure 8I). From May
onward, the blocking effect on Pacific transients lost importance,
since it was either weaker (Figure 6]) or positioned over central
Brazil (Figures 6K,L).

Low-Frequency Climate Oscillations

The 2018 drought climate drivers at intraseasonal timescales,
discussed in the previous subsection, are superimposed on an
atmospheric circulation variability of lower frequency. This
section briefly addresses the conditions of PDO and AMO, two
low-frequency climate oscillations known to influence the SP
rainfall climate. Their impact occurs by changing the magnitude
of horizontal moisture transport from equatorial regions toward
southeastern South America (e.g., Silva et al., 2011; Jones and
Carvalho, 2018; Reboita et al,, 2021). But more importantly,
these teleconnections act to enhance downward vertical motion
over SP.

Kayano et al. (2019) show that the aforementioned
teleconnection also occurs via a PSA wavetrain: during autumn,
cold PDO and warm AMO (CPDO/WAMO) conditions favor
a wavetrain pattern that tends to intensify the SASH. PDO
and AMO signals were relatively weak during 2018 (neither
reached the 1 standard-deviation magnitude in the considered
months—Table 4), but they were still in their cold and warm

phases, respectively. Indeed, in April/2018, the barotropic
anticyclonic center of the PSA wavetrain over South Atlantic
strengthened the SASH (Figure 5C) and displaced it toward the
continent (Supplementary Figure 4), reinforcing subsidence
in the state of SP. Besides PSA, CPDO/WAMO also enhances
downward motion over SP by modulating the Hadley circulation
cell (Kayano et al, 2019). In autumn, it promotes a more
vigorous upward motion in the ITCZ region and reinforces
anomalous subsidence in the subtropics (as seen in April and
May—Figures 8C,D).

DISCUSSIONS AND CONCLUSIONS

During the first semester of 2018, SP experienced the driest
6-month period in more than three decades, occurring from
February to July, with a break in March. As it developed in the
autumn-winter period, its main societal impacts were the fires
and poor air quality, besides maintaining low levels at water
reservoirs. Climate drivers acting on the onset and development
of the dry conditions were addressed in this study, through the
SPI computation and reanalysis data.

Dry conditions in February/2018 were driven by the PSA2
pattern, the positive phase of AAO, a convection-suppressing
phase of the MJO and increased atmospheric blockings over
the Southeastern Pacific. Above-average rainfall was registered
in March, in the central and south regions, due to intraseasonal
induced convection and increased frequency of frontal systems
(decurring from the intraseasonal AAO turning from positive
to neutral). In April, dry conditions returned with greater
intensity. The joint influence of PSA1/PSA2 patterns, SASH
strengthened by the cold PDO and warm AMO phases, and
compensating subsidence from the ITCZ (displaced southward of
its climatological position), led to more widespread and intense
dry conditions than in February. Dryness persisted until July,
weakening along with the weakening of the main drivers.

Figure 9 shows the setup for dry conditions in February
(Figure 9A) and April (Figure9B). In both months,
intraseasonal PSA and MJO signals were the most important
drivers. A distinction between summer and autumn is seen in
the role of SACZ in the former, and SASH and ITCZ in the latter.

The intraseasonal AAO also contributed to this scenario,
enhancing the drought in February, during the positive phase,
and weakening it in the following months. The precipitation
pattern change between February and March was in part due
to the AAO turning from positive to neutral, illustrating the
importance of this oscillation to characterize monthly dry
conditions over SP. But the role of AAO in SP drought seems
not limited to its intraseasonal variability. The Oscillation also
presents an interannual variability that, albeit much smaller
than the intraseasonal one (Pohl and Camberlin, 2014), may
contribute to longer wet and dry periods over SP. An example
can be seen on annual mean water reservoir levels in the last
two decades (Figure 10A), where the levels (thus precipitation
volumes) were higher during the period 2003-2013, and lower
during 2014-2020. The relationships between reservoir levels and
ENSO, PDO and AMO were inconclusive, since the correlation
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FIGURE 10 | Annual mean of (A) stored useful volume in the Brazilian Southeast/Midwest subsystem between 2000 and 2021 (Source: ONS, 2022) and (B) Antarctic
Oscillation index. The black (red) vertical lines indicate the period of 2003-2013 (2014-2021) and the horizontal dashed line in (B) indicates the zero value of the index.

coefficient for ENSO was very low and the phases of PDO
and AMO did not match the observed precipitation behavior—
PDO was mostly negative in the first decade of the period, and
AMO remained positive throughout the whole period. However,
correlation with the annual AAO was evident.

At the interannual timescale, it is clear that the period 2003-
2013 was characterized by more frequent and intense negative
episodes of AAO, while in the drier period of 2014-2021, AAO
was predominantly positive (Figure 10B). The link between the
two time series can be inferred even at the annual timescale,
for example from 2000 to 2003 and from 2008 to 2011—when
the annual AAO is positive (negative), the useful volume of the
reservoirs is lower (higher). The Spearman correlation coefficient
of —0.47 from 2000 to 2021, significant at the 99% level,
corroborates this relation. This succinct description points to an
interesting possible link between the interannual AAO variability
and precipitation over SP, and further studies are suggested.

By comparing the 2018 conditions with two recent important
droughts in southeastern Brazil, in years 2001 and 2014, we
conclude that dry conditions occurred for the most part due
to anomalous upper- and lower-level tropospheric circulations
within a semi-stationary Rossby wave train propagating from the
Pacific basin toward South America. But in each of these 3 years,
the resultant circulation anomalies over Brazil were different. In
February 2018, a strong cyclonic barotropic circulation anomaly
occurred southward of SP, while an anticyclonic anomaly
was present over Southeast Brazil in summer/autumn 2001
(Drumond and Ambrizzi, 2005) and in Southwestern South
Atlantic in 2014 (Coelho et al, 2016a). This difference in
circulation patterns arose from the different source regions of

the Rossby waves: in 2018 they originated over the Pacific in
longitudes around 180°W and over the Northern Hemisphere,
but in 2014 their source was more to the east of the southern
Pacific basin, between 150°W and 110°W (Coelho et al,
2016a), and in 2001 the wavetrain was triggered by persistent
convection associated with anomalously warm SST in Indonesia
and northern Australia, around 130°E (Cavalcanti and Kousky,
2004; Drumond and Ambrizzi, 2005).

These comparisons highlight that though southeastern Brazil
dry events are triggered by the PSA mechanism, differences
in the wave may result in distinct impacts—while the 2001
and 2014 circulation patterns led to more dryness in Central
and northern Southeast regions of Brazil (Drumond and
Ambrizzi, 2005; Coelho et al., 2016b), the 2018 wave trains
led to a stronger drought in the southern Southeast, including
SP, Paraguay, northern Argentina and part of Southern
Brazil (Figure 4).

Distinct configurations of the PSA pattern also impact
the South Atlantic SST configuration. So, different Atlantic
SST patterns near Southeastern Brazil are linked to different
positioning of the drought conditions, as discussed by Bier et al.
(2021). A semi-stationary barotropic anomalous anticyclone near
the coast tends to locate the dryness more to the north during
summer (over the states of Minas Gerais and Espirito Santo,
and not so much over SP), and it is associated with positive
SST anomalies in the South Atlantic, near SP, due to radiative
warming and calm winds (Rodrigues et al., 2019). Dry conditions
more to the south (i.e., with more impact over SP) are linked
to a wide mid-tropospheric ridge and a northward displacement
of SACZ, and an opposite condition in the Atlantic: a negative
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SST anomaly at the latitudes of SP (Pampuch et al.,, 2016; Bier
etal., 2021). The PSA wavetrain in summer led in 2001 and 2014
to a SST pattern associated with drought impacts more to the
north, while in 2018, the wavetrain forced an SST characteristic
of dryness more to the south.

In short, the main conclusions of this work may be
summarized in three points:

1) Intraseasonal oscillations (PSA, MJO, 10-30 days, AAO) are
very important to the maintenance of dry conditions in
SP, controlling drought characteristics such as magnitude,
persistence and spatial distribution within a larger-scale low-
frequency setup determined by other oscillations such as
ENSO, PDO and AMO;

2) PSA modes are likely the main drivers of the drought in SP,
with their ways of influence and affected regions depending
on particular conditions of each period;

3) The AAO influence on precipitation over SP seems to extend
from the intraseasonal to the interannual timescales.

A last comment should be made about the issue of climate
indices. We applied here values made available by different
research groups, and then climatological reference periods are
not standardized. But since in the present study the indices were
used only to support the characterization of the climate state
during dry months (and not to a deep analysis of low-frequency
variability modes), we consider that these periods’ discrepancies
should not affect our discussions. It could be considered a
side result of this study that readily available indices may be
put together to characterize climate events, even with slight
differences in the climatological period. However, it may not
always be the case, and we do not deny that this discrepancy could
produce results with important differences in other occasions.
Thus, we make a suggestion for the uniformization of the
reference periods among the research groups in meteorological
centers, if possible.

Results from this investigation contribute to improve
knowledge about drought drivers and manifestation, since
the 2018 dry conditions occurred in seasons not frequently
addressed in the literature (autumn-winter) and the intraseasonal
drivers were of utmost importance not only for the onset of
dry conditions, but to their evolution. The comparison with
climate drivers in previous recent dry events shows that though
some atmospheric forcings are common to most droughts, it
is difficult to establish a unique conceptual model of such a
complex phenomenon. Thus, predictions of drought intensity,
duration and impacted area remain a major scientific and
practical challenge. Considering that drought frequency has been
increasing in SP and tends to be even more common in a
future climate change scenario (IPCC, 2021), a better scientific
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