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Abstract
This study provides an updated dynamical analysis of the observed climate conditions during the longest, most severe and 
continuous drought (2012–2016) ever recorded in Northeast Brazil (NEB). This investigation was carried out based on 
temperature, precipitation, sea surface temperature, outgoing long-wave radiation, and ERA-Interim reanalysis data from 
1981 to 2016. This was done by first looking for the area of the NEB where the drought was most severe, and then calcu-
lating the main rainy season anomalies and atmospheric parameters from 2012 to 2016 in relation to the climatological 
conditions (1981–2010). Results show this drought event was influenced mainly by two distinct oceanic conditions that 
induced anomalous atmospheric circulation patterns. The observed negative precipitation anomalies were firstly related to 
the northward displacement of the Intertropical Convergence Zone (ITCZ), followed by an anomalous upward motion over 
the Western Amazon, as well as the anomalous precipitation deficit along the South Atlantic Convergence Zone, that was 
slightly displaced southward of the climatological position. From 2015 to 2016 the subsidence over NEB Brazil was linked 
to the descending branch of the Walker circulation, as well as to the strong anomalous flow induced by convection in the 
ITCZ over Africa and Gulf of Mexico.
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1 Introduction

Northeast Brazil (NEB) covers an area of 1588.196 km2, 
of which 1006.654 km2 is part of the so-called Brazilian 
semiarid zone, the location of 1171 municipalities and ~ 26 
million inhabitants, considering only those included in the 
Northeast Brazil states (Condel 2017). According to Arti-
cle 2 of Resolution 107/2017 from the Ministry of National 
Integration (Brasil 2017), municipalities in semiarid zones 
have at least one of the following criteria: (i) average annual 
rainfall of 800 mm or less; (ii) Thorthwaite aridity index 

equal to or less than 0.50; and (iii) daily percentage of water 
deficit equal to or greater than 60%, considering every day 
of the year. Therefore, the NEB is characterized by rain-
fall scarcity and considered a region vulnerable to climate 
extremes, mainly those related to droughts conditions. 
Projected climate change scenarios indicate that dry spells 
events become worst in the near and long-term future, with 
decrease in water availability for irrigated agriculture and 
human use owing to reductions in precipitation and increases 
in evapotranspiration and air temperature (Marengo et al. 
2016). In NEB region, droughts events affect more people 
than any other natural hazard owing to their large scale and 
long-lasting nature (Marengo et al. 2019). In this context, 
several major droughts have been recorded and studied 
in NEB. From 1603 to 2016, 34 years of severe drought 
occurred, classified in 15 events as follows: 1614, 1723–24, 
1776–77, 1790–94, 1824–25, 1877–79, 1900, 1915, 1919, 
1941–44, 1958, 1982–83, 1992–93, 1997–98 and 2012–16 
(Mossman 1919; Ferraz 1950; Hastenrath and Heller 1977; 
Rao et al. 1995; Brito et al. 2017; Cunha et al. 2018; Medei-
ros et al. 2020b).
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The NEB region presents another adverse climatic fac-
tor: the rainfall distribution is not uniform. It varies from 
year to year and from one sub-region with homogeneous 
precipitation to others (Oliveira et al. 2017; Medeiros et al. 
2018). Among the regions most affected by the spatial and 
temporal variability of precipitation, the Northern Northeast 
Brazil (NNEB) is the most vulnerable to droughts (Moura 
and Shukla 1981; Marengo et al. 2017; Cunha et al. 2018). 
It is estimated that in the drought of 2012–2016, approxi-
mately 85% of the region’s reservoirs contained less than 
25% of their capacity (Getirana 2016; ANA 2017), which 
caused negative reflections on activities like agriculture, 
tourism and recreation, electricity generation, urban water 
supply and transportation (Wilhite et al. 2014). This drought 
affected almost 33.4 million people, and caused an estimated 
damage of approximately $US 30 billion (Marengo et al. 
2017). Continuous drought not only directly affects people’s 
water and food security, but may also change surface land-
scapes (such as land cover and soil properties), and further 
affect the processes of runoff yield and flow concentration, 
leading to a series of ecological and environmental problems 
(Pereira et al. 2014).

In NEB drought episodes are often associated with 
large-scale phenomena such as the El Niño-Southern 
Oscillation (ENSO) (Ropelewski and Halpert 1987; 
Grimm 2003; Tedeschi et al. 2015; Cai et al. 2020) and 
Sea Surface Temperature (SST) anomalies in the tropical 
Atlantic (Moura and Shukla 1981; De Souza et al. 2005; 
Andreoli and Kayano 2004; Hastenrath 2006; Amorim 
et al. 2014; Foltz et al. 2019). These phenomena produce 
changes in the atmospheric-oceanic system that influence 
the NEB climate. During El Niño (EN) episodes, there is 
a tendency to inhibition of convective activity over NEB, 
associated with an anomalous Walker circulation with its 
descending branch over NEB and surrounding regions, 
which leads to a drier than normal NNEB rainy season 
(Chaves and Cavalcanti 2001; Hastenrath 2006; Rodrigues 
et al. 2011). On the other hand, during La Niña episodes, 
the anomalous Walker circulation becomes inverted, which 
results in an enhanced convective process over NEB, with 
associated higher precipitation (Grimm 2004; Manatasa 
and Mukwada 2017). However, it is important to highlight 
that although the large majority of severe drought events in 
NEB region is associated with the occurrence of El Niño, 
this is not always the case (Kane 1997). In relation to the 
Atlantic Ocean, droughts in NEB are observed when the 
simultaneous existence of a heat source to the north and 
a cold sink to the south of the Equator is present (Nobre 
and Shukla 1996). Such meridional gradient hydrostati-
cally controls the sea level pressure and wind pattern over 
the equatorial Atlantic, setting a scene for an anomalously 
steep interhemispheric northward SST gradient, stronger 
southerly wind component, and thus anomalous northward 

migration of the ITCZ and consequently deficient NEB 
rainfall (Curtis and Hastenrath 1995; Kayano et al. 2013). 
Others teleconnection patterns, such as the Madden–Julian 
Oscillation (MJO), also influence the circulation and pre-
cipitation in northern South America (Oliveira et al. 2016; 
Valadão et al. 2017). Rodrigues et al. (2019) showed that 
the tropical convection and the related wind convergence 
in the eastern Indian Ocean associated with the passage 
of the MJO leaded to atmospheric blocking over the 
western South Atlantic as part of planetary Rossby wave 
train, which, in turn, resulted in one of the worst drought 
(2013–2014) recorded in eastern South America.

In particular, the beginning (2011–2012) of the drought 
event in NEB (2012–2016) has been documented as not 
related to El Niño or warm SST over the tropical North 
Atlantic (Rodrigues and McPhaden 2014; Jiménez-Muñoz 
et al. 2019). Rodrigues and McPhaden (2014) showed that 
NEB rainy season (March–May) of 2012 was preceded 
by negative SST anomalies in the central Pacific Ocean, 
whereas in the Atlantic Ocean neutrality conditions domi-
nated during 2011–2012. Nevertheless, below-average pre-
cipitation over NEB was verified, being the austral autumn 
of 2012 the driest between 1961 and 2016 (Marengo et al. 
2017; Medeiros et al. 2020b). During 2012–2016 many 
drought episodes were detected not only in NEB, but in the 
other regions of Brazil, such as Amazon (Jiménez-Muñoz 
et al. 2016, 2019; Aragão et al. 2018) and Southeast (Coelho 
et al. 2015, 2016), and worldwide (Griffin and Anchukaitis 
2014; Funk et al. 2016; Baudoin et al. 2017; Lin et al. 2017; 
Stojanovic et al. 2018; Mo and Letternmaier 2018).

Specifically, for the recent drought in NEB, several stud-
ies have been conducted (Pereira et al. 2014; Rodrigues and 
McPhaden 2014; Cunha et al. 2015, 2018, 2019; Marengo 
et al. 2016, 2017; Getirana 2016; Martins et al. 2017; Brito 
et al. 2017; Azevedo et al. 2018; Barbosa et al. 2019). How-
ever, these studies do not provide a comprehensive back-
ground to some atmospheric dynamics and oceanic aspects 
related to the observed climate variability in NEB during 
the whole period (2012–2016). The exception is the paper of 
Marengo et al. (2017). Nevertheless, the dynamical analyses 
are restricted to sea surface temperature and Walker circu-
lation. Thus, there is still a need for further studies to shed 
light into advance the understanding of the regional-scale 
mechanisms and atmospheric teleconnection patterns associ-
ated with the causes of the NEB drought during 2012–2016.

In this sense, given that this drought episode was the long-
est continuous dry spell on the NEB historical record (1583 
onwards), and affected a large area with significant impacts 
for population, as well as economic activities (Marengo et al. 
2016; Brito et al. 2017; Barbosa et al. 2019), the aim of 
this paper is to investigate the vertical structure circulation 
associated with the intense and persistent drought event in 
the Northeast Brazil during 2012–2016, which complements 
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the large scale circulation patterns discussed by Marengo 
et al. (2017).

2  Materials and methods

2.1  Observational data

The observational dataset used in this study was provided 
by Xavier et al. (2016) and Gadelha et al. (2019). They 
provide daily information about the following weather 
variables: rainfall, maximum and minimum temperature, 
wind speed and direction, relative humidity, solar radia-
tion and evapotranspiration. This dataset was built using 
3625 rain gauges and 735 weather stations covering all of 
Brazil’s territory for the 1980–2016 period, being arranged 
in a regular 0.25° × 0.25° grid (Xavier et al. 2016). For the 
NNEB region, the precipitation dataset considered 446 rain 
gauges, collected from different sources such as conven-
tional (57) and automatic (78) rain gauges from “Instituto 
Nacional de Meteorologia” (INMET), and conventional 
rain gauges (311) from the “Agência Nacional de Águas” 
(ANA). To investigate the 2012–2016 drought event and 
its impacts, the variables used were precipitation, maxi-
mum and minimum temperatures. In this sense, to obtain 
the accumulated precipitation anomalies we first calculate 
the annual climatology based on the period 1981–2010 and 
then annual anomalies from 2012 to 2016 are obtained by 
subtracting them from the climatological period. For the sea-
sonal analyzes similar procedure was adopted. We calculate 
the seasonal climatologies based on the period 1981–2010 
and then anomalies are obtained by subtracting them from 
each season during the 1980–2016 period. Although Cunha 
et al. (2019) have showed that between 2011 to 2017 drought 
events were severe and widespread over Brazil, we restrict 
our analysis for the period 2012–2016 due to Marengo et al. 
(2017) have shown that the rainfall over the NEB Brazil in 
2011 was above average, as well as the observational data 
used (Xavier et al. 2016) be available until 2016. Further-
more, according to Medeiros et al. (2020a) the precipita-
tion anomalies observed in the northern sector of the semi-
arid region in 2017 was close to the climatological average 
(− 17.0 mm).

2.2  Atmospheric and oceanic reanalysis data

The meteorological fields of monthly means of zonal and 
meridional wind, temperature, specific humidity, and the 
vertical motion (omega) from 1981 to 2016 of the ERA-
Interim reanalyze, provided by the European Center for 
Medium-Range Weather Forecasting (ECMWF) in a 
1.5° × 1.5° grid were used (Dee et al. 2011). These vari-
ables are used from the following pressure levels: 1000, 

975, 950, 925, 900, 875, 850, 825, 800, 775, 750, 700, 650, 
600, 550, 500, 450, 400, 350, 300, 250, 225, 200, 150, 125 
and, 100 hPa. The Outgoing Long-Wave Radiation (OLR) 
dataset (Liebmann and Smith 1996) is used to investigate 
the regions with deep convection and was obtained from 
the Climate Diagnostics Center of the National Oceanic and 
Atmospheric Administration (NOAA-CDC) in a 2.5° × 2.5° 
grid.

To analyze ocean conditions, we used the NOAA 
Extended Reconstructed Sea Surface Temperature (ERRST) 
v3b dataset (Smith et al. 2008). These data consist of recon-
structed monthly sea-surface temperature for the whole 
globe on a 2.0° × 2.0° grid. However, to identify the atmos-
pheric circulation pattern associated with NEB drought 
conditions, several studies proposed the evaluation of both 
ENSO and SST gradient in the tropical Atlantic in order to 
know which mode is most important to NEB interannual 
rainfall variability (Moura and Shukla 1981; Hastenrath 
2012; Kayano et al. 2013). Therefore, to identify and evalu-
ate the intensity of ENSO events the Oceanic Niño Index 
(ONI) are applied, and to investigate the role of the tropical 
Atlantic, the cross-equatorial sea surface temperature gradi-
ent (GRAD) are select. Only the months from March to May 
(MAM) are considered because the main focus is the NNEB 
rainy season related to those ocean’s conditions.

The ONI categorizes warm (El Niño) and cold (La Niña) 
phases of the ENSO according to the three-month running 
mean of Sea Surface Temperature Anomaly (SSTA) (based 
on centered 30-year base periods updated every 5 years) in 
the Niño 3.4 region (5° N–5° S, 120° W–170° W). A given 
period is defined as an El Niño (La Niña) event if the ONI 
value is higher (lower) than a + 0.5 °C (− 0.5 °C) threshold 
for at least five consecutive overlapping seasons of the year. 
Based on the analysis of the Climate Prediction Center—
CPC/NOAA (https ://origi n.cpc.ncep.noaa.gov/produ cts/
analy sis_monit oring /ensos tuff/ONI_v5.php), the oceanic 
conditions in the eastern equatorial Pacific during the NEB 
rainy season (MAM) in 2012, 2013 and 2014 were neutral, 
whereas in 2015 and 2016, an El Niño event occurred. In 
addition, during the 3-month average from November 2015 
to January 2016 the ONI value had peaked at 2.6 °C, repre-
senting the highest anomaly since 1981. Thus, we compare 
the composite of the rainy seasons in 2012–2014 with the 
composite of the 20 neutral years observed in the period 
1981–2010 (1981, 1984, 1986, 1988, 1990, 1991, 1993, 
1994, 1995, 1996, 1997, 2001, 2002, 2003, 2004, 2005, 
2006, 2007, 2009, 2010). The same analysis was performed 
with the rainy seasons of the years 2015 and 2016 that 
was compared to the 5 El Niño years observed between 
1981–2010 (1982, 1983, 1987, 1992, 1998). Therefore, 
30 years are used in this study to perform the dynamics 
analysis of the ocean conditions and atmospheric circulation 
during the drought period. These analyses will allow a better 

https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
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understanding of the atmospheric characteristics observed 
during the neutral period (2012–2014) and ENSO positive 
phase (2015–2016).

In order to investigate the GRAD mode in more detail, 
monthly SST time series obtained from the CPC/NOAA 
(https ://www.cpc.ncep.noaa.gov/data/indic es/) for the 
Tropical North Atlantic (TNA) (5°–20° N, 60°–30° W) and 
Tropical South Atlantic (TSA) (0°–20° S, 30° W–10° E) 
are used. The monthly SSTA averaged in each area were 
obtained. Then, the seasonally averaged TNA and TSA time 
series were obtained for MAM, which were used to calculate 
the GRAD index, defined as TNA-TSA difference. Positive 
(negative) GRAD index denotes the northward (southward) 
SST gradient over the intertropical Atlantic basin (Servain 
1991; De Souza et al. 2005; Amorim et al. 2014).

With the goal of identifying the changes in the regional 
Hadley and Walker circulations in the neutral and El Niño 
years during 2012–2016, we calculated these circulations 
defining the standard bounded of the regional Hadley cir-
culation over Northeast Brazil (90° N–90° S, 30° W–50° 
W), and the Walker circulation around the equatorial region 
(0°–360°, 10° S–0). This latitudinal region was chosen to 
analyze the position and intensity of the ITCZ, that accord-
ing to Coelho et al. (2004) and Utida et al. (2019) is the 
major rain atmospheric system for NEB. The regional 
Hadley circulation as well as the anomalous fields of SST, 
OLR, velocity potential and divergent wind at 200 hPa was 
explore to verify the surface, and the upper and lower level 
convergence-divergence over NEB and surroundings regions 
associated with the ITCZ position.

2.3  Thermodynamical aspects

To analyze the atmospheric thermodynamics, the potential 
temperature (θ), equivalent potential temperature ( �e ) and 
saturated equivalent potential temperature ( �es ) were calcu-
lated also using the ERA-Interim reanalysis. We used the 
formulations recommended by Betts and Dugan (1973) and 
Bolton (1980).

where Tk is the absolute temperature, ρ is the partial pres-
sure of dry air, r and rs are the mixing ration and saturation 
mixing for water vapor, TL is the absolute temperature at the 

� = Tk

(

1000

�

)0.2854(1−0.28×10−3r)

�
e
= � × exp

[(

3.376

T
L

− 0.00254

)

× r(1 + 0.81 × 10 −3
r)

]

�es = � × exp

(

Lvrs

CpdTk

)

lifting condensation level, Lv is the latent heat of vaporiza-
tion, and Cpd is the specific heat for dry air.

2.4  Statistical analysis of the climatic time series

In order to identify trends in the annual and seasonal time 
series of precipitation, maximum and minimum temperature, 
the nonparametric Man-Kendall (MK) test (Mann 1945; 
Kendall 1975) was applied. This test compares each value 
of the time series with the remaining values in sequential 
order, counting the number of times that the remaining terms 
are greater than the analyzed value. The null hypothesis Ho 
of the MK test is that there is no trend of the calculated 
time series, while the alternative hypothesis H1 says there is 
trend (positive or negative). This method is considered one 
of the most complete for identification of changes in time 
series and is widely used for trend detection in meteorologi-
cal series (Oliveira et al. 2014; Ye et al. 2016; Espinoza et al. 
2018; Cabral Júnior et al. 2019). All of these statistical tests 
are evaluated using significance of at least 99% (p < 0.01). 
The null hypothesis Ho should be rejected if the p value is 
less than the significance level.

3  Results and discussion

3.1  Rainfall anomaly distribution during the 2012–
2016 Northeast Brazilian drought

Figure 1a shows the spatial distribution of precipitation 
over the 30-year period from 1981–2010 in Brazil. During 
this period, the mean annual rainfall in NEB ranged from 
2000 mm in the Northwest to lower than 600 mm in many 
places over the central portion of the northeastern region. 
Although the coastland and extreme northwestern regions 
exhibited high annual rainfall totals, it can be seen that the 
Northeast Brazil region is the driest in the country. In fact, 
although different atmospheric systems act in NEB, namely 
the Intertropical Convergence Zone, upper tropospheric 
cyclonic vortex, easterly wave disturbances, sea and land 
breezes, squall lines, front systems, among others (Molion 
and Bernado 2002), the rainfall spatial pattern is hetero-
geneous and characterized by high space–time variability 
(Oliveira et al. 2017).

In relation to annual rainfall anomalies during the period 
from 2012 to 2016 (Fig. 1b), it can be seen that negative 
anomalies were present in all of NEB’s territory, and in 
many others parts of Brazil, such as Southeast and Central 
Brazil. Therefore, the 2012–2016 NEB drought is part of a 
much bigger area where precipitation well below average 
prevailed. However, regarding its intensity, the largest pre-
cipitation deficits is clearly observed in NNEB (1.2° S–8° 
S and 34.4° W–48.25° W). In terms of magnitude, over the 

https://www.cpc.ncep.noaa.gov/data/indices/
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NEB the anomalies from 2012 to 2016 were − 353.2, − 73.5, 
− 165.1, − 327.6 and − 143.7 mm, respectively, while over 
the NNEB they were − 425.3, − 201.6, − 162.4, − 363.0 
and − 243.1 mm, respectively (not shown). Therefore, the 
accumulated precipitation anomalies over the whole period 
were 1063.1 mm in NEB and 1395.4 mm in NNEB. Since 
the spatial analysis of precipitation anomalies showed that 
this drought event was more intense in NNEB, the following 
climate characteristics analyses of the precipitation, maxi-
mum and minimum temperature, and the outgoing longwave 
radiation anomalies are restricted to this area. Figure 1 also 
emphasizes how the occurrence of drought events could 
be detrimental to the central part of the Northeast Brazil, 
considering that an occurrence of negative precipitation 
anomalies in an area with climatological low average rain-
fall (less than 600 mm/year) have a huge impact on water 
resources. This impact can be seen in the São Francisco river 
basin, which reached on January 2016 just 5% of its volume 
capacity (Martins et al. 2017), and in the Armando Ribeiro 
Gonçalves and Coremas reservoirs—the most important 
reservoirs of the Rio Grande do Norte and Paraiba states, 
respectively—which approximately both lost 30% of its vol-
ume stored throughout the extreme dry year of 2012 (Medei-
ros et al. 2018).

3.2  Main rainy season in NNEB

Figure 2a shows the histogram of the monthly average rain-
fall over the 30-year period from 1981 to 2010 in the NNEB 
region. The maximum rainfall occurred between February 
and May (71.5%), while July to December concentrated less 
than 15% of the annual rainfall. The months of June and 
January, on the other hand, were transitional to the rainy and 
dry season, respectively. Furthermore, according to Fig. 2a 

only the months from March to May (MAM) accounted for 
more than 55% of the total annual climatological volume, 
being the main rainy season in NNEB, mainly due to the 
ITCZ reaching its southernmost position in the equatorial 

Fig. 1  a Spatial variation of 
annual rainfall (mm) over Brazil 
during 1981–2010 and b 2012–
2016 accumulated precipitation 
anomalies (mm) in relation 
to the average climatological 
precipitation (1981–2010). 
The rectangle in b defines the 
Northern Northeast Brazil (area 
between 1.2° S and 8° S and 
34.4° W–48.25° W)

Fig. 2  Histogram of the monthly average rainfall in NNEB in the a 
climatological period (1981–2010) (%) and b a comparison between 
the seasonal rainfall distribution during the 1981–2010 period and the 
drought event (2012–2016) (mm)
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South Atlantic around April (Waliser and Gautier 1993; 
Drumond et al. 2010).

Comparing the rainfall between the 1981–2010 period 
and during the drought event (2012–2016) on a seasonal 
basis (Fig. 2b), it can be seen that the austral summer, win-
ter and spring presented similar rainfall values. In fact, the 
difference between the climatological average and drought 
event is + 29.9 mm in summer, while in the winter and 
spring are − 23.9 mm and − 11 mm, respectively. On the 
other hand, in the austral autumn, the values are very differ-
ent. In the climatological period, the average rainfall value 
was 742.2 mm, while in the drought event it was 462.2 mm, 
representing a water deficit of 37.8%. These characteristics, 
associated with that observed and discussed in Sect. 3.1, 
highlights how a severe drought event can be to water 
resources and consequently for the NEB population, given 
that the recompositing of water reservoir used for city supply 
and agricultural use is restricted primarily to those months 
of the short rainy season (MAM), which was highly affected 
during the 5-year drought (Fig. 2b). For example, according 
to the Brazilian National Water Agency—ANA, approxi-
mately 55% and 25% of the water demand in the NNEB 
region (composed by ~ 940 municipalities with 350 water 
reservoirs monitored by ANA) are used by the population 
and agriculture, respectively (ANA 2018).

In addition, to further detail how the NNEB rainy season 
(MAM) was affected from 2012 to 2016, we analyzed the 
area average austral autumn 1981–2016 precipitation anom-
aly time series (Fig. 3a). It can be noted that from 2012 to 
2016 the rainfall was − 840.3 mm below average, with the 
austral autumn of 2012 standing out with the largest negative 
precipitation anomaly of − 317.5 mm with respect to the 
1981–2010 climatological mean for the region (573.5 mm). 
Cunha et al. (2018) suggested that these anomalies could be 
related to warming trends observed in the tropical Atlantic. 
Examining the GRAD mode (Fig. 3d), that is strongly cor-
related to ITCZ position (Gloor et al. 2013; Kayano et al. 
2018), positive trend is observed with 0.016 °C (no statis-
tical significance) (Table 1). For the 2012–2016 period, 
positive northward SST anomalous gradient in 2012, 2013 
and 2016 probably displaced Atlantic ITCZ more to north 
than usual, which may lead to less overall precipitation over 
NNEB (Fig. 3a). The atmospheric circulation will be dis-
cussed further latter (Sect. 3.3) through an analysis of the 
Hadley and Walker circulation.

Furthermore, examining the historical times series 
of Fig. 3a one can notice that the NNEB region presents 
a high rainfall variability. For example, during the years 
from 1981 to 1997, the precipitation was below normal 
from 1981 to 1983, followed by a period of excess rainfall 
between 1984 and 1989, returning to a period of precipi-
tation deficit between 1990 and 1993, and again a period 
of excess between 1994 and 1997. However, from 2001 

Fig. 3  Observed average area austral autumn (March–April–May) 
time series anomalies during 1981–2016 in Northern Northeast Bra-
zil, defined by the rectangle in Fig.  1b. a Xavier et  al. (2016) pre-
cipitation anomalies (colored bars) expressed in mm. Temperature 
maximum b and minimum c extracted from Xavier et  al. (2016) 
dataset. d Cross-equatorial sea surface temperature gradient (GRAD) 
index, defined as TNA-TSA difference, extracted from the Climate 
Prediction Center (CPC), and e outgoing longwave radiation from 
the NOAA-CDC reanalysis. The long-dashed line indicates the time 
series tendency and the red box highlight the drought event period 
(2012–2016). Anomalies are computed with respect to the 1981–
2010 climatological mean
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to 2016, twelve out of sixteen rainy seasons experienced 
rainfall below normal, indicating the multiannual nature of 
this intense drought, as suggest by Marengo et al. (2016). 
Despite the prevalence of negative anomalies and trend, 
especially in the last 5 years, rainfall in NNEB does not show 
either annual (not shown) or seasonal statistical significance 
change (Table 1).

Still according to Fig. 3a, the second driest rainy sea-
son was 1983, with negative precipitation anomalies of 
− 286.3 mm, 9.8% lower than 2012. In relation to inten-
sity and duration, the intensity of the past events was lower 
compared to the drought event during 2012–2016, although 
negative precipitation anomalies were registered in several 
consecutive years (1981–1983, 1990–1993; 2001–2005). For 
example, in 1981–1983 and 1990–1993, the MAM anoma-
lies were equal to − 543.6 and − 705.1 mm, respectively. In 
the 2001–2005 period, an event with similar duration to the 
recent drought, the anomalies in MAM was − 378.7 mm, 
i.e., 54.9% lower than 2012 to 2016. Thus, these results 
clearly show the severity of the 2012–2016 drought event, 
considered the one that affected the largest area in NEB 
in the past decades, as previously indicated by Brito et al. 
(2017).

In relation to maximum and minimum temperature 
anomalies in MAM during the period from 1981 to 2016 
(Fig. 3b, c), we found for both variables’ positive trends at 
significance level of 1%, with 0.316 °C to maximum tem-
perature, and 0.414 °C to minimum temperature (Table 1). 
This behavior is also observed during the annual variation, 
with some differences in terms of intensity (not shown). 
For the drought event period (2012–2016), the maximum 
temperature anomalies were 1.5, 1.3, 0.5, 0.9 and 1.7 °C, 
respectively, indicating that the NNEB was afflicted not only 

by negative precipitation anomalies, but also by higher air 
temperatures. This warming is primarily caused by increased 
surface solar radiation due to lower cloud cover, as indi-
cated by the positive OLR anomalies (Fig. 3e). In addition, 
the large difference between the average vertical profile of 
potential temperature (θ) and equivalent potential tempera-
ture ( �e ) (Fig. 4) indicates a dry layer and absence of mois-
ture in the lower and middle atmosphere, contributing to 
the unfavorable scenario for convection. Furthermore, the 
small decrease of equivalent potential temperature ( �e ) and 
saturated equivalent potential temperature ( �es ) confirms on 
average the static stability conditions of the atmosphere. 
This stable condition was also observed in the climatological 
average (not shown), which indicates that climatologically 
over the NEB the large-scale dynamical conditions are more 
important than the thermodynamics aspects. Regarding the 
minimum temperature (Fig. 3c), similar behavior was found, 
i.e., from 2012 to 2016 the minimum temperature anoma-
lies also presented a rise in magnitude, with values of 0.1, 
0.8, 0.3, 0.3 and 1.0 °C, respectively. This analysis indicates 
that during the drought event, there was an increase in the 
frequency of hot spells and a decrease in the frequency of 
cold nights, which is in accordance with other studies that 
indicate this pattern over NEB along the beginning of the 
twenty-first century (Bezerra et al. 2018; Silva et al. 2018). 
All these changes in temperature and rainfall may signifi-
cantly threaten not only the water resources, agriculture and 
health, but also the ecosystems’ survivability (Cook et al. 
2018).

3.3  Large‑scale dynamics

This section investigates the relationship between the North-
ern Northeast Brazil precipitation and the large-scale ocean 

Table 1  Trend statistical of the Mann–Kendall test applied to annual 
time series anomalies of precipitation and maximum/minimum tem-
perature, and seasonal time series anomalies (MAM) of precipitation, 
maximum/minimum temperature, cross-equatorial sea surface tem-
perature gradient index and outgoing longwave radiation for Northern 
Northeast Brazil from 1981 to 2016, at significance level of 1%

*Trend is significant at p < 0.01

Variables Test Z p value Significance

Annual
 Precipitation − 0.072 p > 0.05
 Maximum temperature 0.460 p < 0.01 *
 Minimum temperature 0.486 p < 0.01 *

Seasonal (MAM)
 Precipitation − 0.143 p > 0.05
 Maximum temperature 0.316 p < 0.01 *
 Minimum temperature 0.414 p < 0.01 *
 GRAD index 0.016 p > 0.05
 Outgoing longwave radiation 0.167 p > 0.05

Fig. 4  Mean vertical profiles of potential temperature (θ), equivalent 
potential temperature ( �e ), and saturated equivalent potential tempera-
ture ( �es ) for March–May 2012–2016 at the Northern Northeast Brazil
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and atmospheric patterns in order to identify possible forcing 
mechanisms associated with the 2012–2016 drought event.

The first analysis concerns about the sea surface tem-
perature anomalies (Fig. 5), which according to Coelho 
et al. (2016) are generally considered a key slowly varying 
parameter to understand climate anomalies. The anomalies 
(difference in the climatological mean of the ENSO events 
between 1981 and 2010) in blue shades represent waters 
with below-normal temperature (negative anomaly), and red 
shades indicate waters with above-average temperature (pos-
itive anomaly). During neutral years (2012–2014) (Fig. 5a), 
SST anomalies were above average across most of the Niño 
region in the Pacific Ocean, whereas in the Atlantic Ocean, 
slightly negative anomalies prevailed. This indicates that 
during the years of 2012–2014, the SST in the Niño (Atlan-
tic) region was warmer (colder) than the other neutral years 
recorded in the 1981–2010 period (see Sect. 2.2). In particu-
lar, these SST anomalies in the Atlantic Ocean did not favor 
the southward migration of the ITCZ, since the interhemi-
spheric SST gradient mode between the northern and south-
ern portions was anomalous northward (Fig. 3d) (Moura and 
Shukla 1981; Lucena et al. 2011; Amorim et al. 2014). Con-
sequently, the negative precipitation anomalies over NNEB 
(Fig. 3a) might be associated with this mode of climate vari-
ability, as illustrated by Rodrigues and McPhaden (2014) 
which shown that the ITCZ does not migrate southward in 
the austral summer of 2012.

During the 2015–2016 El Niño event (Fig. 5b), on the 
other hand, negative sea surface temperature anomalies pre-
vailed over the entire range of the Nino SST indices (Niño 1, 
2, 3 and 4) in MAM, suggesting that over these regions the 
sea surface temperatures were lower compared to previous 
El Niño events between 1981 and 2010 (see Sect. 2.2). The 
entire 2015–2016 El Niño event was one of the strongest 

ever recorded (Jiménez-Muñoz et al. 2016), with six con-
secutive quarters having SSTA values above 2 °C, a pattern 
not observed in any of the others events between 1981 and 
2010. However, in MAM 2015 El Niño was just beginning 
and still weak, and in MAM 2016 El Niño was ending and 
also weak. Thus, since the MAM quarter of 2015 and 2016 
corresponded to the beginning and end of the El Niño event, 
and considering that the atmospheric teleconnection pattern 
associated to ENSO signal on precipitation response is well 
established only during moderate and strong El Niño (Rodri-
gues et al. 2011; Oliveira et al. 2018), possibly the prolonged 
effected on the negative precipitation anomalies in NNEB 
during 2015 and 2016 (Fig. 3a) cannot be exclusively related 
to the El Niño, as suggested by Marengo et al. (2017), but 
to a jointly influence of another atmospheric teleconnec-
tion pattern. Cunha et al. (2018) suggested that the warming 
trends observed in the tropical Atlantic Ocean could be the 
main source related to this recent severe drought in NEB. In 
fact, the positive GRAD index in 2016 (Fig. 3d) indicates 
that the TNA warmed anomalously than TSA, which may 
lock the ITCZ position to stay northward with the shift lead-
ing to less precipitation over NNEB.

The patterns associated with the SSTA become more 
evident when examining the austral autumn outgoing long-
wave anomalies, which are associated with enhanced or sup-
pressed convection (Fig. 6). Negative OLR anomalies are 
noted stretching from Venezuela toward Africa (at about 20° 
N), and extending NW–SE from the Amazon region to the 
Atlantic Ocean, associated with the cloud band of the South 
Atlantic Convergence Zone from 2012 to 2014 (Fig. 6a). 
Over the Northeast region of Brazil, positive OLR anomalies 
are noticed, indicating weaker convection in these areas, in 
line with the reduced regional rainfall (Fig. 3a). This OLR 
anomaly pattern exposed in Fig. 6a sounds consistent with 

Fig. 5  a Anomalies of sea 
surface temperature (°C) based 
on the NOAA ERRST v3b 
dataset during a 2012 to 2014 
and b 2015 to 2016. Anomalies 
are computed with respect to 
the composite of 20 neutral 
years and five El Niño years that 
occurred in MAM according 
to the ONI from 1981 to 2010. 
The dashed line indicates the 
NEB region
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the Walker type circulation, where subsidence over the NEB 
are associated to enhanced convection in the Amazon and 
the South Atlantic Convergence Zone, as shown by Gandu 
and Silva Dias (1998). In the 2015–2016 period (Fig. 6b), 
negative OLR anomalies occurred around 170° E, indicat-
ing the presence of an enhanced convection structure acting 
as a tropical heat source. To the east of this tropical heat 
source, positive OLR anomalies occurred from 170° to 80° 
W, indicating the suppressed convection over this region. 
This tropical pattern is explained by a Walker circulation 
cell with upward vertical motion over the region of negative 
OLR, and downward vertical motion over the region of posi-
tive OLR, as suggested by Coelho et al. (2016), who found 
similar behavior in the same area. Over Northeast Brazil, 
despite the low intensity, positive OLR anomalies can be 
notice, involving reduction of convection and consequently 
precipitation.

As seen in the SSTA (Fig. 5) and the positive and nega-
tive regional OLR anomalies (Fig. 6) both the Walker and 
Hadley cells can influence the precipitation in NNEB. 
Therefore, we examined the characteristics of the vertical 
structure of the regional (meridional and zonal) circula-
tions averaged over MAM during neutral (2012–2014) and 
positive phase of ENSO (2015–2016). The regional Hadley 
circulation composite during neutral events (Fig. 7a) shows 
strong ascending motion in the entire troposphere over the 
equatorial region, accompanied by the subsidence in the 
tropical northern and southern hemisphere. During the neu-
tral years (2012–2014) (Fig. 7c) the pressure-latitude cross-
sections indicates that the upward motion was weaker than 
normal between 5° N and 5° S, while from 20° S to 10° S, 
and 10° N–20° N the descending branch of the Hadley cell 
is stronger. The weaker upward movement in the equatorial 

region and the stronger downward movement in the southern 
and northern hemisphere in 2012–2014 caused the predomi-
nance of anomalously descending motions over the equa-
torial region and southern hemisphere latitudes (Fig. 7e). 
This pattern helps to explain the positive longwave outgoing 
anomalies over Northeast Brazil (Fig. 6a) and the negative 
precipitation anomalies in NNEB (Fig. 3a). Similar analyses 
carried out by De Souza and Ambrizzi (2002) and Drumond 
et al. (2010) also showed that when the descending branch of 
the Hadley circulation are observed over the tropical areas 
of South America, negative precipitation anomalies are 
observed in Northeastern Brazil.

The Hadley circulation composite cell in El Niño years 
(Fig. 7b) had the same behavior as in neutral years (Fig. 7a), 
but clearly is less intense when compared to the previous 
one, as also illustrated by Freitas et al. (2017) and Oliveira 
et al. (2018), especially over the equatorial region and in the 
tropical northern hemisphere. During 2015–2016 (Fig. 7d) 
the upward motion over 0°–5° N is weaker, while from 0° 
to 10° S the upward motion is wider and stronger in relation 
to previous El Niño years (Fig. 7b). On the other hand, the 
downward motion is stronger at the southern and northern 
hemisphere. As an outcome, the anomalous vertical motion 
indicates stronger subsidence over the northern hemisphere, 
and from 20° S to 10° S, while from 10° S to 0° ascending 
motion are observed (Fig. 7f). In general, the Hadley cir-
culation is weaker during the 2012–2016 period in the 50° 
W–30° W cross section.

Figure 8c, d show the 2012–2016 austral autumn latitu-
dinal cross-section with average vertical motion (omega) in 
the 10° S–0° latitude band. Upward motion is noted between 
120° E and 130° W, and over the Amazon latitudes, while 
downward motion is observed mainly from 120° W to 80° 

Fig. 6  Outgoing longwave 
radiation anomalies in Wm−2 
based on the NOAA-CDC rea-
nalysis during a 2012 to 2014, 
and b 2015 to 2016. Anomalies 
are computed with respect to 
the composite of 20 neutral 
years and five El Niño years that 
occurred in MAM according 
to the ONI from 1981 to 2010. 
The dashed line indicates the 
NEB region
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W both in neutral (2012–2014) (Fig. 8c) and El Niño years 
(2015–2016) (Fig. 8d). In relation to neutral composite 
years (Fig. 8a), the Walker circulation is stronger during 
2012–2014, especially over the Western Amazon (Fig. 8e), 
which matches with the occurrence of flood events reported 
in Amazonia in 2014 (Ovando et al. 2016; Espinoza et al. 
2018). In line with these results, Barichivich et al. (2018) 
showed that the intensification of the Walker circulation 
averaged over Amazonia is highly consistent with the 
trend toward increased flooding in Manaus, and the associ-
ated increase in basin-wide wet season precipitation. This 
upward motion over the Amazon reaches upper levels where 
an outflow directed westward and eastward occurs, with the 
upper-level eastward flow sinking over the Northeast Bra-
zil and Eastern Atlantic (Fig. 8e), which is consistent with 
the negative precipitation anomalies in NNEB from 2012 to 
2014 (Fig. 3a).

In El Niño years (2015–2016) (Fig. 8d) upward motion 
also occurs over 120° E–130° W and from 60° W to 20° 
W, as observed in previous El Niño years (Fig. 8b). How-
ever, towards 120° W and 80° W the circulation pattern is 
completely reverse, which resulted in stronger descend-
ing motion over this region during 2015–2016 (Fig. 8f). 

On the other hand, over the Amazon the ascending branch 
of the Walker circulation is strengthened throughout the 
troposphere, while over the NEB and surrounding region 
sinking motion are observed at the middle and upper-level, 
and ascending motion are seen in the lower troposphere 
(Fig. 8e). The ascending motion over the Amazon with the 
anomalous outflow directed westward and eastward suggest 
that the occurrence of below-normal NNEB rainy season 
in 2015–2016 (Fig. 3a) is linked to the descending branch 
of the Walker circulation. However, the weak intensity of 
the descending branch of the Walker cell over NEB during 
MAM indicates that others teleconnections pattern, such as 
the MJO propagation and higher latitude forcing, may also 
contribute to the descending movement over NEB (Rodri-
gues et al. 2019).

The analyses of the upper-tropospheric velocity potential 
and divergent wind vector anomaly (Fig. 9) corroborate with 
the anomalous ascending and descending branches of the 
Hadley and Walker cells (Figs. 7e, f and 8e, f) previously 
described over NEB. In neutral years (Fig. 9a), there was a 
pattern of converging winds near NEB at 200 hPa, consist-
ent with the outgoing longwave radiation anomalies shown 
in Fig. 6a, and supporting the earlier described Hadley 

Fig. 7  Meridional-vertical 
circulation (Hadley) aver-
aged in the longitudinal band 
between 50° W and 30° W for 
MAM during the a 20 neutral 
composite years, b five El Niño 
composite years, from c 2012 to 
2014, and d 2015 to 2016. The 
anomalous Hadley circulation 
during 2012–2016 regarding the 
neutral and El Niño years are 
shown in (e) and (f). The shaded 
plot represents vertical motion 
(omega) in hPa s−1, which is 
superimposed by wind vectors 
in m/s
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circulation with anomalously downward motion between 5° 
S and 5° N (Fig. 7e). Furthermore, the sinking motion over 
the NEB is also associated with the anomalous flow induced 
by convection over the Western Amazon (Fig. 8c, e), and the 
slightly displaced of the South Atlantic Convergence Zone 
climatological position (Fig. 6a) (Zilli et al. 2018). These 
anomalous circulations at high levels enhance the unfavora-
ble scenario for cloud formation over NEB, which are asso-
ciated with observed negative precipitation anomalies in the 
region from 2012 to 2014 (Fig. 3a).

In El Niño years (2015–2016) (Fig. 9b), convergence pat-
tern at upper-level is observed around 25° W, i.e., in a west-
ern position than in the neutral years, indicating that in these 
surrounding regions low-level (1000–700 hPa) subsidence 
movements are present. Part of this subsidence is coherent 
with the changes in the Walker circulation associated with 
the anomalous strong convection over the Amazon, as also 
shown in Fig. 8f. Moreover, the sinking motion over NEB 

seems also related to the strong anomalous flow induced 
by convection in the ITCZ over Africa and Gulf of Mexico 
(Fig. 9b). These patterns are in line with the positive OLR 
anomalies in Fig. 6b, and confirms that the negative precipi-
tation anomalies over NNEB during 2015–2016 (Fig. 3a) 
could not be exclusively related to El Niño conditions, as 
described by Marengo et al. (2016), Cunha et al. (2019), 
among others.

4  Conclusion

Understanding the mechanisms associated with drought 
events in Northeast Brazil can contribute to subsidizes ana-
lyzes of droughts events, as well as in actions to mitigate 
their impacts. In this sense, the aim of this study was to 
investigate the vertical structure circulation associate with 
the intense and persistent drought event occurred in the 

Fig. 8  Zonal-vertical circulation (Walker) averaged in the latitudinal 
band between 10° S and 0° for MAM during the a 20 neutral compos-
ite years, b five El Niño composite years, from c 2012 to 2014, and d 
2015 to 2016. The anomalous Walker circulation during 2012–2016 

regarding the neutral and El Niño years are shown in (e) and (f). The 
shaded plot represents vertical motion (omega) in hPa  s−1, which is 
superimposed by wind vectors in m/s
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Northeast Brazil during 2012–2016. To achieve this goal, 
we examined historical precipitation records as well as asso-
ciated global and regional aspects of some atmospheric and 
oceanic parameters, along with possible teleconnection pat-
terns associated with this drought.

The precipitation dataset indicated that Northern North-
east Brazil was the region most affected by the drought, with 
rainfall deficits greater than 1000 mm from 2012 to 2016. 
By evaluating the differences between the mean climatologi-
cal period (1981–2010) and the drought event (2012–2016) 
during the NNEB main rainy season (MAM), we found a 
deficit of 37.8% during 2012–2016. This highlight the rea-
son why many water reservoirs across the Northeast region 
reached low levels of its volume capacity, given that the 
recompositing of these reservoirs are restricted primarily 
to those months of the short rainy season. The MAM aver-
age precipitation for each year during 2012 to 2016 showed 
that 2012 was the driest rainy season, with negative pre-
cipitation anomalies of − 317.5 mm, followed by 2016 with 
− 184.6 mm. The maximum and minimum temperature 
analysis showed that during the severe drought the NNEB 
population not only suffered from water scarcity, but also by 
the increase in the frequency of hot spells and decrease fre-
quency of cold nights (statistically significant at 1% level). 
As the NNEB is one of the most socio-climatic vulnerable 
area in the country (Torres et al. 2012; Lapola et al. 2019), 
these results may reveal worse conditions with regard to 
human thermal comfort, affecting mainly the most vulner-
able age groups such as children and the elderly.

With respect to the ocean conditions, the ONI showed 
that this drought was influenced by two distinct ocean 
conditions: neutral (2012–2014) and El Niño years 
(2015–2016). According to our analyzes involving the 
regional scale and the teleconnection patterns, the negative 
precipitation anomalies from 2012 to 2014 was initially 
caused by the northward displacement of the ITCZ, as 
indicated by the OLR anomalies. In the following years, 
our results suggest that it is reasonable to assume that the 
upward anomalous motion over the Western Amazon, as 
well as the anomalous convection along the South Atlan-
tic Convergence Zone, that was slightly displaced to the 
south of its climatological position, induces subsidence 
over NEB, being probably the main cause of the drought.

In 2015–2016, despite the occurrence of a strong El 
Niño event, the two MAM quarters occurred close to the 
beginning and ending of the event. Thus, although the 
Walker circulation indicated anomalously sinking motion 
over NEB, the weak intensity of the descending branch of 
the Walker cell suggest that not only El Niño was related 
to the dryness 2015–2016 period. The velocity potential 
and divergent wind anomalies in the upper troposphere 
(200 hPa) indicated strong anomalous flow over Gulf of 
Mexico and Africa, leading to sinking motion in the NEB 
and neighboring equatorial Atlantic. Moreover, transient 
forcing mechanisms, such as MJO and/or higher latitude 
forcing, may also be related to the precipitation deficit, 
which will be the subject of future works.

Fig. 9  Velocity potential 
anomalies in 106 m2 s (contours 
and colors) and divergent wind 
anomalies in m s−1 (vectors) 
at 200 hPa during the austral 
autum from a 2012 to 2014 and 
b 2015 to 2016. Anomalies are 
computed with respect to the 
composite of 20 neutral years 
and five El Niño years that 
occurred in MAM according 
to the ONI from 1981 to 2010. 
The dashed line indicates the 
NEB region
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Overall, the results of this study provide the atmospheric 
circulation pattern background associated with an intense 
and persistent drought event occurred in Northeast Brazil 
(2012–2016). This information can contribute to the scien-
tific community and might particularly be useful for state, 
regional and national meteorological centers, since the staff 
can use our findings to improve the climate monitoring tasks 
and the seasonal rainfall forecasting.
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