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ABSTRACT
The northeast region of Brazil (NEB) suffers with the worst drought
during 2012–2016 that has greatly affected water availability in
general, in particular the hydropower reservoirs. We have analyzed
a large dataset of satellite measurements and images to under-
stand the variability of precipitation, land surface temperature
(LST) and their association with the Normalized Difference
Vegetation Index (NDVI), indicator of water and vegetation stress.
The drought conditions during 2012–2016 show association of
poor rainfall in the year 2012, an increase of LST 7ºC above the
average, reduction in NDVI upto 30% and a sharp decrease upto
28% in Relative Humidity (RH). The largest reservoir of the NEB,
Sobradinho, shows decline in surface water upto about 50% which
is clearly evident from the Normalized Difference Water Index
(NDWI) for the period 2015–2016 compared to the year 2011.
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1. Introduction

Drought events are common in the northeast region of Brazil (NEB) wheremore than 50% of
drought records in Brazil are concentrated. The predominant semi-arid climate present in
the region is characterized by irregular precipitation with the scarcity of rainfall during
certain period of the year. Besides the natural land ecosystems and climate dynamics in NEB
region, global climate phenomenon related to the El Niño Southern Oscillation (ENSO) has
also strongly influenced by frequency and intensity to the dry weather. In addition, due to
anomalously displacing the Intertropical Convergence Zone (ITCZ) over the Atlantic sector
leads to anomalous rainfall patterns with concentration mainly in the coastal region
(Awange, Mpelasoka, and Goncalves 2016; Marengo, Torres, and Alves 2016).
Consequently, over last two decades, a history of constant drought was observed in the
region with an indication of increased severity much likely by climate change (Barbosa et al.
2006; Cunha et al. 2015; Barbosa and Kumar 2016).

The recent intensive drought developed in the NEB region for the period 2010–2015 (with
some relief in between) and extended in the year 2016 has been one of the worsts in the last
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decades, compounded by the strong 2015–2016 El Niño, which brought warmer weather and
Sea Surface Temperature (SST) (Marengo, Torres, and Alves 2016; Kogan and Guo 2017). In
2015, about 1192 Brazilian’s municipalities were hit by drought conditions, mainly located in
the semiarid region of NEB (ANA 2016). Such extreme condition is also exacerbated due to
anthropogenic activities like deforestation, increased fire frequency and overexploitation of
groundwater affecting almost 10 million (Marengo, Torres, and Alves 2016).

One of the greatest hydroelectric power plants of NEB, the Sobradinho hydroelectric
dam, have reached upto about 1.98% lowest level of its capacity in November 2015, which
was a historical record, operated close to dead volume. Again in 2016, the reservoir was low
(reached 6.76% of capacity), higher compared with the 2015 year, but it was enough to
allow the National Water Agency (ANA) for reduction of reservoir flow, which also happened
in the year 2015. Despite of the reduction of flow has maintained the power generation in
the region, it has impacted water supplies for multiple uses (Agência Brasil 2015).

The current scenario in the NEB, with likely intensification of extreme droughts and
problems with water resources, is a crucial question for overcoming population’s resi-
lience to the expected impacts of droughts. The use of remote sensing images and
measures to assess the spatio-temporal linkages between meteorological and hydrologic
droughts still needed in order to quantify drought severity in terms of reduction in
reservoir level. Since Sobradinho represent almost 60% of the water resource in the NEB
region, we have carried out a detailed analysis of meteorological parameters to under-
stand climate variability and to study the possible causes of droughts in NEB region.

2. Methodology

2.1. Study area

The study area cover the Sobradinho Reservoir (40.8º-42.5ºW, 9.1º-10.5ºS) located in the
north of Bahia state, Brazil (Figure 1). Sobradinho reservoir lies in the semi-arid area of the NE
region, characterized by warm summer and mild winter with long lasting droughts periods,
plays an important role in the climate variability (Da Silva 2004). The semi-arid climatic

Figure 1. Location of sobradinho reservoir in the North part of Bahia State located in the Northeast
of Brazil. Mosaic (RGB321) from Lansat5/TM image (path 217/218 and row 067) of Jun 2011
considering the Sobradinho extension.
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conditions also reflect in the vegetation cover with the presence of grassland, croplands and
also shrublands known as caatinga. The Caatinga is a heterogeneous biome responsible by
35% of cover Brazilian territory and roughly 60% of NEB, consisting of low shrubs often
fragmented and seasonally dry forest (Barbosa et al. 2006; Beuchle et al. 2015).

In terms of power generation, Sobradinho dam stands out as the fourth among a
dozen power plants placed at São Francisco River Basin (SFRB). On the other hand, the
reservoir is also used to control and regulate water resources in the region, which
provides water supply for irrigation. In addition, it has provided an economic growth,
which has increased pressure on its natural and water resources due to intense eco-
nomic activities and agriculture (Cunha et al. 2015; Sun et al. 2016). Furthermore, the
surface area of the reservoir is being reduced due to frequent drought periods.

2.2. Methods and dataset description

Climatic and hydrologic investigations over a bounding area (latitude 40.0º – 43.0ºS and
longitude 9.5º-12.5ºW) that encompass Sobradinho reservoir, are carried out using satellite
data obtained through NASA Giovanni portal (http://disc.sci.gsfc.nasa.gov/giovanni/). Land
surface temperature (LST) and relative humidity (RH) data from Atmospheric Infrared
Sounder (AIRS) instrument onboard of Moderate Resolution Imaging Spectrometer
(MODIS) satellite Aqua (AIRX3STM v006 data) with 1º � 1º of spatial resolution is used
and retrieved for the period Jan 2003-Sep 2016. Monthly precipitation rate from Tropical
Rainfall Measuring Mission (TRMM) data (3B43 product) and Evapotranspiration (ET) data
derived from Global Land Data Assimilation System (GLDAS) are used to characterize
seasonal reservoir level variation. GLDAS product is generated through temporal aver-
aging of the 3-hourly products with 0.25º of spatial resolution and integrate satellite-based
measurements and ground observations which are commonly used for climatic and
hydrologic investigations (Rodell et al. 2015).

Although Normalized Difference Vegetation Index (NDVI) from semi-arid areas is low
compared with other regions of Brazil, it is strongly dependent on plant water availability in
wet months and can be used as an indicator of stressed vegetation from drought events
(Cunha et al. 2015). Therefore, we have also analysed vegetative drought from the 16-days
MODIS NDVI time series product (MOD13C2 v5) with 5600 m of spatial resolution.

For the temporal assessment of flooded area of Sobradinho Reservoir, we have con-
structed mosaics from L1T (Standard Terrain Correction) images of Landsat-5/TM and
Landsat-8/OLI considering the Sobradinho extension (path 217/218 and row 067). Based
on seasonal droughts that usually occur during winter (Jun-Sep) and spring (Sep-Dec), we
have considered months of June and October for the evaluation of water reservoir surface
area during the years 2011, 2015 and 2016. The Landsat5 TM images were acquired on June
10/17, 2011, while the Landsat-8 OLI images were acquired on June 12/21 and September
29/2 October 2015; June 07/30 and October 04/29. Multitemporal Landsat images are freely
available from the United States Geological Survey (USGS) through the portal https://earth
explorer.usgs.gov/. The water body is delineated using Normalized Difference Water Index
(NDWI), based on reflectance in green (G) and near infrared (NIR) wavelengths, details about
NDWI are given by McFeeters (1996). Both sensors hold similar spectral range at G and NIR
bands, which show variations in absorption of energy by water and help in the extraction of
water features. A post-process step to removemixed pixels around the reservoir that are not

440 S. C. D. AZEVEDO ET AL.

http://disc.sci.gsfc.nasa.gov/giovanni/
https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/


considered as its flooding area is applied using morphological operator area opening that
removes objects with an area smaller compared to a given threshold (Soille 2003).

3. Results and discussion

3.1. Methods and dataset description

Dry scenario in SFRB started as of 2011 based on the seasonal rainfall observation.
During the period of 17 years (2000–2016) the Northeast region received less than
900 mm year−1 within the semi-arid zone which includes Sobradinho reservoir.
Figure 2 shows the rainfall deviation from the average rainfall for 17 years period
2000–2016. The year of 2012 stands out with the largest negative deviation in precipita-
tion (−265.55 mm year−1) compared to the average value of 614.25 mm year−1 for the
SFRB. Deficit in precipitation, especially in the years 2012 shows critical situation with
below average precipitation rate. In addition, variations due to the seasonal effects such
as ENSO signal and Atlantic anomalies are also linked to the warming of the northern
part of the tropical Atlantic and somewhat dry rainfall season in the NEB (Lucena,
Servain, and Gomes Filho 2011; Cavalcanti 2015).

The severity of dry years from 2012 to 2016 in the NEBwas also observed from theMODIS
data for the period 2003–2016 (Figure 3). In 2012, LST (Figure 3(a)) has reached 42.5ºC on
March which was the highest temperature for this month within the period assessed, about
7ºC above the average for this period without considering 2012. Temperatures far above
average was registered during the rainy season (Feb-May), extended to dry months (Sep-
Oct) in 2012, and followed by 2015–2016 period (with some relief in between) indicating the
long-last drought. Decrease in RH much lower than the 14-year average was also observed
(Figure 3(b)). During March 2012 and Oct 2015, RH decreased upto 28% and almost 12%,
respectively, compared with 14-years average.

3.2. NDVI drought indicators

The signs of drought were also monitored from the deficit in vegetation greenness
reflected from NDVI values for the period 2003–2016 (Figure 4(a)). Native vegetation is

Figure 2. Rainfall deviation (mm year−1) from 17 years average (2000–2016) in the Northeast Brazil
which includes Sobradinho reservoir.
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composed of shrubs and small trees reaching higher NDVI values (0.55–0.65) during the
rainy season. However, in the year 2012, anomalous NDVI values (lower than the average
values for the 17-years period 2000–2016) was observed, with 20% of reduction to all
rainy period and reaching upto 30% in the month of May, that indicates the vegetation
stress condition. During the period 2015–2016, NDVI values remained lower than the
average values affected by the ENSO that have influenced global weather and earth
surface temperature. This condition agrees with Kogan and Guo (2017) that have shown
vegetation stressed during El Niño with high correlation for Brazil-north. Moreover,
during 2015 the mean NDVI reduction was approximately 10% and the NDVI further
decreased upto 25% by November and 28% by December.

Figure 3. Monthly comparison of 14-years average (2003–2016) in blue bars and recent dry years
(2011, 2012, 2015 and 2016) over Sobradinho area in the Northeast Brazil for the climatological
variables: (a) LST and (b) RH.

Figure 4. (a) Yearly average NDVI during the period 2000–2016 (in bars) compared to vegetation stress
years (cyan-2011, yellow-2012, green-2015 and purple-2016). (b) Rainfall cumulative (mm/month)
considering the whole year (dark blue, in bars), rainy season (Jan-May, light blue) and dry season
(Jun-Sep, gray) and relation with NDVI values for Jun (Light blue line) and Oct (Gray line) over
Sobradinho area in Northeast Brazil.
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The analysis of rainfall distribution can also be exploited as an indicator for temporal
NDVI responses. Figure 4(b) shows the NDVI behavior for the month of June and
October with respect to the rainfall during rainy season (Jan-May) and dry season
(Jun-Sep). As discussed earlier, 2012 was the driest year with the lowest NDVI value
0.29 as observed in the months of Jun and Oct. Inspite of an increase in rainfall during
2015 compared to 2014, a reduction in NDVI was observed in the month of Oct 2015
and Jun 2016 showing highly stress vegetation. These results confirm that rainfall
variability and NDVI association have no direct relation, and events such as ENSO and
ITCZ can influence drought events and temperature over the North Atlantic Ocean
(Marengo, Torres, and Alves 2016). Moreover, NDVI reduction could also attribute to
an increase in LST (highest) in the dry period of 2015 (Figure 3(a)) showing severity of
2015–2016 drought conditions.

The evaporation can also contribute to show evidence and the impacts of drought on
agricultural and hydrological systems. Figure 5 shows the comparison between the ET
(GLDAS) and LST (AIRS) during the period 2003–2016. The most critical period with
lowest ET values was in the year 2012 with a peak in the dry season (especially Sep-Oct)
with higher LST and lower RH (see Figure 3(b)). Therefore, the evaporative power
increases with an increase in LST with the highest values in the month of 2003
(March) and 2016 (Feb). The increase of ET in the year 2016 was about 60% in the
whole period average (2003–2016). This strong increase in ET in the year 2016 can be
attributed to the increasing trend of LST which has been observed since 2012 due to
long-lasting strong drought conditions and others influences.

3.3. Surface water assessment

The long-lasting drought event faced by the NEB severely affected ground water
resources, especially Sobradinho reservoir. We have considered Landsat data during
June (after rainy period) and October (dry period). Using NDWI, the surface area is
found to decrease in Sobradinho reservoir upto about 42% in 2015 and 30% in the

Figure 5. Monthly GLSDA Evapotranspiration (ET) time series (dark blue dotted) expressed in kg m−2 s−1

and AIRS LST data (ºC) for the period 2003–2016.
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year June 2016 compared to the year June 2011. Table 1 shows the flooded water
detected from NDWI by each date. This decrease was even higher during the dry spell
with more than 50% in the month of Oct of 2015 and 46% in Oct 2016 compared to
June 2011. The loss of surface water in the year 2015 was higher compared to 2016 due
to the heavy rainfall in the first half of 2016. The month of June 2015 is considered as of
maximum flood level after the rainy period, however, the surface area decreased to
approximately 1250 km2 in June 2015 approximately half of total area detected in 2011.

Temporal comparison of surface water (Figure 6) was carried out overlaying all yearly
NWDI binary result for June and Oct. The decrease in surface area of the reservoir is
clearly seen from 2015 (blue) and 2016 (yellow) compared with June 2011 (green). The
yellow areas show hidden blue areas since 2016 have shown an increase in surface area
due to strong rainfall compared to 2015. Visual comparison clearly shows depletion of
the reservoir in the years 2015 and 2016 compared to 2011, likely from accumulated
drought conditions observed since 2012. Although ANA has taken emergency action
since 2015 after seeing the reduction in the water storage such as the reduction of
minimum defluences of Sobradinho Reservoir, the depletion of water storage is evident.

4. Conclusion

The largest NEB reservoir, Sobradinho, shows severe water deficit due to continuous
drought since 2012. Although drought is a recurrent phenomenon in this semi-arid region,
this long-lasting event (2012–2016) was influenced by ENSO which has a direct impact on
weather and ecosystems. The year of 2012 shows the least deviation in precipitation

Table 1. Flooded area for Sobradinho reservoir as detected by the spectral water index
NDWI in 2011, 2015 and 2016 considering the months of June (after rainy period) and
October (dry period).

Flooded area (km2)

Year June October

2011 2989.5615 N/A
2015 1740.6972 1484.4046
2016 2067.4350 1609.6347

Figure 6. Temporal comparison of surface area of Sobradinho reservoir.
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(−265.55 mm year−1) with respect to the periods 2000–2016. This reduction is followed by
persistent higher temperatures and dry condition that strongly affected NDVI. Decrease
upto 30% in NDVI of May 2012 was observed compared with 17-years NDVI average.
Additionally, the accumulative stress condition of vegetation is clearly observed from NDVI
of 2015 compared to 2016, inspite of an increase in rainfall NDVI shows reduction.

The NDWI clearly shows changes and a strong reduction in surface water of
Sobradinho reservoir. The surface water detected is coherent with values provided by
the concessionaire of electric power responsible for the reservoir. Our temporal analysis
indicates depletion of the reservoir with more than 50% and 46% of loss during 2015
and 2016 dry spell, respectively, with respect to June 2011. Although higher ET was
observed in the year 2016 with more than 60% increase compared to an average of the
whole period studied (2003–2016), due to strong rainfall change in surface water in the
year 2016 was observed lower compared to the year 2015. Finally, it was emerged the
importance of a comprehensive understanding of the linkage between the meteorolo-
gical and hydrologic droughts. Such investigations can profit the subsidence to address
extreme events as long-lasting drought that may impact Sobradinho reservoir and its
power generation, which has already been reduced in November to an average gen-
eration of 170 MW, although has a total installed capacity of 1050 MW. Also, even with a
set of politics to reduce the minimum outflow of the Sobradinho, a critical percent of
active volume still occurring and the reservoir depletion.
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