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ABSTRACT

Meteorological drought is a natural hazard characterized as below-average precipitation from expected or normal that can affect various
economic sectors, and lead to period with inadequate streamflow for established uses of the water (hydrological drought). We aimed
to apply the Standardized Precipitation Index (SPI) and Standardized Streamflow Index (SSI) to identify the occurrence and the
intensity of droughts in Doce River Basin (DRB), Southeastern Brazil. For this purpose, 71 rain gauge stations and one streamflow
station were selected with 30-year monthly historical series (1987 to 2017). The SPI and SSI were calculated for the hydrological year
(October-September) and the seasons (Spring, Summer, Fall, and Winter). SPI mapping was performed by geostatistical procedures.
Pearson’s coefficient was calculated to analyze the influence of meteorological on hydrological drought. The main meteorological
drought events, observed in the hydrological years of 1994/95, 2000/01, and a recent and consecutive petiod of four hydrological
years (2013-2017), were mainly influenced by events in spring and summer and, to a lesser extent, in fall. It was observed the influence
of the meteorological drought on the hydrological drought on an annual and seasonal scale, except winter, where low precipitation
does not influence in the streamflow.

Keywords: Extreme events; Precipitation regime; Standardized Precipitation Index; Standardized Streamflow Index; Water
resources management.

RESUMO

A seca meteorolégica ¢ um fenémeno natural caracterizado por precipitacoes abaixo da média, com relagdo ao valor esperado ou
normal, que podem afectar varios sectores econémicos e levar a um perfodo com vazoes inadequadas para usos estabelecidos (seca
hidrolégica). Foi aplicado o Indice de Precipitagio Padronizado (SPI) e o Indice de Escoamento Padronizado (SST) para identificar a
ocorréncia e a intensidade das secas na bacia hidrografica do rio Doce (DRB), Sudeste do Brasil. Para isso, foram seleccionadas 71 estacoes
pluviométricas e uma estacdo de vazido com séries histéricas mensais de 30 anos (1987 a 2017). O SPI e o SSI foram calculados para o
ano hidrolégico (outubro-setembro) e para as estacoes do ano (primavera, verdo, outono e inverno). O mapeamento do SPI foi realizado
por procedimentos geoestatisticos. O coeficiente de correlacio de Pearson foi calculado para analisar a influéncia da meteorologia na
seca hidrologica. Os principais eventos meteoroldgicos de seca foram observados nos anos hidroldgicos de 1994/95, 2000/01 ¢ em
um periodo recente e consecutivo de quatro anos hidrolégicos (2013-2017), principalmente influenciados por eventos na primavera e
verdo e, em menor escala, no outono. Foi observada a influéncia da seca meteorologica sobre a hidrologica em escala anual e sazonal,
exceto no inverno, em que a baixa pluviosidade nao influenciou a vazio.

Palavras-chave: Eventos extremos; Regime pluviométrico; Indice de Precipitagdo Padronizado; Indice de Escoamento
Padronizado; Gestiao de recursos hidricos.
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INTRODUCTION

The World Meteorological Organization (2016) defines
drought as a prolonged period in which total precipitation over
a specific region is lower than the long-term average, causing a
hydrological imbalance between the water demand and availability.
Drought is a natural and complex phenomenon (Wilhite et al.,
2007; Marengo et al., 2016), and negatively affects agriculture,
hydropower generation, and other water uses in the watershed
(Ding etal., 2011; Blauhut et al., 2015). Therefore, there has been
important research focused on drought monitoring and forecasting
(Brito et al., 2018; Marengo et al., 2016; Vicente-Serrano et al., 2012a)

There are different categories of the drought depending
upon the perspective and the reference variable considered. Wilhite
& Glantz (1985) distinguish between four types of drought:
meteorological, agricultural, hydrological and socio-economic.
The meteorological drought is associated with the lack of
precipitation due to the global behavior of the ocean-atmosphere
system (Pedro-Monzonis et al., 2015). Agricultural drought occurs
when the atmospheric demand for evapotranspiration is greater
than the amount of plant-available water in the soil (Woli et al.,
2012). The hydrological drought is related to the period with
inadequate water flows for established uses of the water (Mishra &
Singh, 2010). The socio-economic drought is a consequence of the
water scarcity and economic activity, including the environmental
impacts (Pedro-Monzonfs et al., 2015).

In recent years the drought events carried out a large number
of environmental and socio-economic impacts. For example, a
drop in gross primary production during the summer of 2003 in
Europe, which led to a large release of carbon, was reported
by Reichstein et al. (2007). According to Potter et al. (2011),
the 2010 drought led to a reduction in net primary production
in the Amazon rainforest, Brazil, by an average of 7% compared
to 2008. In the semiarid region of Northeastern Brazil, the droughts
that occurred in the 2011 and 2016 years affected a large area with
significant impacts on the economic activities (Brito et al., 2018).
Statistically significant impacts on hydropower usable capacity
were found in Europe (-6.6%) and Eastern North America (-6.1%)
during major drought years compared to long—term average for
the 1981-2010 period (van Vliet et al., 2016).

Although it is difficult to prevent a meteorological drought
occurrence, when its relationship with the hydrological droughtis
known, actions can be taken to mitigate the impact on the rivers
(Barker etal., 2016). However, most of the drought studies carried
out in Brazil are focused on meteorological drought, as Lima et al.
(2019) and Gois et al. (2015).

Melo etal. (2016) evaluated the linkages between meteorological
and hydrological droughts in the Parana Basin, Southeastern
Brazil, and identified a reduction from 20 to 50% of precipitation
compared to the long-term average in the early 2000s and 2014.
As a result, the reservoir system storage capacity decreased by 30%
of the maximum storage capacity.

Southeastern Brazil has also been affected by droughts in
the last decade. According to Cupolillo et al. (2008), the drought
observed in 2005/06 caused great impacts on agticulture in the
Doce River Basin. Besides, the Brazilian Ministry of Integration
estimates that from 2012 to 2014 the most severe droughts of
the last decades occurred in Southeastern Brazil with losses
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of approximately 6 billion dollars in the agricultural sector
(Marengo et al., 2016).

Lima etal. (2019) developed an annual drought classification
system for Doce River Basin, divided it into nine sub-basins, based
on four indices, including the Standardized Precipitation Index (SPI).
The most critical drought events were observed in the second half
of the time series (from 2000 to 2015), where the events were more
intense and longer-lasting. The indices were calculated annually,
however, a seasonal scale might improve the understanding of
drought events in the Doce River Basin. Besides, seasonal SPI
is useful for agricultural production planning, especially in the
crop growth phase (World Meteorological Organization, 2012).

Several drought indexes have been created and used to
characterize the severity of the events (Bayat et al., 2015; Dahal etal.,
2016; Ionita et al., 2016). The SPI is widely disseminated and easy
to use (Okpara etal., 2017). Itis considered as the standard index
for the monitoring of drought events (World Meteorological
Organization, 2012) and has been used in different regions of
Brazil for drought monitoring (Santos et al., 2017; Brito et al.,
2018; Sobral et al., 2018). The Standardized Streamflow Index
(SSI) is a hydrological drought index that allows the researcher
to make a temporal and spatial comparison between flow data on
different flow regimes and characteristics (Vicente-Serrano et al.,
2012a, 2012b).

Therefore, we aimed to spatially analyze the SPI behavior
in two timescales (seasonal and annual) in Doce River Basin in
the last 30 years (October 1987 to September 2017) and to verify
the interaction between meteorological and hydrological droughts
through the SSI.

MATERIALS AND METHODS

Study area

The Doce River Basin (DRB) is located in southeastern
Brazil, between the parallels 17°45” and 21°15” S and the
meridians 39°30” and 43°45” W. It drains an area of 86,710 km?in the
states of Minas Gerais (MG) and Espirito Santo (ES). The major part
of the basin is located in MG (86%) and it covers 229 municipalities
entirely or partially (Coelho, 2007; Comité da Bacia Hidrografica
do Rio Doce, 2010). The location of DRB and the 30-m ASTER
(United States Geological Survey, USGS) Digital Elevation Model, are
presented in Figure 1. The altitude in the basin varies from 2,635 m
at the headwater to 0 m at the mouth, with an average of 560 m.

The Képpen climate-type classification in the basin can
be described as “Cwb”, temperate, with rainy and mild summers;
“Cwa”, sub-tropical, with rainy and hot summers; and “Aw”,
tropical, with hot and rainy summers (Comité da Bacia Hidrografica
do Rio Doce, 2010).

DRB is influenced by the Tropical Atlantic (MTA), Polar
Atlantic (MPA) and Continental Equatorial (MEC) air masses,
characterized by the western wind flows. MEC operates in the
spring and summer causing the highest temperatures. Also, in
the lower course of the Doce River the temperature is high due
to the effect of the maritime conditions; on the other hand, the
temperature is milder in the headwater region (Cupolillo et al., 2008).
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According to the Brazilian Ministry of the Environment
(Brasil, 2017), the predominant biome in the basin is the Atlantic
Forest, corresponding to 98% of its area, the rest of the area is
occupied by the Cerrado biome (Brazilian Savanna).

The total annual average precipitation in the DRB is
approximately 1,182 mm. In the hydrological year, spring and
summer, there is a region in the extreme southwestern basin
with the highest precipitation amount (Figure 2). As reported
by Cupolillo et al. (2008), this occurs because of the orographic
effect in this basin.

It can be observed that the highest depth of annual
precipitation is concentrated in the summer season (Figure 2), whose
average precipitation represents 47.7% (564 mm) of the total in the
hydrological year. In the spring and fall seasons, large areas of the
DRB present precipitation values between 125 and 375 mm and
together correspond to 48.7% of annual precipitation. Another
relevant aspect is that during the winter the mean precipitation
in DRB is lower than 45 mm, representing only 3.6% of the
annual total.

SPI and SSI calculation and mapping

To calculate the SPI and SSI, respectively, monthly
historical series from 71 rain-gauges and one streamflow station
were obtained, whose spatial distribution is presented in Figure 1,
from the Hydrological Information System (HidroWeb) of the
Brazilian National Water Agency (ANA) website, covering a period
of 30 years (1987 - 2017). Only series with a maximum of 10%
missing data were selected, as recommended by the WMO (World
Meteorological Organization, 2012). The periods with gaps were
discarded in the SPI and SSI calculation since no filling procedure
was performed.

The first step in the SPI calculation is to fit a probability
distribution function to the frequency occurrence of the precipitation
values. For this purpose, Gamma 2P was fitted (McKee et al.,
1993) and the estimated “z” value from the inverse of the standard
normal distribution corresponds to the SPI. The Kolmogorov-
Smirnov test was performed with a statistical significance
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Figure 1. Location of DRB, DEM, rain gauge and streamflow stations, and hydrography.
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Figure 2. Total precipitation in DRB for the hydrological year and seasons from 1987 to 2017.
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of 5% (AF ., auoos = 0-242) to verify the suitability of the Gamma 2P,
The determmanon of SSI is similar to SPI, however, the input
data is the streamflow (Vicente-Serrano et al. 2012b), where the
Colatina streamflow station (Figure 1) was used, which has a
drainage atea of 76,400 km*

SPI and SSI were calculated for each hydrological year
(12 months, from October to September) and season of the
corresponding year (3 months): Spring (September to November),
Summer (December to February), Fall (March to May) and Winter
(June to August). The streamflow series of 2014/15 was removed
from SSI analyses due to missing data.

SPI and SSI values were analyzed and the drought severity
classification was performed according to the methodology
presented by McKee et al. (1993) and improved by WMO (World
Meteorological Organization, 2012). The classification is shown
in Table 1.

For Yevjevich (1967), in addition to intensity, drought
involves other factors, such as duration and the affected area.
Its duration was measured according to the beginning and end,
and the affected area, based on maps of the SPI.

Spatial interpolation of the SPI values was performed by
kriging, using the exponential semi-variogram model fitted by the
Weighted Minimum Squared method (WMS). The performance of
the kriging was analyzed based on the cross-validation technique,
which estimates the SPI value for a given sampled location and
compares this value to the observed one (McBratney & Webster,
1986). From this dataset, the Mean Standardized Error (MSE),
Root Mean Square Error (RMSE) and Average Standard Error
(ASE) were calculated, respectively, by Equations 1, 2 and 3.

[Z -5 ] M
RMSE—\/;I{ z XZ) )J} 2)

N

Zerin) ®

MZ

MSE =

Z|—
T
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where N represents the number of cross-validation data; 3(x) is
the value observed at point 7 3*(x) is the estimated value for point
z;and o(x) is the kriging standard deviation at point 7.

The geostatistical model was considered accurate if the
RSM is close to 0, the RMSE close to 1, and the ASE as small as
possible according to the criteria presented by Kumar et al. (2007).

Table 1. Classification of SPI and SSI values.

SPI and SSI values Classification
=>2.00 Extremely wet (EW)
1.50 to 1.99 Very wet (VW)
1.00 to 1.49 Moderately wet (MW)
0.99 to -0.99 Near normal (NN)
-1.00 to -1.49 Moderately dry (MD)
-1.50 to -1.99 Severely dry (SD)

< -2.00 Extremely dry (ED)
Source: Adapted from WMO (World Meteorological Organization, 2012).
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The Spatial Dependency Degree (SDD) was calculated to verify
the degree of spatial dependency present in the data in which
SDD below 25% means a “weak” degree of spatial dependency;
between 25% and 75%, “moderate”; and above 75%, “strong”
(Cambardella et al., 1994).

The SPI was mapped for the hydrological year scale
between 1987 and 2017. Afterward, the six driest years were
selected for a detailed analysis on the seasonal scale.

Pearson’s coefficient with a statistical significance of 5%
(a = 0.05) was used to analyze the influence of meteorological
drought on hydrological drought on an annual and seasonal scale.
The coefficient was calculated between SPI average to DRB,
obtained by ordinary kriging, and SSI to Colatina streamflow station.

RESULTS AND DISCUSSION

The Kolmogorov-Smirnov test confirmed the suitability of
the Gamma 2P distribution for the precipitation and streamflow
historical series. Table 2 presents the average results of the
geostatistical analyses of SPIin DRB. Moderate and strong SDD
were obtained in most of the events analyzed for the hydrological
years and seasons. The results of MSE, RMSE, and ASE were
satisfactory (MSE showed values near 0, RMSE values near 1 and
ASE values reduced concerning totals), indicating goodness of
fit for the exponential semi-variogram model. In a study carried
out in Tocantins state, Gois et al. (2015) stated that the use of the
exponential model to interpolate SPI resulted in good and detailed
maps, which contributed to identifying drought events in this state.

The SPI values are presented in Figure 3 for the hydrological
year, which allowed to identify the occurrence of severe droughts in
the years of 1994/95,2000/01 and the petiod from 2013 to 2017.

The SPI on a seasonal scale for the six driest years identified
during the study period are shown in Figure 4. Winter showed no
significant influence on the SPI results of the respective hydrological
year. It can be explained by the low precipitation amount in this
season (Figure 2). For instance, although the hydrological year
of 1988/89 presented winter from very wet to extremely wet in
entire the basin, it was classified as near normal in annual scale.

The drought of the 1994/95 hydrological year occurred
mainly in the eastern and northwestern basin, which includes the
Units of Planning and Management of Water Resources (UPGRHs)
of the Caratinga river and the Manhuacu river in Minas Gerais
and Espirito Santo territory. The drought was influenced by the
low precipitation during spring and, mainly, during the summer
(rainy period properly said).

The drought that occurred in Brazil in the 2000/01 hydrological
year is singular because it is related to the national energy crisis,
which was known as “blackout” of the Brazilian National Energy
System. Marengo & Alves (2015) state that, among the factors

Table 2. Geostatistical analyzes results for SPI in DRB.

Time scale SDD (%) MSE RMSE ASE
Hydrological year 78.6 -0.003 1.05 -0.14
Spring 83.0 -0.006 1.07 -0.58
Summer 67.8 -0.006 1.01 -0.19

Fall 76.4 -0.014 1.03 -1.05
Winter 88.6 -0.008 1.10 -0.69
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Figure 3. Maps of Standardized Precipitation Index (SPI) for the hydrological year in DRB from 1987 to 2017.

responsible for the “blackout” was the hydrological drought,
caused by the meteorological drought, leading to low levels of
the hydroelectric power plant reservoirs. According to Marengo
(2008), the drought in 2000/01 can be explained by the ENSO
phenomenon, the sea surface temperature variability of the South
Atlantic Ocean, and the interannual climate variability.
Moreovet, the hydrological drought of 2000/01 can be
explained due to the low amount of precipitation in the summer, as

RBRH, Porto Alegte, v. 25, €29, 2020

the SPI classification for the other seasons was near to the normal.
Another relevant aspect presented by Vicente-Serrano et al. (2017)
is that because of the strong influence of temperature on droughts,
the effects of this drought are more severe in the summer.

In the last four years evaluated (2013 to 2017), areas with
severely dry SPI occurred in DRB, characterizing a long period of
drought. Nobre et al. (2016) reported that this period is considered
the most severe drought in southeastern Brazil since the 1950s.
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Figure 4. Maps of Standardized Precipitation Index (SPI) for Spring (Sp), Summer (S), Fall (IF), and Winter (W) in DRB from 1987 to 2017.

In January 2015 the storage capacity of the Cantareira reservoir
system was only 5% of its total capacity and compromised the water
supply of the approximately 9 million people in the metropolitan
region of Sio Paulo.

During the hydrological year of 2013/14, the occurrence
of the drought was detected mainly in the southwestern basin
(Figure 3). However, areas with wet and normal SPI were also
identified. This finding shows a high SPI spatial variability in the
basin and points to the need of using indices associated with the
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streamflow, aiming to a better understanding of the relationship
between meteorological and hydrological droughts, as a study
performed by Melo et al. (2016) for the Parana state.

In 2014/15 year, the most extensive drought occurred in
DRB, reaching 83.5% of its area (Figure 3). There were exceptions
of three small areas in the east, southwest and northwest regions,
with normal SPI. Itis observed that the drought of 2014/15 was
strongly influenced by the low precipitation in spring and summer,
since in the other seasons, in general, the SPI classification was

RBRH, Porto Alegte, v. 25, €29, 2020
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near normal. According to IGAM (Instituto Mineiro de Gestao
das Aguas, 2015), in January 2015 there was a strong mass of dry
and hot air in DRB, which caused an increase in temperature and
reduction in precipitation.

In 2015/16, droughts occurred mainly in the eastern and
central regions of the basin. Compared to the previous year (2014/15),
although the drought a lesser spatial there was an extensive area in the
east with an SPI classified as extremely dry. According to the DBR
Committee (Comité da Bacia Hidrografica do Rio Doce, 2017), the
period from March 2014 to May 2016 was considered as one of the
most severe drought periods, so that the year 2015/16 was one of
the driest in several locations in Minas Gerais state.

For the last hydrological year evaluated (2016/17), although
the spatial coverage of drought areas has been limited compared
to the previous three years, the climate event extended over the
southwestern region, which has the highest average precipitation
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in DRB (Figure 2). In this way, the occurrence is evidenced by
important meteorological drought in the last four hydrological
years evaluated (2013/17).

The annual SSI and SPI average results for DRB
from 1987 to 2017 are shown in Figure 5. The main hydrological drought
events were observed in 1994/95,2000/01,2015/16 and 2016/17,
of which the last two years were the most extreme in the analyzed
petiod. Although the meteorological drought occurted in 2016/17 not
presented high intensity and extent the SSI was classified as extremely
dry. It may be explained by low groundwater recharge resulting from
meteorological drought faced in the DRB in previous years (Figure 3).

It was possible to identify the impact of the meteorological
drought on the Doce River streamflow regime through Pearson’s
coefficient (r = 0.87) between SPI and SSI. In addition, the years
identified as dry by SPI have also been identified with the SSI
(Figure 5) that note the SSI as useful to hydrological drought
study in DRB. Similar results were observed by Marengo et al.
(2011) on the Amazon basin, by Melo et al. (2016) on the Parana
river basin and Medeiros et al. (2019), and Marengo et al. (2013)
to Northeastern Brazil, where meteorological drought affected
streamflow and reservoir storage.

The droughtexpetienced by DRBin 2015/16 and 2016/17 reflected
in the levels of Doce River. The discharge of the Colatina streamflow
station by January 2017 was 408m”>.s”, which is 74.8% below the
long term monthly mean of 1620.27m’.s". This event also affected
other Brazilian regions. As reported by Marengo et al. (2018), the
meteorological droughtin 2015/16 over the San Francisco River Basin,
Southeastern Brazil, impacted the water available for vegetation and
it affected the natural discharge entering the Trés Marias reservoir.

The seasonal SSI and SPI average results for DRB
from 1987 to 2017 are shown in Figure 6. The largest
correlations occurred during seasons that concentrate most
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of the annual precipitation (Figure 2), spring, summer, and
fall (r = 0.77, 0.76, and 0.606, respectively). The rainfall-runoff
process can explain the highest correlation on these seasons.

The lower precipitation in winter (Figure 2) compared to
other seasons entails that streamflow is influenced by groundwater
recharge supplied at previous seasons, resulting in a low correlation
between SPI and SSI in this season (r = 0.17). An example
occurred in the years 2015/16 and 2016/17, where, although the
winter SPT was classified “near normal”, the SSI was classified
as “extremely dry”.

Although the lack of precipitation is the main cause of
drought (Zarch etal., 2015), other factors such as temperature, strong
winds, and low temperatures can aggravate these events, affecting
soil moisture and the streamflows in the rivers (Wilhite, 2016).
According to the National Centers for Environmental Information
(2020), the ten warmest years between 1880 and 2019 occurred
since 2005, which indicates that there is a clear increase in the average
global temperature and, consequently, greater evapotranspiration.
This new pattern of the climate has led to more frequent severe
droughts in tropical and subtropical regions.

Therefore, indices that consider temperature or
evapotranspiration, like the Standardized Precipitation-Evapotranspiration
Index (SPEI) and Palmer Drought Severity Index (PDSI), may
be a good alternative for drought studies. Pereira et al. (2018)
observed through SPI and SPEI that there was an intensification
of drought in the state of Sao Paulo caused by the increase in
evapotranspiration, affecting agricultural production. A similar
result was found by Zarch et al. (2015), who analyzed the drought
between 1960 and 2009 and observed that from 1998, with the
increase in temperature, the SPI revealed drought events in different
climatic regions of the world.

CONCLUSIONS

The SPI maps made it possible to identify the hydrological
years characterized as dry in DRB from 1987 to 2017. The hydrological
yeats with the most sevete meteorological droughts were 1994/95,
2000/01, and the last four years analyzed (2013/17).

The SPI analysis for the four seasons of the year proved to
be fundamental for the complete understanding of precipitation
in the hydrological year. It was verified that summer is the season
most important for the definition of the SPI magnitude of a given
hydrological year.

The hydrological drought was observed in the years 1994 /95,
2000/01, 2015/16, and 2016/17, where the influence of the
meteorological drought on these values can be observed, confirmed
by Pearson’s coefficient, which was r = 0.87 for the annual SPI
and SSI. Pearson’s correlation coefficient showed that the rainy
seasons had a greater influence on SST'in DRB due to groundwater
recharge occurring in this period. Thus, the SPI of spring and
summer showed a greater correlation with SSI, in contrast to
what occurs in winter.
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