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Abstract

The formation of artificial lake due construction of a hydroelectric plant causes irreversible environmental impacts.
Studies associated with these artificial lakes for the Brazilian semiarid region are still insufficient. Thus, the objective of
this study is to provide new information on the trends of climatic extremes, dependent on rainfall and air temperature, for
the Sobradinho Hydroelectric Power Plant (SHPP) lake region, through the analysis of climate change indices. This
study is particularly important for the SHPP region because microclimate changes have significant impacts on the natu-
ral, social and economic sectors. For the two analyzed stations (Bebedouro-PE and Mandacaru-BA), it is not possible to
affirm that the construction of the SHPP artificial lake altered the local microclimate. Trends of increase in maximum
temperature, the number of hot days and diurnal temperature range were noticed. However, the rise of these indices can-
not be attributed to the formation of the SHPP lake. The influence of the SST of Tropical Oceans on the temporal behav-
ior of some of the indices used in this study may have contributed to increases in hot days and nights, maximum
temperature, diurnal temperature range and consecutive dry days over the region.

Keywords: climate change, temperature, precipitation, hydroelectric power plant.

Tendéncias de Extremos de Temperatura e Precipitacao nas Proximidades
do Lago Artificial de Sobradinho, Brasil

Resumo

A formagdo de lago artificial devido a construgdo de uma usina hidrelétrica causa impactos ambientais irreversiveis.
Estudos associados a esses lagos artificiais para o semiarido brasileiro ainda sdo insuficientes. Assim, o objetivo deste
estudo ¢ fornecer novas informagdes sobre as tendéncias dos extremos climaticos, dependentes de temperatura do ar e
precipitagdo, para a regido do lago da Usina Hidrelétrica de Sobradinho (UHS), através da analise dos indices de
mudangas climaticas. Este estudo ¢ particularmente importante para a regido da UHS, pois as mudangas no microclima
tém impactos significativos nos setores natural, social e econdmico. Para as duas esta¢des analisadas (Bebedouro-PE e
Mandacaru-BA), nio foi possivel afirmar que a constru¢do do lago artificial da UHS alterou o microclima local.
Tendéncias de aumento na temperatura maxima, quantidade de dias quentes ¢ amplitude térmica diaria foram obser-
vadas. No entanto, o aumento desses indices ndo pode ser atribuido a formagao do lago da UHS. A influéncia da TSM
dos Oceanos Tropicais no comportamento temporal de alguns dos indices utilizados neste estudo pode ter contribuido
para o aumento nos dias e noites quentes, temperatura maxima, amplitude térmica diaria e dias secos consecutivos na
regido.

Palavras-chave: mudanga climatica, temperatura, precipitagdo, usina hidrelétrica.
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1. Introduction

Most of the electricity in Brazil is generated in hydro-
electric plants, but in general, the construction of these
plants causes the formation of large artificial lakes, due to
the impoundment of the rivers. The formation of artificial
lakes has been the subject of some studies in Brazil (Fisch
et al., 1990; Sanches and Fisch, 2005; Pereira et al., 2009),
mainly due to changes that occur in the environment, and
interferences that affect the populations that inhabit the ar-
eas that were flooded. The construction of a hydroelectric
plant and the consequent formation of an artificial lake
cause irreversible environmental impacts. Although hydro-
electric plants use a renewable natural resource, which is
water, they still alter the landscape due to deforestation,
causing damage to the people, fauna and flora, flooding ar-
eas where they had residences, plantations, and animals, as
well as the displacement of many families from their
homes.

For the semiarid area of the Brazilian Northeast re-
gion (NEB), the developed microclimatic studies associ-
ated with the formation of the lake are still insufficient.
Correia et al. (2006a,b) analyzed the soil occupation and at-
mospheric variations on the lake area of the Sobradinho
Hydroelectric Power Plant (SHPP) in the state of Bahia in-
serted on the Sub-middle Sdo Francisco River Basin
(SFSB). It was found that changes resulting from the con-
struction of a dam at a given location may lead to variations
in the behavior of micrometeorological variables, such as
wind, air temperature, and humidity. Analyses are per-
formed using historical data series, comparing the periods
before and after the filling of the lake, to evaluate the envi-
ronmental impact caused by the formation of artificial lakes
on the microclimate of a region.

The interest of the scientific community in the study
of variability and climate change has increased in recent
years, mainly due to the possible role of anthropogenic ac-
tivity in the observed climate change, and their conse-
quences in the most diverse sectors of human life (IPCC,
2014). When it comes to watersheds with multiple uses of
water, projected climate changes are expected to alter the
flow regime. The climatic conditions of reservoir manage-
ment are among the main components of analysis in the
face of future climate changes. Flow changes are also ex-
pected to have an impact on agriculture, including irriga-
tion as well as more traditional agricultural practices in the
region. For example, Adissu et al. (2015) affirm that agri-
culture is the most sensitive sector to climate change-
related hazards. According to Philip et al. (2014), climate
change affects two of the most important direct agricultural
production inputs (precipitation and temperature). Indi-
rectly, climate change affects agriculture by influencing the
emergence and distribution of crop pests and livestock dis-
eases, decreasing water supplies and irrigation; and en-
hancing the severity of soil erosion (Watson, 2001).
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Extreme climatic events in the region of the artificial
Sobradinho Lake can cause severe damage not only in the
agricultural sector but also to the regional economy. It is
therefore crucial to understand possible impacts on reser-
voir operation and climate change (separately and together)
on SFSB hydrology.

Researchers around the world agree on the direction
of changing hydrological patterns in basins (lower flood
spells and drier seasonal flows), but the magnitude of the
change varies between studies due to different models and
assumptions (Johnston and Kummu, 2012; Keskinen et al.,
2012; Silva et al., 2015; Silva et al., 2016). In this context,
the objective of this study is to provide new information on
the trends of climatic extremes, dependent on rainfall and
air temperature, for the SHPP lake region, through the anal-
ysis of climate change indices. The research focus is partic-
ularly important for the SHPP region because microclimate
changes have significant impacts on the natural, social and
economic sectors.

2. Material and Methods

2.1. Study area

The Sobradinho Hydroelectric Power Plant (SHPP)
(40°50 W, 9°35 S) is located in the municipality of Sobra-
dinho, state of Bahia, Northeast Brazil, at a distance of
about 40 km upstream from the cities of Juazeiro (Bahia
state) and Petrolina (Pernambuco state). Built by the Sao
Francisco Hydroelectric Company (CHESF), between
1973 and 1978, the plant began its operation in November
1979. The plant is located on the Sao Francisco River, the
main river in the Northeast region of Brazil, with a hydro-
graphic basin of 630,000 km” and an extension of
3,200 km, from its source in Serra da Canastra, in Minas
Gerais state, to its mouth in Piagabugu (Alagoas state) and
Brejo Grande (Sergipe state) (CHESF, 2016).

The SHPP is located 748 km from the mouth of the
river. It is also the primary source of regularization of the
region’s water resources (CHESF, 2016). The lake is ap-
proximately 350 km long, with a water surface area of
4,214 km” and a storage capacity of 34.1 billion m® of water
(Brazilian Committee of Dams, 2011).

This drainage basin has great altitude variation, from
aminimum of 173 m to a maximum of 1280 m, and an aver-
age of 506 m, within a range of 1,107 m (Fig. 1). These re-
lief characteristics denote that some areas of the basin
would favor a massive loss of water by runoff as a function
of slope ramp. Areas at altitudes between 350 and 400 m
correspond to 17,605 km?, or 15.9% of the total area, being
situated mainly within the central part of the basin, in the
river channel. In contrast, altitudes between 400 and 450 m
correspond to 24,705 km?, 22.4% of the total area. More-
over, areas above 450 m account for more than 60,000 km?,
i.e., 56% of the entire basin area (Silva ez al., 2014).
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Figure 1 - Study area location.

2.2. Methodology

Daily rainfall and air temperature data for the period
1966-2014 were provided by the Agricultural Research
Center of the Semiarid Tropic - Brazilian Agricultural Re-
search Corporation (CPATSA - EMBRAPA). It was used
data from two weather stations: Bebedouro, in Petrolina -
PE (09°09° S; 40°22° W) and Mandacaru, in Juazeiro - BA
(09°24” S; 40°26° W), the distance between these two
weather stations is about 30 km. The distance between the
stations of Bebedouro and Mandacaru and the SHPP is of
65 km and 45 km, respectively.

Data from monthly Sea Surface Temperature (SST)
in the Equatorial Pacific Oceans - Nifio 1+2 (0°-10° S,
90°-80° W), Nifo 3 (5° N-5° S, 150°-90° W), Nifio 3.4
(5° N-5° S,170°-120° W) and Nifio 4 (5° N-5° S,
160° E-150° W) (NCDC - NOAA) and, North Atlantic
Tropical (TNAI) (5.5°-23.5° N, 15°-57.5° W) and the
Southern Tropical Atlantic (TSAI) (Equator-20 S, 10 E-
30 W) (Met Office) for the period 1966-2014 were obtained
from the Climate Prediction Center website of the National
Oceanic and Atmospheric Administration (CPC - NOAA).

In this study, the climatic extremes indices were cal-
culated using the software RClimdex, developed by Xuebin
Zhang and Feng Yang for the Canadian Meteorological
Service (Zhang and Yang, 2004), following the methodol-
ogy of Zhang et al. (2005a,b) and Haylock et al. (2006).
Twenty-two indices were calculated (11 for air temperature

0 125 25 50 75 100
[ == . Km

and 11 for precipitation analysis). As described in
Nandintsetseg et al. (2007), data quality control or assur-
ance refers to attempts by data processing personnel to min-
imize errors and possibly remove mistakes from an
observation data set. It was used the RclimDex software
package (ETCCDI Climate Change Indices), to “clean up”
the daily precipitation and temperature data as shown by
Huang et al. (2014).

Firstly, the process of “cleaning up” included (1)
Negative daily precipitation amounts are set to missing val-
ues, and both daily maximum and minimum temperatures
are set to missing values if the daily maximum temperature
is less than the daily minimum temperature; (2) Next, the
QC procedure identifies outliers in daily maximum and
minimum temperatures and precipitation amounts. Outliers
are daily values that lie outside a particular range defined as
unrealistic by the user. For example, for temperature series,
this range can be described as the mean value of observa-
tions for the day of the year plus or minus three or four
times the standard deviation of the value for that calendar
day in the entire series. Daily temperature values outside of
these thresholds are marked as potentially erroneous and
manually checked and corrected on a case-by-case basis.
Each potential outlier can be evaluated using information
from the days before and after the event along with expert
knowledge about the local climate (Klein Tank et al.,
2009).
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In this study, it was chosen three times the standard
deviation of the value for that calendar day in the entire se-
ries because the temperature variability is small; (3) The
generalized data plot was used within RelimDex to visually
inspect data to further identify outliers and a variety of
other problems that may cause error or bias in analyzing
changes in the seasonal cycle or variance of the data; and
(4) to detect artificial shifts that could exist in a time series
it was used in the RHtestsV3 (Wang and Yang, 2010). After
the quality control, it was used 49 years of meteorological
data between January 1966 and December 2014 from the
two stations. For this data series, there is less than 1% of
missing data for both stations. In addition to the internal
RClimdex tests, non-parametric tests were also used to
identify if trends were statistically significant at the 5% and
1% level of probability.

The indices of climatic extremes, defined by
ETCCDI, used in this research were those presented in Ta-
ble 1. After obtaining the time series of the 22 indices of cli-
matic extremes through the software RClimdex, it was
necessary to use non-parametric tests to identify if the
trends were statistically significant at the 5% and 1% prob-
ability level. The non-parametric tests used in this research
were calculated using software R (version 3.3.1), and are
described as follows:
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2.2.1. Mann-Kendall test

The Mann-Kendall test (Sneyers, 1975) is the most
appropriate method for analyzing climate change trends
(Goossens and Berger, 1986). According to Sneyers
(1975), it is considered that in the case of stability of a time
series, the succession of independently occurring values,
and the probability distribution must always remain the
same (simple random series), thus it is tested the hypothesis
H: the observations of the series are independent and iden-
tically distributed, H,: the observations of the series have a
monotonous trend in time. The § statistic of the Mann-
Kendall test can be calculated according to Eq. (1):

S =§ Zn:sign(xj —X;) (1)

k=1 j=k+1

The signal can be obtained by Egs. (2), (3) e (4):

sign(x; —x, )=1 if x, —x, >0 )
sign(x; —x,)=0 if x, —x, =0 3)
sign(x; —x; )=-1 if x;,—x, <0 4)

The S statistic approaches normality as n increases,
with mean and variance defined by:

E(S)=0 ©)

Table 1 - Definition of the indices of climatic extremes dependent on precipitation and air temperature used in this study.

Indices Name Definition Units
SU Summer Days Annual count when TX (daily maximum) > 25 °C Days
TR Tropical Nights Annual count when TN (daily minimum) > 20 °C Days
TXx Max Tmax Monthly maximum value of daily maximum temp °C

TNx Max Tmin Monthly maximum value of daily minimum temp °C

TXn Min Tmax Monthly minimum value of daily maximum temp °C

TNn Min Tmin Monthly minimum value of daily minimum temp °C

TX10p Cold day-times Percentage of days where TX < 10th percentile Days
TX90p Warm day-times Percentage of days where TX > 90th percentile Days
TN10p Cold nights Percentage of days where TN < 10th percentile Days
TN90p Warm nights Percentage of days where TN > 90th percentile Days
DTR Diurnal temperature range Monthly mean difference between TX and TN °C

RX1day Max 1-day precipitation amount Monthly maximum 1-day precipitation mm
Rx5day Max 5-day precipitation amount Monthly maximum consecutive 5-day precipitation mm
SDII Simple daily intensity index Annual mean prcp when PRCP > 1.0 mm mm
R10mm Number of heavy precipitation days Annual count of days when PRCP > 10 mm Days
R20mm Number of heavy precipitation days Annual count of days when PRCP > 20 mm Days
R30mm Number of heavy precipitation days Annual count of days when PRCP > 30 mm Days
CDD Consecutive dry days Maximum number of consecutive days with RR <1 mm Days
CWD Consecutive wet days Maximum number of consecutive days with RR > 1 mm Days
R95p Very wet days Annual total PRCP when RR > 95p mm
R99p Extremely wet days Annual total PRCP when RR > 99p mm
PRCPTOT Annual total wet-day precipitation Annual total PRCP in wet days (RR > 1 mm) mm
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n(n-1)Q2n+5)- 3" 1,(i)(i~1)(2i+5)

Var(S)= 18

(6)

The statistical test Z(¢), used to calculate the trend of a
time series, was obtained by Eq. (7).

S e sso
Var(S)
Z(t)=40, if §=0 (7
SHL e s<o
Var(S)

The null hypothesis of no trend, Hy, is rejected when-
ever |Z(1)| > Z,/2 where a is the significance level adopted
and Z,/2 is the reduced normal variable of the standard nor-
mal distribution function, for values of (Z(¢) > 0) increasing
trends, for values of (Z(f) < 0) decreasing trends (Santos
and Portela, 2008).

2.2.2. Sen-Slope test

From the value of the series, it was used the non-
parametric test of Sen-Slope (Sen, 1968) to calculate the
magnitude of the trend. This test provides an estimate of the
slope (7;) of a change in measurement by the time change,
as presented in Eq. (8):

X, —x
k
T = , for

L= i=123,...N ®)
j—k
where T; = slope between the data points x; and x;; x; = mea-
surement of data in relation to time j; x; = measurement of
data in relation to time k; j = time after time .
The median of these N values of T; is represented as
the Sen-Slope estimator, which is given as:

T,
ML N s odd
’ )

2 2

med
;[TN+ N+2J, N is even

The Sen-Slope estimator is described as 7., = T(N+ 1)/2 if
Nisevenifitis oddis consideredas?, , = [Tg + TN;} / 2

Finally, T,,.; was calculated by a two-sided test in
100(1-a)% confidence interval, and then the slope was ob-
tained by the non-parametric test. 7,,., positive values indi-
cate increasing or upward trend, and negative values of 7,04
indicate decreasing or downward trend of the time series.
The null hypothesis (H;) means that there is no slope over
time, and the alternative hypothesis (H;) is that there is an
increasing or decreasing slope in the series.

2.2.3. Pettitt test

The Pettitt test was used to locate an abrupt change in
the mean of the data series. This test consists of verifying if

two samples x,, ... x; and x; . |, ..., x7 are of the same popula-
tion. According to Pettitt (1979), the statistic U, can be
calculated using Eq. (10).

T
U,y =U_, + Y sign(x,—x,), (10)
j=1
1, if x>0
for t=2,..N, where sign(x)=<0, if x=0
-1, if x<0

When there is no link in the data, V,7=T +1 - 2R,
where R, is the order of x; in the sample. The statistic 4,
gives the point where an abrupt change occurs in the mean
of the data series:

k, =MAXI <t <T\U,, | (11)
The significance is calculated by Eq. (12).

p ~2exp{-6k /(T? +T7)} (12)

The null hypothesis (H,) indicates no abrupt change
over time and the alternative hypothesis (H,) is that there is
an abrupt change in the time series.

2.2.4. Spearman correlation

To analyze the behavior of the climate extremes indi-
ces in the SHPP region and the relation of dependence of
these indices with the SST of the Equatorial Pacific and
SST anomalies Tropical Atlantic Oceans, the Spearman
method was used.

This correlation was used for non-parametric tests.
Thus, this coefficient is not sensitive to asymmetries in the
distribution, nor to the presence of outliers, and does not re-
quire that data come from two normal populations. The null
hypothesis (H)) is that p = 0 and the alternative hypothesis
(H,) is that p # 0. The Spearman correlation coefficient was
obtained by Eq. (13).

n 2

p:1—762i:'di (13)

n(n® —1)
where p is the Spearman correlation coefficient; d; is the
difference between the ordinations; 7 is the number of or-
dered pairs.

For samples greater than 20 observations, the follow-
ing approximation can be used for the Student ¢ distribu-
tion:

(=P (14)

N(1=p*)(n-2)

where the distribution t has n - 2 degrees of freedom.

The RClimdex script, as well as the R software, is
freely downloadable through the sites (ETCCDI Climate
Change Indices) and (The R Project for Statistical Com-
puting), respectively.
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3. Results and Discussion

3.1. Climate change indices

The trends of the 22 indices of climatic extremes were
obtained for the Bebedouro-PE and Mandacaru-BA
weather stations. Tables 2 and 3 present the values of the
trends dependent on air temperature and rainfall, respec-
tively, for the two stations, based on the results of the
non-parametric Mann-Kendall, Sen-Slope and Pettitt tests.
The values in bold and highlighted in gray presented statis-
tical significance at 1% level (p < 0.01) and the values only
highlighted in gray presented statistical significance at the
5% level (p <0.05).

The advantage of using these tests is that they filter
the extreme values of the data series. In Tables 2 and 3, the
result of the Mann-Kendall test is presented with the values
of the S-statistic, p-value and Z-statistical test. The values
of the slope (T;) of the time series obtained by the Sen-
Slope test are also presented in these two tables, as well as
the value of the statistical test K(?), its p-value and the year
of possible abrupt change in the time series, calculated by
the Pettitt test.
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Observing Table 2, it can be noticed that all indices
depending on air temperature for the Bebedouro-PE station
presented results with statistical significance. The air tem-
perature indices SU, TR, TXx, TXn, TNx, TX10p, TX90p,
TN10p and TN90p showed statistical significance at 1%
level and, TNn and DTR at 5% level. For the precipitation
indices, only five presented significant results, such as
SDII, R10mm, R20mm and PRCPTOT with statistical sig-
nificance at 1% level and R95p with statistical significance
at 5% level. Table 3 shows the results obtained for Manda-
caru-BA station where ten air temperature indices (SU, TR,
TXx, TXn, TNn, TX10p, TX90p, TN10p, DTR, and
TN90p) showed statistical significance at 5% level. The
precipitation indices did not present statistical significance.

The results obtained from the air temperature trends
for the Bebedouro-PE station (Table 2) show increasing
trends in 9 of the 11 indices. The hot days index (SU)
(Fig. 2a) shows an increasing trend of 0.038 days/year (i.e.,
increase of about four days with daily maximum tempera-
tures above 25 °C in 100 years). There was also an increase
in the frequency of warm nights (TR) (Fig. 2b) in the
Bebedouro-PE station, with a trend of 1.5 days/year. This
result indicates that in 30 years, for example, there may be

Table 2 - Results of the non-parametric Mann-Kendall, Sen-Slope and Pettitt tests for the Bebedouro-PE station, for the indices dependent on the air tem-

perature and precipitation, in the period 1966-2014.

Indices Mann-Kendall Sen-Slope Pettitt
S p-value Z(S) T; K(?) p-value Year of abrupt change

SU (Dias) 298 0.008 2.6 0.038 251 0.085 1978
TR (Dias) 397 <0.001 3.4 1.500 304 0.019 1981
TXx (°C) 290 0.011 2.5 0.019 271 0.050 1993
TXn (°C) 349 0.002 3 0.033 293 0.027 1992
TNx (°C) 352 0.002 3 0.028 245 0.099 1990
TNn (°C) 270 0.020 23 0.023 214 0.200 1997
TX10p (Dias) -570 <0.001 -4.9 -0.416 472 <0.001 1992
TX90p (Dias) 606 <0.001 52 0.372 456 <0.001 1992
TN10p (Dias) -460 <0.001 -4 -0.390 346 0.005 1981
TN90p (Dias) 436 <0.001 3.7 0.354 308 0.017 1993
DTR (°C) 245 0.035 2.1 0.013 321 0.011 1989
RX1day (mm) -162 0.165 -1.4 -0.408 196 0.293 1984
RXS5day (mm) -194 0.096 -1.7 -0.669 208 0.230 1985
SDII (mm) -290 0.012 -2.5 -0.053 240 0.112 1984
R10mm (Dias) -284 0.014 2.4 -0.142 206 0.239 1997
R20mm (Dias) -278 0.016 24 -0.097 237 0.120 1985
R30mm (Dias) -131 0.245 -0.11 0 181 0.389 1984
CDD (Dias) 1 1 0 0 113 - -
CWD (Dias) -183 0.108 -1.6 0 178 0.410 1992
R95p (mm) -240 0.039 -0.2 -1.953 218 0.186 1984
R99p (mm) -147 0.270 -0.12 0 198 0.281 1984
PRCPTOT (mm) -302 0.009 -2.6 -5.560 238 0.117 1985
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Table 3 - Results of the non-parametric Mann-Kendall, Sen-Slope and Pettitt tests for the Mandacaru-BA station, for the indices dependent on the air tem-

perature and precipitation, in the period 1966-2014.

Indices Mann-Kendall Sen-Slope Pettitt
N p-value Z(S) T; K(0) p-value Year of abrupt change

SU (Dias) 472 <0.001 4.1 0.100 377 0.001 1981
TR (Dias) -279 0.016 2.4 -1.372 369 0.002 1999
TXx (°C) 413 <0.001 3.6 0.033 410 <0.001 1995
TXn (°C) 388 <0.001 33 0.047 327 0.009 1979
TNx (°C) -19 0.876 -0.2 0 180 0.396 1999
TNn (°C) -407 <0.001 35 -0.040 405 <0.001 1998
TX10p (Dias) -596 <0.001 -5.1 -0.403 468 <0.001 1992
TX90p (Dias) 628 <0.001 5.4 0.530 518 <0.001 1995
TN10p (Dias) 292 0.012 2.5 0.317 375 0.001 1999
TN90p (Dias) -221 0.057 -1.9 -0.145 388 0.001 1998
DTR (°C) 618 <0.001 53 0.060 544 <0.001 1996
RX1day (mm) -44 0.710 -0.4 -0.096 148 0.669 1992
RX5day (mm) -36 0.762 -0.3 -0.133 196 0.293 1992
SDII (mm) 39 0.743 0.3 0.018 149 0.659 1971
R10mm (Dias) =72 0.538 -0.6 0 118 0.997 1981
R20mm (Dias) -64 0.584 -0.5 0 150 0.649 1980
R30mm (Dias) -163 0.151 -1.4 0 208 0.230 1981
CDD (Dias) 17 0.890 0.1 0.083 162 0.538 1977
CWD (Dias) 30 0.797 0.3 0 113 - -
R95p (mm) -97 0.406 -0.8 -0.787 169 0.479 1981
R99p (mm) 75 0.433 0.8 0 150 0.649 1975
PRCPTOT (mm) -97 0.407 -0.8 -1.722 160 0.556 1980

an increase of 45 nights in a year where the temperature will
be higher than 20 °C. The maximum maximum temperature
(TXx) (Fig. 2¢), minimum maximum temperature (TXn)
(Fig. 2d), maximum minimum temperature (TNx) (Fig. 2¢)
and minimum minimum temperature (TNn) (Fig. 2f)
showed trend wvalues of 0.019; 0.033; 0.028 and
0.023 °Cl/year, respectively. These results indicate a trend
of increase for both the maximum and minimum tempera-
ture in the Bebedouro-PE station.

It is possible to observe a gradual increase in the max-
imum and minimum temperatures during the last decades,
which can be identified through the temporal distributions
of these indices. These results agree with those found by
Lima ef al. (2011) and Silva e Azevedo (2008) that used
statistical tests to verify trends of climatic changes for the
state of Bahia. The increase in maximum and minimum
temperatures in the region of study corroborates with the
projections of the IPCC (2013) which has identified that
minimum temperatures have increased faster than maxi-
mum temperatures.

With the increase in maximum and minimum temper-
atures and in the occurrence of hot days and nights, it is ex-
pected that the occurrence of cold days and night will
decrease. This assumption can be identified in the trend val-

ues of the cold days (TX10p) (Fig. 2g) and cold nights
(TN10p) (Fig. 2i) indices, where these indices present a re-
duction of 0.416 and 0.390 days/year, respectively. Addi-
tionally, the hot days (TX90p) (Fig. 2h) and hot nights
(TN90p) (Fig. 2k) indices agree with the SU and TR indices
mentioned above and indicate an increase in hot days and
nights, where trend values are 0.372 and 0.354 days/year,
respectively. The diurnal temperature range (DTR) (Fig. 21)
is increasing with a trend of 0.016 °C/year.

The results obtained from the rainfall trends for the
Bebedouro-PE station (Table 2) showed a decrease of this
variable in 7 of the 11 indices studied, 5 presented signifi-
cant values (p < 0.05), such as SDII, R10mm, R20mm,
PRCPTOT, and R95p. A statistically significant decrease
in the number of days with precipitation equal or greater
than 10 mm (R10mm) (Fig. 3a) and 20 mm (Fig. 3b) was
identified for the Bebedouro-PE station (Table 2); with val-
ues of these trends being 0.142 and 0.097 days/year, respec-
tively. The annual total precipitation (PRCPTOT) (Fig. 3¢c)
is decreasing about 5.6 mm/year, with a linear projection
for the next three decades, and the total precipitation would
reduce by approximately 170 mm in 30 years.

The simple daily intensity index (SDII) (Fig. 3d),
which is the ratio of total annual precipitation to the number
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Figure 2 - Annual variability of the statistically significant temperature extremes indices for the Bebedouro-PE station for the period 1966 to 2014,
where: a) SU, b) TR, ¢) TXx, d) TXn, e) TNXx, f) TNn, g) TX10p, h) TX90p, i) TN10p, j) TN90p and k) DTR.

of days with precipitation in one year, agrees with the rates
mentioned above and decreases with a value of
0.053 mm/year. Therefore, it is observed that the decrease
in rainfall greater than or equal to 10 mm and 20 mm agrees
with the reduction of total precipitation, as well as with the
reduction of the SDII. The index very humid (R95p)
(Fig. 3e) also shows a trend of decrease to Bebedouro, with
a value of 1.953 mm/year, which can lead to a linear trend
of reduction of approximately 60 mm in 30 years.

The first report of the Brazilian Panel on Climate
Change (PBMC, 2014) projects a significant decrease in
rainfall in most of the Central, North and Northeast regions
of Brazil, and these changes may accentuate from the mid-
dle and end of the XXI century, agreeing with the IPCC’s
special report on extreme climatic events (IPCC, 2012),
which projects a higher frequency of more intense and pro-
longed dry periods to the Northeast Brazil and the Amazon
regions, which may lead to seasonal droughts. Statistically
significant results for the Bebedouro-PE station agree with

the IPCC and PBMC projections, indicating a decrease in
precipitation for this region.

By applying the Pettitt test, it was possible to obtain
the point at which the abrupt change occurred in the time
series (last column of Tables 2 and 3). Table 2 shows that
only the indices based on the air temperature for Bebedouro
- PE are significant at the 1% level, such as TR, TX10p,
TX90p, TN10p, TN90p, and DTR, as well as TXx and TXn
indices at 5% level. Similarly, the results obtained from the
air temperature trends for the Mandacaru-BA station (Ta-
ble 3) were statistically significant at 5% level in 10 of the
11 indices obtained, such as SU, TR, TXx, TXn, TNn,
TX10p, TX90p, TN10p, DTR, and TN90p. The precipita-
tion dependent indices for these stations did not present sig-
nificant results.

The Sen-Slope test is intended to obtain the magni-
tude of the trend in the historical series. Tables 2 and 3
show the slope values (7;) of the data series. Positive values
indicate an upward trend and negative values provide the
downward trend of the dataset. The SU index (Fig. 4a) for



Trends in Temperature and Rainfall Extremes near the Artificial Sobradinho Lake, Brazil

a)
35
30
25
E 20
)
15
£
g 10
=]
-
& 5 | y=-0,1394x+18,73
R?=0,1229
0
oo 00w 00D AN O O OO o =
A ARAND AANO T ANAN NN IIRIIIIK
Year
<)
1100
1000
900
'g 800
E 700
S 600
= 500
5 400
=4
300
R v =-5,167x+653,1
200 R?=0,1458

100

500
y=-1,9131x+191,68
R?=0,0678

R95p (mm)
353 W P
g 8 S

—_
(=3
o

434

20
15
-
-
Z 10 |
7 T VO A N v/A Y 0 O
S
£
E s
Q
o y =-0,0936x+ 10,707
R?=0,1183
0
VO 00 0 X DN DS O O O = o= =
[ W= - > N N~ N> W - > > > > W e N> > e I o R e o R oo B oo e T o
B R = I I = =N o I o B o I oS Y o I o I oS i o
Year

SDII (mm)
S

y=-0,0575x+13,36

R?=0,105
== B S ol sl - ) 0 XD DD D SO = e =
DA NN OO
B R I TR T i = = gt s g it B o I X T o T oS I SX T X B oS I o

Figure 3 - Annual variability of the statistically significant precipitation extremes indices for the Bebedouro-PE station for the period 1966 to 2014,

where: a) R10mm, b) R20mm, ¢) PRCPTOT, d) SDII and ¢) R95p.

the Mandacaru-BA station, as well as for the Bebedouro-
PE station, showed an increasing trend, with a value of
0.1 days/year. However, for TR index (Fig. 4b), unlike the
results obtained for Bebedouro-PE, there is a decreasing
trend with a value of 1.372 days/year, indicating that in
30 years, for example, there may be a decrease of about 41
warm nights (temperature higher than 20 °C) in a year. The
indices referring to the maximum temperature indicate an
increasing trend during the studied period. The TXx
(Fig. 4c) and TXn (Fig. 4d) indices are increasing 0.033 and
0.047 °Clyear, respectively. The TXn index is increasing
faster than the TNn (Fig. 4e) index which shows a reduction

of 0.040 °C/year. The TX10p (Fig. 4f), TX90p (Fig. 4g),
TN10p (Fig. 4h) and TN90p (Fig. 4i) indices show trend
values 0f-0.403, 0.530, 0.317 and -0.145 days/year, respec-
tively. The TN90p index agrees with the result obtained for
the TR index, both indicating a decrease in the hot nights in
the Mandacaru station region. There is also a downward
trend of cold days, as shown by the trend value of the
TX10p index. The DTR index (Fig. 4j) is increasing
0.06 °Clyear.

The results obtained from the rainfall trends for the
Mandacaru-BA station (Table 3) did not present statistical
significance for any index, however, in general, it is possi-
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Figure 4 - Annual variability of the statistically significant temperature extremes indices for the Mandacaru-BA station for the period 1966 to 2014,
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ble to observe decrease trends, as well as in Bebedouro - PE
station. Of the 11 indices dependent on precipitation, 7 pre-
sented a precipitation decreasing trend. Precipitation is a
determinant variable of the climatic conditions in the Bra-
zilian semi-arid, and the analysis of its behavior is of great
importance, due to the great irregularity presented in tem-
poral and spatial scales, not only under the climatic
approach but also due to the consequences in the socioeco-
nomic sector, as well as in the population comfort.

The considerable spatial and temporal variability of
the precipitation justifies the fact that few indices have sig-
nificant values in the Bebedouro-PE station and no index at
the Mandacaru-BA station. The results of precipitation
trends for the two stations used in this study indicate, in
general, a decrease in the values of this variable in the
SHPP region, but few indices presented significant results.

The trends of climatic extremes of temperature for
Bebedouro-PE showed an increase in maximum and mini-
mum temperatures, the number of hot days and nights, diur-
nal temperature range and, consequently, a reduction in

cold days and nights. For Mandacaru-BA, temperature
trends presented some results contrary to Bebedouro. The
warm nights are decreasing in Mandacaru as well, the ex-
treme minimum temperature; already the hot days are in-
creasing.

The results for the two stations agree on the trend of
increase to the maximum temperature, number of hot days
and on the diurnal temperature range, which led to the de-
crease in the occurrence of cold days. These increases can
lead to different consequences for that region, which en-
compasses several irrigation agriculture areas and two im-
portant expanding cities (Petrolina-PE and Juazeiro-BA).

3.2. Climate change indices and SST

In order to better understand the relationship between
the SST of the Equatorial Pacific and Tropical Atlantic
oceans and precipitation in NEB, several studies have been
developed (Uvo et al., 1998; Andreoli and Kayano, 2007;
Rodrigues ef al., 2011; Aratjo e Brito 2011; Kayano et al.,
2016). Araujo and Brito (2011) verified the influence of
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SST of the Pacific and Atlantic oceans on precipitation in
the states of Bahia and Sergipe. Andreoli and Kayano
(2007) observed that the impact of the Tropical Atlantic on
the variability of NEB precipitation is more marked for the
variability of SST in the South Atlantic when compared to
that of the North Atlantic.

In this study, the climate change indices were individ-
ually correlated with the SST of the Equatorial Pacific
(Nifio 142, Nifio 3, Nifio 3.4 and Nifio 4) regions and the
SST of the Northern Tropical Atlantic Index (TNAI) and
Southern Tropical Atlantic Index (TSAI). Statistical signif-
icant correlations at 5 and 1% levels (p <0.05 and p <0.01)
are presented in Tables 4 and 5. The bolded and highlighted
in gray values presented statistical significance at 1% level
and the highlighted in gray values presented statistical sig-
nificance at 5% level.

Table 4 shows the correlations between the trends of
the climate change indices for the station of Bebedouro-PE
and the regions of the Equatorial Pacific. Five indices de-
pending on the air temperature have positive correlations,
indicating that an increase in SST in the Equatorial Pacific
can cause an increase in air temperature in Bebedouro-PE.

We calculated the annual mean SST and then corre-
lated with the SU index. The SU index shows positive cor-

relations for the four SST regions in the Pacific Ocean, indi-
cating that an increase in SST of these regions implies an
increase in the number of hot days in the SHPP region. The
TXx index showed significant correlations with the areas of
Nifio 3, Nifio 3.4 and Nifio 4, indicating that an increase in
the SST of these regions can cause an increase in the maxi-
mum daily temperature. The TXn index has significant cor-
relations with the Nifio 1+2 region and with the other areas,
showing that an increase in this index is related with the
SST increases in these regions. The positive correlation be-
tween the TX90p index and the Nifio 1+2 and Nifio 3 re-
gions indicates an increase in hot days, as the SST of these
regions increases, agreeing with the results of the correla-
tions for the SU index.

An increase in hot days and maximum temperature as
the SST becomes hotter also agrees with the result of corre-
lations between the four Pacific Ocean regions and the
DTR index. This index presents a significant positive asso-
ciation with the Nifo 3, Nifio 3.4 and Nifio 1+2 regions. In-
dicating that an increase in the SST of these three regions
can imply an increase in the diurnal temperature range.

For indices dependent on rainfall, only CDD showed
a significant correlation. For the regions Nifio 3, Nifio 3.4
and Nifio 4, significant at the 1% level and, for Nifio 142, at

Table 4 - Correlations between the annual averages of the indices of extremes of air temperature and precipitation and the annual mean Sea Surface Tem-
perature (SST) in the regions of the Equatorial Pacific and the annual mean anomalies of SST Tropical Atlantic Oceans, for the station of Bebedouro-PE,

in the period 1966-2014.

Indices Nifio 142 Nifio 3 Nifio 3.4 Nifio 4 TNAI TSAI
SU (Days) 0.424 0.432 0.399 0.382 0.159 0.062
TR (Days) 0.248 0.223 0.087 0.058 0.173 0.385
TXx (°C) 0.278 0.437 0.383 0.400 0.522 0.024
TXn (°C) 0.382 0.340 0.310 0.356 0.184 0.193
TNx (°C) 0.196 0.188 0.093 0.078 0.181 0.258
TNn (°C) 0.262 0.194 0.060 0.025 0.031 0.195
TX10p (Days) -0.466 -0.505 -0.406 -0.454 -0.489 -0.190
TX90p (Days) 0.491 0.444 0.281 0.262 0.519 0.386
TN10p (Days) -0.300 -0.312 -0.180 -0.167 -0.254 -0.374
TN90p (Days) 0.245 0.198 0.052 0.016 0.274 0.384
DTR (°C) 0.333 0.369 0.370 0.391 0.339 -0.210
RX1day (mm) -0.064 -0.155 -0.145 -0.200 -0.230 -0.070
RXS5day (mm) -0.085 -0.091 -0.080 -0.160 -0.136 -0.018
SDII (mm) 0.020 0.000 0.042 -0.053 -0.201 -0.116
R10mm (Days) -0.340 -0.266 -0.183 -0.149 -0.138 0.018
R20mm (Days) -0.236 -0.188 -0.105 -0.111 -0.121 -0.014
R30mm (Days) 0.100 -0.017 -0.034 -0.126 -0.180 0.031
CDD (Days) 0.302 0.371 0.398 0.381 0.099 -0.117
CWD (Days) -0.159 -0.116 -0.016 -0.031 -0.027 -0.192
RI95p (mm) -0.004 -0.120 -0.144 -0.242 -0.243 0.063
R99p (mm) -0.131 -0.224 -0.231 -0.277 -0.104 -0.022
PRCPTOT (mm) -0.267 -0.273 -0.219 -0.233 -0.175 0.082
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5% level. Consistent with the above results, an increase in
hot days and maximum temperature agrees with an increase
in consecutive dry days as the SST in the Pacific Ocean in-
creases.

Aragjo and Brito (2011) investigated the influence of
SST in the Pacific and Atlantic Oceans in the precipitation
of the states of Bahia and Sergipe using extreme climatic
indices. Their results showed positive correlations between
the CDD indice and the North Atlantic region, differently
from our study, which found positive correlations between
the CDD indice and the Niflo regions. Their results also
showed positive correlations between the RXS5day and
SDII indices and the South Atlantic region. The CWD and
PRCPTOT indices presented negative correlations with the
Pacific regions. With these results the authors highlight the
influence of SST in the Atlantic and Pacific Oceans on pre-
cipitation in the studied region, identifying the role of the
ENSO and the Atlantic dipole in the climate behavior of
Northeast Brazil.

Costa et al. (2015) studied trends in extreme events of
weak and intense precipitation for the semiarid NEB re-
gion. Their results indicate that a higher frequency of El
Niflo events possibly explains the decreasing trend found in
precipitation intensity. In general, their results showed an

Melo et al.

increase in drought intensity and a decrease in intense pre-
cipitation events over the years.

Also, from Table 4, it is possible to observe the corre-
lations between the trends of the indices of climatic ex-
tremes, depending on the air temperature and precipitation,
for the Bebedouro station-PE and the Tropical Atlantic re-
gions. Of the 11 indexes that depend on temperature, 5 have
positive and statistical significant (p < 0.05) correlations.

The TR shows a positive correlation with the TSAI
region, indicating that an SST increases in this region of the
Atlantic Ocean could cause an increase in the number of hot
nights. The maximum daily maximum temperature has a
positive correlation with the TNAI region, which also im-
plies an increase in the maximum temperature for the Bebe-
douro-PE station region.

The hot day and night indices, TN90p and TX90p, re-
spectively, show a positive correlation with the TSAI re-
gion, indicating an increase in the percentage of hot days
and nights when the SST of Atlantic Ocean increases. The
DTR is correlated positively with the TNAI region. The
rainfall dependent indices did not present statistical signifi-
cance with the SST regions in the Atlantic Ocean.

Table 5 shows the correlations between the trends of
the indices of climatic extremes for the station of Manda-

Table 5 - Correlations between the annual averages of the indices of extremes of air temperature and precipitation and the annual mean Sea Surface Tem-
perature (SST) in the regions of the Equatorial Pacific and the annual mean anomalies of SST Tropical Atlantic Oceans, for the station of Mandacaru-BA,

in the period 1966-2014.

Indices Nifio 1+2 Nifio 3 Nifio 3.4 Nifio 4 TNAI TSAL
SU (Days) 0.142 0.182 0.121 0.179 0.429 0.233
TR (Days) 0.124 0.100 0.160 0.069 -0.359 0.108
TXx (°C) 0.081 0.187 0.172 0.310 0.401 0.290
TXn (°C) 0.152 0.213 0.173 0.179 0.293 0.172
TNx (°C) 0.167 0.142 0.227 0.203 -0.072 -0.089
TNn (°C) 0.061 0.049 0.130 0.047 -0.370 -0.079
TX10p (Days) -0.320 -0.318 -0.210 -0.279 -0.381 -0.419
TX90p (Days) 0.248 0.210 0.042 0.085 0.556 0.484
TN10p (Days) -0.067 -0.081 -0.161 -0.072 0.408 -0.067
TN90p (Days) 0.155 0.124 0.168 0.070 -0.301 0.129
DTR (°C) 0.227 0.216 0.070 0.126 0.546 0.172
RX1day (mm) 0.046 0.066 0.075 0.088 0.038 -0.236
RXS5day (mm) -0.040 -0.055 -0.060 -0.101 -0.255 -0.214
SDII (mm) 0.173 0.151 0.130 0.082 -0.140 -0.272
R10mm (Days) -0.107 -0.088 -0.022 0.042 -0.081 -0.029
R20mm (Days) -0.042 -0.029 0.041 0.062 -0.142 -0.080
R30mm (Days) -0.027 0.011 0.049 0.052 -0.193 -0.175
CDD (Days) 0.364 0.389 0.376 0.305 0.292 -0.121
CWD (Days) -0.108 -0.076 -0.027 0.028 0.279 -0.077
R95p (mm) 0.066 0.086 0.094 0.084 -0.093 -0.186
R99p (mm) 0.143 0.171 0.156 0.142 0.047 -0.261
PRCPTOT (mm) -0.109 -0.096 -0.035 -0.005 -0.189 -0.061
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caru-BA and the regions of the Equatorial Pacific Ocean.
From the 11 indices, dependent of air temperature, only the
TXx presented a positive correlation (p < 0.01) with the
Nifio 4 region, indicating an increase in the maximum tem-
perature when the SST increases in this region of the Pa-
cific Ocean.

For precipitation dependent indices, as well as for
Bebedouro station, only the CDD index presented positive
correlations for the four regions of the Pacific Ocean, indi-
cating an increase in consecutive dry days for the area of the
Mandacaru-BA station.

Alves (2012) using reanalysis precipitation data
showed a decrease in the mean annual precipitation total in
NEB. The author suggests that the decline may have been
caused by the ENSO and the Atlantic dipole interannual
variability. Our results showed an increase in consecutive
dry days with statistical significance; however, we cannot
affirm that the rise in consecutive dry days results in a de-
crease in total annual precipitation because although most
of'the correlations between annual precipitation and SST of
the oceans suggest a negative correlation, these are not sta-
tistically significant.

Table 5 also shows the correlations between the indi-
ces of climatic extremes trends for the station of Manda-
caru-BA and the regions of the Equatorial Pacific and
Tropical Atlantic Oceans. As for Bebedouro station, only
air temperature dependent indices were statistically signifi-
cant, of these, 6 indices, presented positive and statistically
significant correlations (p < 0.05).

The SU index shows a positive correlation with the
TNAI region, indicating that when the SST of the North At-
lantic Ocean increases it favors the increase in hot days for
the Mandacaru station region. The maximum temperature
increases when the SST in the TNAI and TSAI regions are
warmer. The minimum maximum temperature also shows a
positive correlation with the TNAI region.

The TX90p index increases with the increase of SST
in the two regions of the Atlantic Ocean, whereas the
TN10p increases with the rise of SST in the TNAI region.
The DTR shows a positive correlation with the TNAI re-
gion, indicating that when the SST of the North Atlantic
Ocean is warmer, it favors the increase in the diurnal tem-
perature range for the area of Mandacaru-BA station.

When comparing weak and intense precipitation
events in NEB semiarid, Costa et al. (2015) observed that in
1979, a year with weak El Nifio performance, a high annual
mean of precipitation was verified, which suggests the exis-
tence of other factors favoring precipitation. According to
the authors, El Nifio inhibits precipitation, but as the El
Niflo of 1979 was weak, they suggest that a positive anom-
aly of SST in the South Atlantic was able to overcome the
inhibition caused by the event, favoring precipitation in the
studied region. Therefore, it is verified that the El Nifio phe-
nomenon is not always synonymous of drought and that
studies on the SST anomalies in the Atlantic Ocean and its

influence on NEB precipitation are also necessary. Our
results did not present statistical significance for the corre-
lations between climatic extremes indices and the Atlantic
Ocean.

The statistically significant correlations between the
extremes of temperature and precipitation indices for the
two stations and the SSTs in the Pacific Ocean can indicate
the influence of El Nifio in the study region. This study
shows that when the SST of this ocean is warmer could
cause an increase in the maximum temperature, hot days,
diurnal temperature range and, consequently, an increase in
the consecutive dry days.

Besides, the statistically significant correlations be-
tween the precipitation extremes indices for the two sta-
tions and the SSTs in the Atlantic Ocean do not present
significant results (p < 0.05) since the Atlantic Ocean does
not explain the precipitation in the study region. The active
meteorological systems (VCAN and instabilities associated
with the cold fronts) responsible for the rainy season in the
study region do not depend on the Atlantic Dipole to de-
velop.

4. Conclusions

From the results obtained, for the two analyzed sta-
tions, it is not possible to affirm that the construction of the
Sobradinho Hydroelectric Plant (SHPP) and, the conse-
quent formation of its artificial lake, altered the local micro-
climate. Since the temporal trends of the extreme
precipitation indices presented few values with statistical
significance, and the temporal trends of the extreme indices
of air temperature presented some contrary results for the
two stations studied.

Nevertheless, a trend of increase in maximum tem-
perature, the number of hot days and in the diurnal tempera-
ture range, for the two stations studied, was noticed. Howe-
ver, according to the results of Pettitt’s statistical test, the
increase of these indices cannot be attributed to the forma-
tion of the lake of the SHPP.

In addition, the statistically significant correlations
between temperature extremes and precipitation indices for
the two stations and SST in the Pacific and Atlantic Oceans
were positive. Thus, the influence of the SST of these re-
gions on the temporal behavior of some of the indices used
in this study may have contributed to increases in hot days
and nights, maximum temperature, diurnal temperature
range and consecutive dry days.
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