Theoretical and Applied Climatology (2019) 135:565-576
https://doi.org/10.1007/500704-018-2396-6

ORIGINAL PAPER

@ CrossMark

Changes of precipitation extremes indices in Sao Francisco River Basin,
Brazil from 1947 to 2012

Bergson G. Bezerra' - Lindenberg L. Silva” - Claudio M. Santos e Silva® - Gilvani Gomes de Carvalho’

Received: 28 March 2017 / Accepted: 19 January 2018 /Published online: 6 February 2018
© Springer-Verlag GmbH Austria, part of Springer Nature 2018

Abstract

The Sao Francisco River is strategically important due to its hydroelectric potential and for bringing the largest water body of
Brazilian Semiarid region, supplying water for irrigation, urban, and industrial activities. Thereby, for the purpose of character-
izing changes on the precipitation patterns over Sdo Francisco River basin, 11 extremes precipitation indices as defined by the
joint WMO/CCI/ETCCDMI/CLIVAR project were calculated using daily observation from the 59 rain gauges during 1947—
2012 period. The extreme climatic indices were calculated with the RClimDex software, which performs an exhaustive data
quality control, intending to identify spurious errors and dataset inconsistencies. Weak and significant regional changes were
observed in both CDD and SDII indices. Most precipitation extremes indices decreased but without statistical significance. The
spatial analysis of indices did not show clearly regional changes due to the complexity of hydrometeorology of the region. In
some cases, two rainfall stations exhibited opposite trends with the same significance level although they are separated by a few
kilometers. This has occurred more frequently in Lower-Middle Sao Francisco, probably associated with intense land cover

change over the last decades in this region.

1 Introduction

Climate change due to global warming is probably the
most significant and far-reaching environmental threat
of the present day; therefore, the most important climatic
research topic of the last few decades (Dufek and
Ambrizzi 2008; Croitoru et al. 2013). A consequence of
global warming should be noted on the increase in both
magnitude and frequency of extreme precipitation
events, generated by increased atmospheric moisture
levels, warmer air, thunderstorm activity, and/or large-
scale storm activity (Sen Roy and Balling Jr. 2004;
Oliveira et al. 2014). The increase on extreme precipita-
tion event observations are associated to the occurrence
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of meteorological disasters such as droughts and floods,
having catastrophic impacts on human socioeconomic
development, being theme of scientific and societal inter-
est during the last decade (Hanel and Buishand 2010; Xu
etal. 2011; Liu et al. 2013).

Aiming to analyze climate extreme events, the World
Meteorological Organization, Commission for Climatology
and the Expert Team on Climate Change Detection,
Monitoring Indices of the Climate Variability and
Predictability (WMO/CCI/ETCCDMI/CLIVAR) has devel-
oped a set of indices representing a common guideline for
regional analysis of the climate (Peterson et al., 2001). This
indices has been used worldwide (e.g., Haylock et al. 2006;
Alexander et al. 2006; Dufek and Ambrizzi 2008; Santos et al.
2011; Zongxing et al. 2012; Croitoru et al. 2013, 2016; Wang
etal. 2013a, b; Ly etal. 2013; Liu et al. 2013; Zandonadi et al.
2015; Ruml et al. 2017). Concerning the studies over Brazil,
scientific efforts to understanding hydrometeorological as-
pects on the Sao Francisco basin has been performed due to
the relevant role of Sdo Francisco river in Brazil semiarid
region, because this river is the largest basin wholly within
Brazilian territory (Maneta et al. 2009; Chan et al. 2012),
supplying water for urban and industrial activities for example
navigation, fisheries, hydropower production, and irrigation
which are economically strategic for the semiarid region of
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Northeast Brazil (Sato and Godinho 2004; Maneta et al. 2009;
Torres et al. 2011).

The irrigation of cultivated areas can strengthen the economic
activities and, consequently, promoting social development.
However, some studies (e.g., Maneta et al. 2009) indicate a
strong and harmful water consuming activity in the basin.
According to Chan et al. (2012) more than 6.4 billion m® year ',
corresponding to 68% of the total water withdrawals, are used
for irrigation projects in S3o Francisco River Basin, and the
authors projected an increase of 250% until 2025 on water con-
sumption on the basin, where irrigation uses more than 75% of
the river’s water.

Much of the predicted increase in water consumption will be
for the water supply of the semiarid regions (Brazilian States of
Ceara, Pernambuco, Paraiba and Rio Grande do Norte) by trans-
position from 2016. The Transposition Project, which basically,
consisting of artificial drainage channels constructed to divert the
water flux supplying nearby dams (Chan et al. 2012; Stolf et al.
2012). This flux should be divided in two regions: North Axis,
near to Cabrobé municipality (Pernambuco State) with a total
flux of 42.4 m® sfl; and East Axis located in Floresta municipal-
ity (Pernambuco State), with a total flux of 21.1 m’ s .
Furthermore, by using natural canals, water will be transferred
to the chutes of the region’s rivers, perpetuating them (Stolf et al.
2012). For the North Axis, 42.4 m’ s ' will be destined to the
Basins of Jaguaribe (Ceara State), Apodi, and Piranhas-Acu (Rio
Grande do Norte and Paraiba States). For the East Axis, a total of
21.1 m® s~' will be destined to the States of Pernambuco and
Paraiba River Basin. Chan et al. (2012) describes that the
Transposition Project is a large effort to balance the availability
and use of water across the drought-prone Northeast. The final
objective is to ensure the supply of northeast big cities, including
Fortaleza, Juazeiro do Norte, Crato, Mossor6, Campina Grande,
Caruaru, and Jodo Pessoa.

The actual scenario observed on Sao Francisco River region
covers different aspects such as the following: increase of water
demand of the Sdo Francisco River in coming years due to
expansion of irrigated areas, increase of population, the imple-
mentation of Transposition Project, absence of action policies to
optimize water use. Thus, a possible influence of climate change
has created an environment of relevant concern. A possible sce-
nario increasing in magnitude and frequency of extreme precip-
itation events are expected according to the Intergovernmental
Panel on Climate Change (IPCC) and features of extreme weath-
er and climate events are likely to change in the twenty-first
century owing to anthropogenic climate changes (IPCC 2007,
2012; Santos and Fragoso 2013). This scenario can affect nega-
tively the sustainability of several activities on Sdo Francisco
River Basin, because changes in the climatology of precipitation,
evapotranspiration, soil moisture content, runoff, and stream
flow (Arora and Boer 2001).

Analyzing the changes in the precipitation extremes will
hopefully provide a scientific basis and content for
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environmental education, water management, forecast,
and prevention of natural hazards in the Basin. Thus, the
aim of this present paper is to provide a comprehensive
analysis of observed precipitation changes over the Sao
Francisco River Basin during 1947 to 2012 period, using
11 extreme precipitation indices calculated from the
WMO/CCI/ETCCDMI/CLIVAR algorithms (Peterson
et al. 2001), focusing on daily precipitation trends analysis
in a regional context.

2 Material and methods
2.1 Study area

The Sao Francisco River Basin is located on Brazil between
geographical coordinates of 7.0°-21.0°S and 35.0°-47.7°W
(Fig. 1), covering 638,576 kmz, which correspond around 8%
of the Brazilian territory (Fig. 1). The flow average annual of
2850 m® s~ ', ranging from 1,077 to 5290 m® s '. Along
2860 km, the river crosses five Brazilian states: Minas Gerais
(MG), Bahia (BA), Pernambuco (PE), Alagoas (AL), and
Sergipe (SE) (Maneta et al. 2009; Torres et al. 2011; Santos
et al. 2012; ANA 2013).

The river’s headwaters are located in Serra da Canastra
National Park (state of Minas Gerais, Southeast Brazil region)
and its outfall on Atlantic Ocean, between Alagoas and Sergipe
states (Coastland of the Northeast Brazil). The Sao Francisco
River Basin can be divided into four hydrographic regions
(Upper, Middle, Lower-Middle, and Lower Sao Francisco)
(Fig. 1) according to features of prevailing ecosystem and cli-
mates. Thus, Sdo Francisco River enclose four different climates
types: dry subhumid with dry season that coincides with winter
in the southern hemisphere (Upper Sao Francisco), semiarid
(Middle Sao Francisco), semiarid and arid (Lower-Middle Sao
Francisco), and subhumid (Lower Francisco). Areas of different
ecosystems were observed along region: Atlantic Forest (head-
waters), Cerrado (Upper and Middle Sao Francisco), Caatinga
(Middle and Lower-Middle Sao Francisco), Caatinga, Atlantic
Forest, and native formations (mangrove and coastal vegetation)
(Lower Sao Francisco). Furthermore, the basin cover areas of
transition between the Cerrado and Caatinga, deciduous seasonal
forests and semi-deciduous (CBHSF 2004; Filogonio et al.
2010; Chan et al. 2012). The Sao Francisco River Basin clima-
tology is characterized by high spatiotemporal variability due to
the action of different large, meso and local scale meteorological
systems (Oliveira et al., 2017). The mean annual precipitation
ranges from 1500 mm (Upper Sao Francisco in Minas Gerais) to
350 mm (Lower-Middle Sao Francisco).

The precipitation of Upper and portions of Middle Sao
Francisco (located on Southeastern region and southwest of the
Bahia state, respectively) are mainly influenced by South
America Convergence Zone (SACZ), acting on Southeastern
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Fig. 1 The region marked in blue

on the South America map 8°5
(smaller figure, bottom right

corner) is the Sdo Francisco River

Basin for which the location of

the 59 rainfall stations is shown

on the greatest figure 10°S

12°S+

Lat. (°)

D Lower Sao Francisco
. Lower-middle Sao Francisco
‘:‘ Middle Sao Francisco
I:] Upper Sao Francisco

region of Brazil during summer (Cavalcanti 2012). The Lower-
Middle (west of Bahia and Pernambuco) has a short rainy sea-
son, concentrated during March and April. The most persistent
large scale meteorological feature related to the rainy season is
the intertropical convergence zone (ITCZ) (Hastenrath and
Heller 1977; Souza and Cavalcanti 2009; Cavalcanti, 2012).
The rainy season occurs when the interhemispheric southward
gradient of sea surface temperature (SST) is weakest and the
ITCZ reaches its southern position, generally during April
(Hastenrath 2006). The Lower-Middle Sao Francisco is vulner-
able to occurrence of severe droughts, which is generally asso-
ciated with strong El Niflo events. The Lower Sao Francisco is
located in the coastland of Northeast and the seasonality of pre-
cipitation modulated mainly by Easterly Wave Disturbances
(EWD), frequently from May to August and causing heavy rain-
fall event (Chan et al. 2012; Oliveira et al. 2013a).

2.2 Dataset
2.2.1 Data description

Changes in the extremes precipitation indices were identified
by using daily precipitation times series recorded in 59 rainfall

|
42°W 38°W

Long. ()

40°W

stations across Sdo Francisco River Basin from 1947 to 2012
period. The set of rainfall stations present a reasonable spatial
coverage, consequently appropriated to characterize the re-
gional behavior and variability of the precipitation extremes
on the Sdo Francisco River Basin (Fig. 1). The period of
66 year was chosen due to characterize a long-term dataset
for each station. The dataset are management by National
Water Agency of Brazil (ANA).

2.2.2 Quality control

A data quality control was performed due to the calcula-
tions of extreme indices, which are sensitive to spurious
errors associated to changes in station location, exposure,
equipment, and observational practice (Haylock et al.
2006; Santos et al. 2011). This procedure is needed to
identify errors during the processing of the data and avoid
the use of inconsistent data (Dufek and Ambrizzi 2008;
Croitoru et al. 2013). The RClimDex quality control is
performed as follows: (i) replaces all missing values (cur-
rently coded as —99.9) into an internal format that the
software recognizes (i.e., NA, not available) and (ii) re-
places all unreasonable values into NA.
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2.3 Method
2.3.1 Indices calculations

The RClimDex 1.0 software developed by Canadian
Meteorological Service (Zhang and Yang 2004) was used in
this study, obtaining 11 climatic extremes precipitation indices
as described in the Table 1. They were chosen from the list
established by the WMO/CCI/ETCCDMI/CLIVAR (Santos
et al. 2011; Croitoru et al. 2013).

2.3.2 Trends detection

Linear trends for extreme precipitation indices were calculated
using the nonparametric approach Sen’s slope estimator based
on Kendall (Sen 1968). Sen’s slope estimator has been applied
in studies of annual temperature and precipitation in Canada
(Zhang et al. 2000) and Loess Plateau, China (Yan et al. 2015)
and for extremes wave heights over Northern Hemisphere
oceans (Wang and Swail 2001). This method does not assume
a specific distribution for the data, being non-sensitive to out-
liers (Yan et al. 2015). Therefore, possible time series autocor-
relation can influence on statistical significance of a trend
(Nalley et al. 2013; Yan et al. 2015). Here, the presence of
possible autocorrelations was detected by using the autocor-
relation coefficient p; of the discrete time series for alag—k
(Mondal et al., 2012). The hypothesis of serial independence
was tested by the lag—1 autocorrelation as Hy: p; against
H, :|p1|>0 (Mondal et al. 2012). No autocorrelation in the
time series was detected and original Mann-Kendal test
(Nalley et al. 2013) was applied. The regional precipitation
series were converted into trends per decade and the linear
trends was considered statistically credible if it was significant
at the 0.05 and 0.10 levels.

2.3.3 Regional analysis

Regionally averaged anomaly series for each index was
calculated by using Eq. (1), as previously used worldwide
(New et al. 2006; Keggenhoff et al. 2014; Li et al. 2014;
Yan et al. 2015):

n

Xt = Z(xi‘t_-)éi) /n; (1)

i=1

where x,. ,is the regionally averaged index at year #; x;_,is
the index for station i at year #x; is the 1947-2012 index
mean at station #; n,is the number of stations with data in
year t. For all indices, the regionally averaged series are
expressed in the index units. To avoid the average series
being dominated by those stations with a high value, x; ,
and x; were standardized by dividing. Them by the station
standard deviation. A similar procedure was adopted by
Keggenhoff et al. (2014), and Yan et al. (2015).

3 Results and discussion

Annual trends of the precipitation-related extreme indices
over the Sdo Francisco River Basin for 59 sites during the
1947 to 2012 period as shown in Table 2. The bold and
highlighted values, which presented statistics significance at
0.05 level, and values highlighted significance 0.10 level.
Table 3 shows the frequency of the extreme precipitation in-
dices trends type. The percentage of the data of each
precipitation-related extreme index in each group that were
created according to the following criteria: trend (increasing
and decreasing), statistically significant (at the 0.05 and 0.10
level) and not significant. The results presented in Tables 2
and 3 indicate linear trends of the daily precipitation extremes

Table 1 ETCCDMI Precipitation-related extreme indices used for this study

No. Acronym  Nome of the index Description Unit
1 R10mm Number of heavy precipitation days Annual number of days with more than 10 mm day ' Days
2 R20mm Number of very heavy precipitation days Annual number of days with more than 20 mm day ' Days
3 R50mm Number of extremely heavy precipitation days ~Annual number of days when PRCP > 50 mm* Days
4 CDD Consecutive dry days Annual maximum number of consecutive days with RR < 1 mm Days
5 CWD Consecutive wet days Annual maximum number of consecutive days with RR > 1 mm Days
6 R95p Very wet days Annual total PRCP when RR > 95th percentile mm
7 R99p Extremely wet days Annual total PRCP when RR > 99th percentile mm
8 Rx1day Max 1-day precipitation amount Monthly maximum 1-day precipitation mm
9 Rx5day Max 5-day precipitation amount Monthly maximum consecutive 5-day precipitation mm
10  SDII simple daily intensity index Annual total precipitation divided by the number of wet days in the year mm

11 PRCPTOT Annual total wet-day precipitation

Annual total amount of precipitation cumulated in wet days mm

*50 mm was the threshold defined by the authors
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Table 2

Slopes of linear trends of precipitation extremes indices observed on each rainfall station per year

Rainfall Station PRCPTOT RXlday RXSday RI10mm R20mm RS50mm SDII CDD CWD R95p R99p
Afogados da 6.424 0.239 0.812 0.26 0.117 0.018 0.076  -0.869 -0.001 1.543 0.91
Ingazeira

Bambui -0.838 0.399 0.581 -0.092 -0.009 0.006 0.025  -0.01 0.003 1.232 2.147
Barreiras -0.454 -0.199 -0.151 -0.001 -0.018 -0.008 -0.03 -0.034  -0.005 -0.838 -0.866
Belém de Sao 3.907 0.296 0.482 0.096 0.061 0.021 0.015  -1.197 0.023 1.303 0.169
Francisco

Belo Horizonte -4.318 0.348 -0.153 -0.364 -0.121 -0.001 -0.058 -0.525 -0.149 -0.031 0.107
Betim 0.862 0.104 0.455 -0.043 0.005 0.016 0.017  -0.337 -0.024 1.723 1.274
Bom Despacho -0.886 0.248 0.28 -0.015 -0.057 -0.084 -0.11 -0.68 0.088  -4.193 -0.703
Brumadinho 2.76 0.051 0.271 0.029 0.006 0.009 -0.073 -0.537 0.025 0.716 0.179
Caeté 2.937 0.191 0.769 -0.019 0.037 0.013 -0.047 -0.46 0.046 1.362 0.668
Carmo do Cajuru  -3.146 0.185 0.259 -0.147 -0.085 -0.003 -0.124 -0.22 0.069 0.02 0.47
Cocos -2.349 0.007 -0.325 -0.095 -0.08 -0.004 -0.058 0.079  0.031 -0.417 -0.363
Congonhas -2.403 0.056 -0.125 -0.074 -0.032 -0.003 0.005 -0.328 -0.043 -0.358 0.681
Custodia -9.066 -0.345 -1.065 -0.393 -0.144 -0.03 -0.006 1.121 -0.034 -2.076 -0.814
Delmiro Gouveia 0.146 0.191 0.122 -0.038 -0.027 -0.004 -0.057 -0.178 -0.013 -0.255 0.526
Entre Rio de -1.104 -0.047 0.418 -0.093 -0.085 -0.021 -0.073  -0.581 0.053  -0.638 -0.287
Minas

Flores -0.764 -0.231 -0.2 -0.052 -0.064 -0.013 -0.153 -0.705 0.024  -1.055 -0.327
Floresta 0.663 -0.217 -0.282 0.024 0.019 -0.006 -0.005 -0.005 -0.013 -0.319 -0.727
Florestal 3.945 0.479 1.009 0.072 0.085 0.03 0.028 -0.513 -0.023 2.322 1.526
Formosado Rio 0.263 0.232 0.257 -0.058 0.002 0.024 -0.004 -0.562 -0.026 1.71 0.551
Preto

Gouveia -1.291 -0.13 -0.577 -0.061 -0.013 0.001 0.006 0.126 -0.022  -0.292 -0.956
Ibirité -0.048 0.581 0.458 -0.015 -0.021 -0.016 0.006 -0.134 -0.018 0.536 2.422
Iguatama 4.384 0.095 0.342 0.088 0.123 0.012 0.05 -0.368 -0.009 1.998 0.681
Itapecerica 0.212 -0.106 0.307 0.004 0.018 0.008 0.018  -0.154 -0.018 0.655 -0.086
Itauna 3.787 -0.172 0.078 0.097 0.039 -0.006 0 -0.257 0.008  -0.8 -1.071
Jaboticatubas -0.613 0.162 0.797 -0.036 0 -0.002 0.038 -0.039 -0.069 0.153 0.298
Juatuba 0.247 0.181 0.525 -0.068 -0.059 0.01 -0.03 -0.161 0.064 0914 0.243
Juazeiro 0.251 -0.301 -0.077 0.012 0.018 -0.01 -0.021  0.268 -0.006  -0.758 -0.419
Lassance -0.659 -0.195 -0.147 -0.09 -0.013 0.015 -0.011 -0.073 0.023  0.776 -0.474
Manga -0.241 0.312 -0.166 -0.027 -0.025 -0.006 -0.056 -0.377 0.023 -0.313 0.419
Mansidao -2.302 -0.049 -1.049 -0.041 -0.05 -0.025 -0.062 -0.345 -0.004 -1.271 -0.454
Montalvania 1.882 0.196 0.283 0.003 0.006 0.008 -0.07 -0.415  0.065 0.9 091
Montes Claros -11.966 -0.879 -3.097 -0.015 -0.186 -0.214 -0.234 -0.807 -0.059 -11.047 -3.929
Morpara -0.83 -0.144 -0.563 -0.012 -0.026 -0.011 -0.031 -0.547 -0.022 -0.43 -0.079
Nova Lima 3.53 -0.157 -0.246 0.157 0.068 0.012 0.002  -0.596 0.017 1.317 -0.802
Onga Pintada 3.033 0.232 0.304 0.077 0.1 0.007 0.035 -0.337  -0.026  0.908 0.579
Ouricuri 2.673 0.156 0.215 0.019 -0.014 0.003 -0.142  -0.557 0.033 1.18 0.398
Pao de Aglicar 4.804 0.35 0.439 0.113 0.03 0.01 0.004 -0.414  0.036 1.132 0.67
Passa Tempo -0.504 0.024 0.449 -0.119 0.013 0.001 0.03 -0.365 -0.04 0.429 0.345
Pedro Leopoldo  1.119 0.164 0.436 -0.029 0.012 0.007 -0.029  -0.77 -0.035  0.612 0.207
Penedo -3.027 -0.031 -0.559 -0.078 -0.021 -0.022 0.016 0.285 -0.089 -1.041 0.507
Piagabugu -8.291 0.174 -0.684 -0.29 -0.278 -0.037 -0.14 -0.037  0.014 -4.547 0.157
Piranhas 0.028 -0.022 0.155 -0.008 -0.002 -0.004 -0.006 0.242  -0.015 0.127 -0.198
Pogo do Cavalo  0.316 -0.025 -0.289 -0.031 -0.01 0.013 -0.104 -1.583 0.023  0.351 -0.339
Presidente -3.412 -0.235 -0.548 -0.073 -0.083 -0.03 0.007  -0.219 -0.055 -2.149 -0.454
Juscelino

Propria 1.899 0.104 0.194 0.053 0.026 0.007 0.03 0.177 -0.012  1.402 0.412
Sabara -1.742 0.009 -0.076 -0.104 -0.021 -0.009 0.023  0.029 -0.042 0.167 0.07
Santa Maria da -19.189 -0.467 -1.529 -0.628 -0.342 -0.041 0.096 0901 -0.118 -2.827 -1.175
Boa Vista

Santa Maria da -0.573 -0.4 -0.48 -0.035 -0.006 -0.006 -0.017 -0359 -0.033 -0.424 -0.638
Vitoéria [

Santa Maria da

Vitéria IT 0.697 0.783 0.528 -0.077 -0.182 0.042 -0.014 -0.556 -0.023  2.803 1.098
Santa Rita de -4.084 -0.354 -0.608 -0.058 -0.089 -0.053 -0.039 -0.145 -0.036 -3.659 -0.787
Cassia

Santo Hipdlito 0.055 -0.205 -0.376 -0.009 -0.051 -0.019 -0.077 -0.587 0.04 -1.448 -0.435
Séo Francisco -1.875 -0.008 -0.05 -0.057 -0.028 -0.028 -0.018 -0.118 -0.029 -1.77 -0.21
Serra da Saudade  2.864 0.118 0.125 0.013 0.015 0.029 0.008  -0.441 0.06 2.034 0.367
Tapirai 0.635 0.112 -0.178 0.069 -0.017 -0.011 0.002 -0.244 -0.015 -0.222 -0.59
Taquaragu de -2.201 -0.112 0.1 -0.071 -0.035 -0.005 0.037 0.046  -0.038 -0.502 -0.251
Minas

Traipt -0.856 -0.256 -0.358 -0.086 -0.024 -0.008 -0.057 0.085 -0.009 -0.723 -0.54
Triunfo -3.972 -0.51 -0.57 -0.049 -0.062 -0.047 -0.012 0457 -0.078 -3.792 -1.859
Varzea da Palma  -16.369 -0.582 -1.925 -0.456 -0.277 -0.128 -0.147 0319  -0.085 -8.155 -2.494
Vespasiano 3.26 0.327 0.803 0.062 0.072 0.037 0.039 -0.031 -0.003 2.482 0.909

The bold and highlighted values represent significance at 5% level (p < 0.05), and values only highlighted represent significance at 10% level

(0.05<p<0.1)
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Table 3
over Sdo Francisco River Basin

The percentage of stations showing significant at the 5% and at the 10%, and » significant trends for the precipitation-related extreme indices

Index Mean Range Percentage of stations with increasing trends Percentage of stations with decreasing trends
Sig. at 5% Sig. at 10% No sig. All Sig. at 5% Sig. at 10% No sig. All

PRCPTOT —0.88 —19.19t06.44 6.8 5.1 35.6 47.5 10.2 1.7 40.6 52.5
RXlday 0.01 —0.88t00.79 6.8 6.8 40.7 54.2 8.5 5.1 322 45.8
RXS5day -0.07 —3.1to01.01 6.8 34 40.7 50.9 10.2 6.8 322 49.1
R10mm —-0.05 -0.63t00.26 5.1 1.7 23.7 30.5 11.9 5.1 52.5 69.5
R20mm —-0.03 -034t00.12 5.1 5.1 27.1 373 15.3 5.1 423 62.7
R50mm -0.01 -021to—0.04 34 8.5 30.5 423 15.3 5.1 373 57.7
SDII -0.03 -023t00.10 10.2 34 28.8 424 28.8 5.1 23.7 57.6
CDD -025 -—-158to1.12 6.8 0.0 15.3 22.1 28.8 11.8 373 77.9
CWD -0.01 -0.15t00.09 10.2 5.1 20.3 35.6 13.6 34 47.4 64.4
R95p —-040 —11.05102.80 5.1 6.8 373 49.1 15.3 1.7 339 50.9
R99p —-0.04 -393t02.42 6.8 5.1 39.0 50.9 6.8 34 39.0 49.1

indices that are not statistically significant in majority of the
studied sites. This behavior has been common in different
region around the world, for example Santos et al. (2011)
in Utah, USA, Croitoru et al. (2013), in Black Sea western
coast, Keggenhoff et al. (2014) in Georgia, Zhao et al.
(2014), in Pearl River Basin, southern China, Yan et al.
(2015) in Loess Plateau, and Croitoru et al. (2016) in
Romania. According to Santos et al. (2011) and
Stephenson et al. (2014), the number of precipitation indi-
ces trends with statistical significance is reduced because
precipitation has large temporal variability. This variability
occurs mainly in regions subject to intraseasonal and/or
interseasonal extreme events (storms and heavy rainfall
interspersed with long dry spells, wet or dry years). Thus,
the trends of long-term precipitation changes will have
statistical significance if the occurrence of extreme events
(dry or wet years) were frequent.

According to Table 2, from 59 studied rainfall stations,
only 6 (Afogados da Ingazeira, Custodia, Santa Maria da
Boa Vista, Santa Rita de Céassia, Montes Claros, and Varzea
da Palma) were observed statistically significance in extreme
precipitation indices. Interestingly, three sites are located on
the Lower-Middle Sao Francisco basin: Afogados da
Ingazeira, Custodia, and Santa Maria da Boa Vista. Santa
Rita de Cassia and Montes Claros are located in the Middle,
while Varzea da Palma is located in the Upper Sao Francisco.
The Lower-Middle Sao Francisco basin is quite vulnerable to
the occurrence of precipitation extreme events, and the rainy
season is mainly influenced by ITCZ. Anomalous ITCZ be-
havior and occurrence of intense El Nifio and La Nifia events
can produce precipitation extremes (wet or dry years) overall
Northeast Brazil region (Cavalcanti 2012; Oliveira et al.
2013b). However, relatively near rainfall station (such as
Afogados da Ingazeira, Custodia and Santa Maria da Boa
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Vista) have shown opposite significant trends signal, suggest-
ing local effects influence. On the other hand, linear trends of
most indices in Afogados da Ingazeira are positive with sta-
tistical significance level p < 0.05, Custodia extreme precipi-
tation indices have opposite trends (decreasing) with same
statistical significance level, given that distance between them
is about 50 km. The probable causes of these opposing trends
detected in the Lower-Middle and Lower Sao Francisco will
be discussed subsequently.

Analyzing the regionally averaged anomaly series (Fig. 2)
is noted that the changes in precipitation extremes over Séo
Francisco River Basin during 1947-2012 were low, and only
the SDII and CDD had statistically significant trends at the
0.05 and 0.10 levels, respectively (Fig. 2g, h). Still, according
to Fig. 2 is noted that all precipitation-related extremes indices
had decreasing trends, except Rxlday (Fig. 2b). The
PRCPTOT had a weak decreasing trend and the regional trend
for this index was — 7.9 mm/decade, but no-significant at 0.05
level (Fig. 2a). The Rx1day was unique index that had increas-
ing trend, but very weak (0.02 mm/decade, no-significant at
the 0.05 level), while RX5day, in turn, has a decreasing trend
(= 0.73 mm/decade, no-significant at the 0.05 level) (Fig. 2b,
¢). R10mm, R20mm, and R50mm indices had decreasing
trends no-significant at the 0.05 level, whose values was —
0.33,—0.29, and — 0.07 days/decade, respectively (Fig. 2d—f).
The slowly regional trends of PRCPTOT, RX1day, RX5day,
R10mm, R20mm, and R50mm are due to changes of these
precipitation-related extremes indices has been predominantly
no-significant, beyond balance between percentage of rainfall
stations with opposite trends (Table 3). Trends no-significant
of these indices (PRCPTOT, Rxlday, Rx5day, R10mm,
R20mm, and R50mm) has been recurrent in several studies
carried out over different regions around the world, over dif-
ferent time series length, such as Europe (Keggenhoff et al.
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Fig. 2 Regional annual anomaly series, 1947-2012, for indices of precipitation extremes

2014; Boccolari and Malmusi 2013), Asia (Yan et al. 2015;
Song et al. 2015), Southeastern United States (Powell and
Keim 2015), and Caribbean region (Stephenson et al. 2014).

The average precipitation on wet days (SDII) had a
significant decreasing trend at the 0.05 level (Fig. 2g).
The regional trend was —0.28 mm/decade. According to
Table 2, about 60% of rainfall station exhibited decreasing
trends, but 28% were significant at the 0.05 level and 5.1%
were significant at the 0.10 level. Peterson et al. (2001)
affirm that SDII would summarize the wet part of the year.
The significant decreasing trend implies that wet part of
the year is decreasing, i.e., the rainfall season is shorten-
ing. This is a concern relevant, especially for the region of
the Middle Sao Francisco, where all the rainfall stations
had negative trends for this index. The Middle Sao
Francisco is a region with intensive agricultural produc-
tion, mainly soybeans, and the decrease in wet part of

the year will involve an increase in the demand for water
to irrigation supply.

The regional average of consecutive dry days (CDD) has
significant decreasing trends at the 0.10 level and had a rate of
—2.26 days/decade (Fig. 2h). Rainfall stations with decreasing
trend were predominant (almost 80%, Table 3). According to
Fig. 4d, the rainfall station which had CDD with decreasing
trends are predominantly located on Upper and Middle Sao
Francisco, while the rainfall stations with significant increas-
ing trends are on Lower-Middle and Lower Sao Francisco. On
the other hand the changes in consecutive wet day (CWD) was
weak, only —0.71 days/decade, and decreasing trend no-
significant (Fig. 2i). According to Table 2, the percentage of
rainfall stations that had decreasing trends was 65%, but about
47% was non-significant.

The very wet day precipitation (R95p) has shown de-
creasing trend, whose regional intensity was — 3.35 days/
decade no-significant (Fig. 2j) and extremely wet day
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precipitation (R99p) (Fig. 2k) presented decrease trends of
—2.67 days/decade, this results agreement with other stud-
ies around the globe (Brown et al. 2010; Keggenhoff et al.
2014; Yan et al. 2015; Zhao et al. 2014; Cao and Pan 2014;
Song et al. 2015).

Otherwise, Figs. 3 and 4 have shown spatial patterns of
trends for the precipitation-related extreme indices based on
daily data. These figures provide a spatial view of the positive
and negative trends in each rainfall station, as well as their
intensity through the size of the symbols, beyond significance

Fig. 3 Spatial distribution of
precipitation extreme indices a
PRCPTOT, b RX1day, ¢ RX5day,
d R95p, e R99p, and f SDII over
Sao Francisco River Basin. The
closed biggest triangle blue (red)
indicated increasing (decreasing)
trends significant at 5% level, the
closed smaller triangle blue (red)
indicated increasing (decreasing)
trends significant at 10% level.
The open smaller triangle blue
(red) indicated increasing
(decreasing) trends no-significant

@ Springer

(closed symbol) and not significant (open symbols). Figure 3
shows the results of the precipitation indices (mm), while Fig.
4 shows results of the precipitation indices with units of days.
According to these analyses, there is not regional coherence
concerning the geographical distribution of increasing and
decreasing trends of precipitation-related extremes indices.
Surrounding rainfall stations have opposite trends, making it
difficult to detect regional trends. According to Stephenson
et al. (2014) the reduced spatial coherence found in precip-
itation indices is due to high spatial and temporal
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Fig. 4 Spatial distribution of
precipitation extreme indices a
R10mm, b R20mm, ¢ R50mm, d
CDD, and e CWD over Sao
Francisco River Basin. The
closed biggest triangle blue (red)
indicated increasing (decreasing)
trends significant at 5% level, the
closed smaller triangle blue (red)
indicated increasing (decreasing)
trends significant at 10% level.
The open smaller triangle blue
(red) indicated increasing
(decreasing) trends no-significant

variability; unlike to temperature whose changes have been
found better regional coherence. The absence of regional/
spatial coherence of precipitation-related extremes indices
has been recurrent in studies carried out on different re-
gions around the world (Frich et al. 2002; Alexander
et al. 2006; Croitoru et al. 2013; Keggenhoff et al. 2014;
Stephenson et al. 2014; Yan et al. 2015; Powell and Keim
2015).

We observed an absence of regional coherence of change in
climatic extreme indices, mainly on Lower-Middle and Lower

Sao Francisco. The clearest example of these contrasting
trends was found in rainfall stations of the Afogados da
Ingazeira and Custodia. While the trends of PRCPTOT,
RX5day (Fig. 3a, ¢), R10mm, and R20mm (Fig. 4a, b) in
Afogados da Ingazeira was increasing with the statistical
significance level p < 0.05, Custodia has trends decreasing
with same statistical significance level. However, the dis-
tance between these two cities is only 52.7 km. Also
showed opposite trends of the PRCPTOT the rainfall sta-
tions of Santa Maria da Boa Vista and Belém de Sao
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Francisco (Lower-Middle Sao Francisco), beyond Pao de
Acucar and Piagabucgu (Lower Sao Francisco).

These opposing trends observed on Lower-Middle and
Lower Séo Francisco are probably associated to local scale
events, regional circulation induced by the changes in land
use over the regions from the 1950s. For example, the con-
struction of the Paulo Afonso Dam for hydropower generation
at 1954. According to Avissar and Pan (2000) and Correia
et al. (2006a), the insertion of large water bodies in a region
can modify the energy budget and its hydrological cycle, af-
fecting rain distribution, rain quantity, maximum and mini-
mum temperatures, and atmospheric moisture. In the subse-
quent decades, three new dams for hydropower generation
were constructed: Sobradinho, built during 1979 year,
Itaparica (currently Luiz Gonzaga Dam) during 1980s, and
Xing6 early 1990s, forming a lake greater than 5000 km?.
The dams insertion modified temperature and humidity re-
gional pattern, since there was replacement of natural vegeta-
tion (specifically the caatinga, deciduous vegetation, typically
low evapotranspiration rate) by free water and with high rate
of evaporation. Studies using regional climate models has
been showed the influence of Sobradinho dam in mesoscale
circulation associated with the lake of 4214 km? (Correia et al.
20064, b). According to Correia et al. (2006a), the alterations
were observed to be more significant in the atmospheric hu-
midity and wind speed. The wind speed alterations occur be-
cause the temperature gradient is less intense over water bod-
ies. These changes in the wind speed patterns possibly altered
the distribution of rainfall in the region, favoring increase
rainfall in some areas and decrease in other areas, rising oc-
currence of opposing trends in very close rainfall stations (less
than 60 km). In addition to the construction of the dams, there
was also a high expansion of irrigated districts such as
Bebedouro, established during 1968 year, Tourdo, established
during 1979 Manicoba and Curacd, established during 1980
year, Senador Nilo Coelho, stablished from 1984 year, all in
Lower-Middle Sao Francisco, totalizing more than 40,000 ha.

4 Summary and conclusions

The present study aims to identify linear trends of climatic
indices based on precipitation observations over the Sao
Francisco river basin, Brazil, from 1947 to 2012 by using 11
extreme precipitation indices generated by the joint WMO/
CCI/ETCCDMI/CLIVAR. Data were carefully examined for
quality and an exhaustive data quality control was conducted
in order to identify spurious errors and inconsistencies on
dataset. The significance of changes in precipitation extremes
was weak and only the regional trends in CDD and SDII were
significant. The trends of the most precipitation extremes in-
dices were decreasing, but the most changes were not statisti-
cally significant. Spatial changes of precipitation extremes are
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complex. In other words, it is difficult to define a regional
pattern of changes in precipitation extremes, since they oc-
curred randomly. It is common two rainfall stations to exhibit
opposite trends signals with the same significance level al-
though they are separated by a few kilometers. The low spatial
coherence of the trends found are similar to those identified in
other regions in different continents (Croitoru et al. 2013;
Stephenson et al. 2014; Yan et al. 2015). However, the low
spatial coherence is clearer in Lower-Middle Sao Francisco
and it is probably associated with intense land cover change
over the last decades in this region (Correia et al., 2006a, b).
The changes in precipitation extreme were more intense in six
rainfall stations (Afogados da Ingazeira, Custodia, Santa
Maria da Boa Vista, Santa Rita de Cassia, Montes Claros,
and Varzea da Palma). Where three of them are located in
the Lower-Middle Sao Francisco. In these rainfall stations
changes of almost all precipitation extreme indices was statis-
tically significant.
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