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ABSTRACT: The intensification of drought incidence is one of 

the most important threats of the 21st century with significant 

effects on food security. Accordingly, there is a need to improve 

the understanding of the regional impacts of climate change on 

this hazard. This study assessed long-term trends in probability-

based drought indices (Standardized Precipitation Index and 

Standardized Evapotranspiration Index) in the State of São Paulo, 

Brazil. Owing to the multi-scalar nature of both indices, the analyses 

were performed at 1 to 12-month time scales. The indices were 

calculated by means of a relativist approach that allowed us to 

compare drought conditions from different periods. The years 

1961-1990 were used as the referential period. To the authors’ 

best knowledge, this is the first time that such relativist approach 

is used in historical trend analysis. The results suggest that the 
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evapotranspiration rates have intensified the regional drought 

conditions. The time scale used to calculate the indices significantly 

affected the outcomes of drought trend assessments. The reason 

behind this feature is that the significant changes in the monthly 

regional patterns are limited to a specific period of the year. More 

specifically, virtually all significant changes have been observed 

during the first trimester of the rainy season (October, November 

and December). Considering that this period corresponds to critical 

plant growth stages (flowering/regrowth/sprouting) of several 

major crops (e.g. Sugarcane and Citrus), we may conclude that 

these significant changes have increased the risk of crop yield 

reductions due to agricultural drought.

Key words: intensification of drought, drought Index, agricultural 

drought, crop yields.
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INTRODUCTION

Providing food security for an increasing world 
population under transient climate conditions has been 
one of the great challenges faced by the agricultural sector 
(Rosenzweig and Parry, 1994; Ray et al. 2015; Beddington 
et al. 2012; Challinor et al. 2014). The degree of dependence 
on natural resources (Thornton et al. 2014) and the impact 
of climate change on drought incidence play a key role in 
amplifying this challenge. Accordingly, possible global 
intensifications of drought conditions (Dai 2012) is of great 
concern for any agricultural area. This is particularly true 
for tropical developing countries because of their high 
dependence on rainfed systems (Rockström et al. 2010; 
Rost et al. 2009). This is the context for the State of São 
Paulo, Brazil where the agriculture represents 15% of the 
state gross domestic product (GDP) (CEPEA 2013) and is 
heavily based on rainfed systems. For instance, the 2014/2015 
crop season was marked by an extreme drought event in 
the State of São Paulo (Nobre et al. 2016), that caused to 
the citrus sector a yield reduction of 13% and an economic 
loss of U$235 million (USDA - Foreign Agricultural Service 
2015). Previous studies already evaluated the precipitation 
variability in the State of São Paulo indicating a possible delay 
in the rainy season onset (Blain and Bardin-Camparotto 
2014) and increases in extreme precipitation events (Dias 
et al. 2012). However, none of these studies assessed trends 
in drought conditions quantified through probability-based 
indices currently used to monitor drought conditions. 
Moreover, climate models predictions suggest severe drought 
conditions in the late half of 21st century over several areas 
of the world including Brazil (Dai 2012). These projections 
are consistent with the observed global intensification of 
drought conditions derived from drought indices and 
environmental variables such as the difference between 
precipitation and evaporation (Dai 2012). They also agree 
with crop model simulations that project an increase in 
global irrigation requirements (Levis et al. 2016).

With regards to drought quantification, the scientific 
literature frequently recognizes three types of physical 
drought – agricultural, meteorological and hydrological – and 
a fourth type of non-physical drought: the socioeconomic 
(Wilhite and Glantz 1985; Smakhtin and Schipper 2008; 
Mishra and Singh 2010; Hao and Singh 2015). An 
agricultural drought is supposed to be established when 
the shortage of soil moisture adversely affects the regional 

agricultural production due to evapotranspiration losses 
that have not been properly replaced (Mannocchi et al. 
2009). Under this type of drought, even on a relative short 
period of water deficit during critical growth stages (e.g. 
flowering and fruit set) can cause irreversible damages to 
crop yields. This statement is particularly true for rainfed 
systems. 

With regards to drought time series, the Standardized 
Precipitation Index (SPI) is a probability-based index 
developed to quantify precipitation departures over 
different time scales (Mckee et al. 1993)3 making them 
invariant in both time and space. 

It has been widely used in both operational and academic 
mode (Wu et al. 2007). However, because the SPI uses only 
precipitation amounts, this index is not capable of including 
the effect of temporal changes in evapotranspiration rates 
on drought quantification (Vicente-Serrano et al. 2010). 
The Standardized Evapotranspiration Index (SPEI) was 
designed by Vicente-Serrano et al. (2010) to include such 
effect on drought evaluations. As the Palmer Drought 
Severity Index (PDSI) (Palmer 1965) and the Self-calibrated 
Palmer Drought Severity Index (scPDSI) (Wells et al. 2004), 
the SPEI takes into account the effect of the reference (or 
potential) evapotranspiration on drought occurrence 
(Beguería et al. 2014).

Nevertheless, different from the PSDI and scPDSI, the 
SPEI overcomes the problem of presenting an inherent 
fixed time scale (Chen and Sun 2015) because it uses the 
same multi-scalar algorithm as the SPI. Vicente-Serrano 
et al. (2015) compared the sensitivity of several drought 
indices to precipitation and reference evapotranspiration 
variations. These authors concluded that the low sensibility 
of the Palmer indices to different evapotranspiration rates 
limits their use in applications addressing changes in this 
agrometeorological parameter. On the other hand, Vicente-
Serrano et al. (2015) indicated that the SPEI showed the 
largest sensitivity to changes in evapotranspiration rates.

Therefore, assuming that the trend analyses of drought 
time series is an essential step for understanding regional 
impacts of global climate changes on agricultural production 
(Hayhoe et al. 2007), this study assessed trends in long-term 
SPI and SPEI series in the State of São Paulo. Owing to the 

3Mckee, T.B., Doesken, N. J. and Kleist, J. (1993).The relationship of drought 
frequency and duration to time scales. In Proceedings of the 8th Conference of 
Applied Climatology, Anaheim, CA. (p. 179-184). Boston: American Meterological 
Society. 
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multi-scalar nature of both indices, the trend analyses were 
performed at 1 to 12-month time scales.

MATERIAL AND METHODS
Material

The State of São Paulo is crossed by the Tropic of Capricorn 
(lat 19°–26°; long 53° – 44° W). Its climate variability is 
influenced by monsoon system (Carvalho et al. 2013). 
As others Southeastern regions of Brazil, the onset of the 
rainy season in State of São Paulo typically occurs between 
September and October (Vera et al. 2006). The maximum 
precipitation occurs during the austral summer associated 
with the South Atlantic Convergence Zone and in the winter 
predominates the high pressing system of the South Atlantic. 
This State is regarded as a global agricultural hotspot mostly 
because the sugarcane and citrus production. The sugarcane 
industry in the State of São Paulo had a revenue of 30 billion 
USD in 2012 and employed 1 million workers (Moraes 
et al. 2015), representing 60% of the national production. The 
citrus industry presents similar socio-economic importance 
representing 30% of the world production (USDA – Foreign 
Agricultural Service 2015).

The meteorological data were obtained from the Agro- 
nomic Institute (IAC/APTA/SAA). The weather stations (Figure 1) 
were selected because they can support trend analyses that 
include the normal period (1961-2015), present no missing 
data and their consistencies have already been evaluated in 
previous studies (Blain 2011; Blain 2013; Blain and Bardin-
Camparotto 2014; Meschiatti and Blain 2016). These stations also 
represent climatically dissimilar areas ranging from the coastal 
area (Pariquera – Açú), where there is virtually no dry season, 
to the northwestern region (Pindorama and Ribeirão Preto), 
where there is a distinctly dry season during the austral winter.

Methods

The SPI calculation starts by fitting a parametric distribution 
to the precipitation data (P) that can be accumulated over a 
wide range of time scales (Dutra et al. 2014). This first step 
is also known as calibration process (Dubrovsky et al. 2008). 
The index final value is obtained by applying the inverse 
standard normal function to the cumulative probabilities 
(Guttman 1999) so that the distribution of the index values is 
approximately the same for any precipitation series (Dubrovsky 
et al. 2008). This latter statement holds either when the 
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calibration process is applied to all available data or when 
there is no change in the underlying precipitation distributions 
among distinct analyzed periods (Wu et al. 2005; Dubrovsky 
et al. 2008). In this study, the 2-parameter gamma distribution 
was used to fi t the frequency distribution of precipitation 
data as suggested by several authors, including Stagge et al. 
(2015) and Meschiatti and Blain (2016). Th is 2-parameter 
distribution is also used by the drought monitoring systems 
of several Brazilians institutions such as Empresa Brasileira de 
Pesquisa Agropecuária and Instituto Nacional de Meteorologia. 
Originally, the SPI calculation algorithm assigns the largest 
possible index value for the zero precipitation amount. 
Th is method truncates the SPI distribution at increasingly 
higher values limiting its ability to represents droughts
(SPI < –1.0) and fl oods (SPI > 1.0) events in a similar way. 
Stagge et al. (2015) addressed this issue by adopting the “center 
of mass” of the zero distribution. Th e concept of “probability 
mass” related to the SPI calculation (adopted in this study) is 
described in Solakova et al. (2014). 

The SPEI is based on the same algorithm as the SPI. 
However, its input variable is the diff erence (PEP) between 
precipitation and reference evapotranspiration (EP) (Beguería 
et al. 2014). Considering the climate conditions of the State 
of São Paulo and the lack of at-site meteorological data such 
as wind speed and net radiation, the Th ornthwaite’s method 
was used to estimate the monthly EP amounts. In spite of its 
documented limitations, the Th ornthwaite model is suited 
to estimate EP values in the State of São Paulo at time scales 
equal to or greater than one month (Camargo and Camargo 
2000). Th e generalized logistic, as suggested by Beguería et 
al. (2014), was used to fi t the PEP series. Th e suitability of the 
two above-mentioned distributions for calculating each index 
at all time scales was evaluated through the Shapiro-Wilk test 
(Stagge et al. 2015). Th e SPI and SPEI values may be classifi ed 
into categories that express a severity of an event with respect 
to normal conditions at a given site. Th ese categories span from 
extremely dry (SPI ≤ −2) to extremely wet (SPI ≥ 2), with normal 
conditions falling within (−1, +1). In this study, while SPI/SPEI 
values equal to or lower than – 1.0 are referred to as dry events,
SPI/SPEI values equal to or greater than 1.0 are referred to 
as wet events. 

The relativist approach

Th e relativist approach (Dubrovsky et al. 2008) improves 
the use of standardized drought indices in climate change 

studies. By adopting a referential period or a referential 
series, it can be used either to compare drought conditions at 
diff erent sites during a given period or to compare drought 
conditions for a single site during diff erent periods. Th is 
study adopted the normal period (1961-1990) to calibrate 
both SPI and SPEI distribution parameters. Accordingly, 
changes in drought incidence were evaluated for each 
weather station in respect to the normal period. To the 
authors’ best knowledge, this is the fi rst time that such 
approach is used in historical trend analysis and it can be 
calculated as follow: 

Gamma (.) and GL (.) are, respectively, the cumulative 
density function of the 2-parameter gamma and generalized 
logistic distributions; λ is the parameters of the distributions 
calculated from the normal period (1961-1990); np = 0 is the 
number of zero precipitation values (P = 0) in the normal 
period; n is the total number of data in the normal period.

Th e fi nal step of the SPEI (SPI) algorithm consists in 
applying the following rational approach (Abramowitz and 
Stegun, 1965; equiprobability transformation) to H(.).

where co = 2.515517; c1 = 0.802853; c2 = 0.010328;
d1 = 1.432788; d2 = 0.189269; d3 = 0.001308

(5)

(4)

(3)

(2)

(1)

where
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Th e Mann-Kendall trend test (MK) (Kendall and Stuart 
1967) was used to assess the signifi cance of the trends in 
all SPI and SPEI series. Positive or negative MK values 
indicate the presence of increasing or decreasing trends. 
Although this test has been widely used to detect trends 
in geophysical time series, it was originally designated for 
uncorrelated data (e.g. Yue et al. 2002). In this study, all 
time series (1 to 12-month) were built/analyzed so that 
the time span between two consecutive data is one year. 
Th erefore, we assumed no signifi cant serial correlation. 
All analyses were performed at the 5% signifi cance level.

RESULTS AND DISCUSSION

Considering the normal period, the gamma and 
generalized logistic can be used to calculate the SPI and 
SPEI, respectively. Th e rejection rates of the Shapiro-Wilk 
test, applied to both indices, were lower than the adopted 
signifi cance level for all locations. Considering short time 
scales (≤ 3-month), the indices exhibit similar patterns of 
wet/dry events in the State of São Paulo (Figure 2). Th is 
fi nding agrees with those pointed out by Lloyd-Hughes and 
Saunders (2002) that stated that the occurrence of drought 
events in a given region are primarily controlled by the 
precipitation variability. However, the SPEI presented higher 
numbers of signifi cant trends as well as higher numbers 
of negatives MK values. Considering the calculation 
algorithm of these two indices, this feature suggests that 
the evapotranspiration rates have been puttting pressure 
over the drought events toward more severe conditions. 
Th erefore, it should not be neglected in drought modeling 
(Zarch et al.  2015) as well as in drought trend assessments 
(Chen and Sun 2015) in the State of São Paulo. 

With regards to the question posed in section 1, the trend 
analysis suggests an important change to drier-than-normal 
conditions during the fi rst trimester of the regional rainy 
season. Particularly for the month of October, which may be 
regarded as the fi rst month of the growing season for several 
major crops, all locations presented negative MK values for 
both 1-month-SPI and 1-month-SPEI series. Considering 
these SPI (SPEI) series, four (five) locations presented 
signifi cant changes to drier-than-normal conditions. As 
for the monthly time scale, the analyses performed at the 
other short time scales (2 and 3-month) also revealed 
signifi cant changes to drier-than-normal conditions in the 

onset of the crop growing seasons. Th is latter inference is 
particularly noticeable for the SPEI series due to the higher 
number of signifi cant MK values. For instance, all 2-month 
SPI and SPEI series of October and November presented 
negative MK values. Considering these two 2-month 
series, the SPEI presented seven signifi cant decreasing 
trends while the SPI presented only three. Th e analysis 
also suggests that the negative MK values observed for the 
2-month SPI and SPEI series of November are in general 
the result of signifi cant decreasing trends observed in the 
1-month series of October. Th is is particularly true for the 
SPI because the monthly series of November presented no 
signifi cant MK value, with only one location (Monte Alegre 
do Sul) presenting MK < 0. With regards to the 3-month 
time scale, all SPI and SPEI series of October, November 
and December presented negative MK values (Figure 2). 
However, diff erent from the series of November, there is 
a high concentration of MK < 0 values for both 1-month 
SPI and SPEI series of December. Th erefore, the signifi cant 
decreasing trends found in the 3-month series of December 
are in general the result of signifi cant changes to drier-than-
normal conditions observed in the months of October and 
December. Finally, considering that:

i. For truly independent and identically distributed 
data the MK statistic is expected to randomly range 
over zero (Blain 2012; Blain and Bardin-Camparotto  
2014), showing no concentration of negative values 
in a particular period and region;

ii. Th e high number of signifi cant decreasing trends 
found in the monthly series of October and;

iii. Th e fact that the analyzed trimester match with 
critical growth stages of several crops (Carr 2012), 
we indicate the presence of changes in the climatic 
patterns of the crop growing season that should be 
considered in public policies such as the crop zoning.

The analyses performed at other time scales (4 to 
12-month) are consistent with those depicted in Figure 3,
adding little information to the trend assessment. The 
SPEI presents (again) a higher number of significant 
trends than the SPI does (Figure 3). Th is feature further 
supports the statement that the evapotranspiration rates 
are intensifying the drought conditions in the State of São 
Paulo. In fact, the results depicted in Figure 3 (SPI series) 
indicate a lack of signifi cant trends in the precipitation 
amounts accumulated at time scales equal to or greater 
than four months for practically all locations of this 
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study. Considering time scales greater than 10 months, 
no significant MK value is observed for both SPI and SPEI 
series. This latter result agrees with Spinoni et al. (2014) 
that found no significant trend in 12-month SPI series in 
southeast region of Brazil. It also indicates that when the 
significant trends are limited to a specific period of the year 
(e.g. the onset of the rainy season) trend analyses based on 
the SPI/SPEI become strongly affected by the time scale. In 
other words, while the regional trend analysis performed 
at short time scales (e.g. 1 to 3-month) agree with studies 
indicating a global intensification in drought conditions 

(Dai 2012), the analyses carried out at large time scales (e.g. 
10 to 12-month) are consistent with studies describing the 
presence of no trend in the drought patterns of Southeast 
South America (Spinoni et al. 2014).

The significant trends found at 1 to 3-month time 
scales are further evaluated in Figure 4, which depicts 
the difference between the frequencies of dry and wet 
events observed between the periods of 1991-2015 and 
1961-1990. Again, the analyses based on the SPEI display 
greater intensifications in the drought conditions than the 
SPI does. As exemplified for the 1-month (3-month) SPEI 

Figure 2. Mann-Kendall trend test applied to SPI (a,c and e) and SPEI (b,d and f) series at 1(a,b), 2 (c,d) and 3 (e,f) month time scales (5% 
significance level). State of São Paulo.

 

$%& '"(

)*( '"+ !,#

!,- ),. /%*

012 345 6%1

!"# $%& '"(

)*( '"+ !,#

!,- ),. /%*

012 345 6%1

012 345 6%1

'7898:
'7898:8;*<5"-9:=:>?
'78@8:

/AB /ACB

'7898:
'7898:8;*<5"-9:=:>?
'78@8:

% &

012 345 6%1

012 345 6%1 012 345 6%1

Jan

 SPI  SPEI

Feb Mar

Apr May Jun

Jul Aug Sep

Oct Nov Dec

Oct Nov Dec

Oct Nov Dec

Jan Feb Mar

Apr May Jun

Jul Aug Sep

Oct Nov Dec

Oct Nov Dec

Oct Nov Dec

MK < 0MK < 0(p_val < 0.05) MK > 0 MK > 0 (p_val < 0.05)

(a)

(c)

(e)

(b)

(d)

(f)



207Bragantia, Campinas, v. 77, n. 1, p.201-211, 2018

Impacts of climate change on drought

7

January

5
3
1

7
May

5
3
1

7
September

5
3
1

4 6 8 10 12
Time scale
(months)

February

June

October

4 6 8 10 12
Time scale
(months)

March

July

November

4 6 8 10 12
Time scale
(months)

April

No tre
nd

No tre
nd

No tre
nd

No tre
nd

No tre
nd

August

December

4 6 8 10 12
Time scale
(months)

SPEI

7

January

5
3
1

7
May

5
3
1

7
September

5
3
1

4 6 8 10 12
Time scale
(months)

February

June

October

4 6 8 10 12
Time scale
(months)

March

July

November

4 6 8 10 12
Time scale
(months)

April

No tre
nd

No tre
nd

No tre
nd

No tre
nd

No tre
nd

No tre
nd

No tre
nd

No tre
nd

No tre
nd

August

December

4 6 8 10 12
Time scale
(months)

SPI

Lo
ca

tio
n

Lo
ca

tio
n

Lo
ca

tio
n

Lo
ca

tio
n

Lo
ca

tio
n

Lo
ca

tio
n

50 SPI  1  Month - October
40

30
20
10

0

–10
–20
–30

–40
–50

C
ha

ng
e 

(%
)

R
ib

ei
rã

o 
Pr

et
o

Pi
nd

or
am

a

Pa
riq

ue
ra

M
on

te
 A

le
gr

e

M
oc

oc
a

C
or

de
iró

po
lis

C
am

pi
na

s

50 SPEI  1  Month - October

Dry Wet

40

30
20
10

0

–10
–20
–30

–40
–50

C
ha

ng
e 

(%
)

R
ib

ei
rã

o 
Pr

et
o

Pi
nd

or
am

a

Pa
riq

ue
ra

M
on

te
 A

le
gr

e

M
oc

oc
a

C
or

de
iró

po
lis

C
am

pi
na

s

50 SPI  3  Month - December
40

30
20
10

0

–10
–20
–30

–40
–50

C
ha

ng
e 

(%
)

R
ib

ei
rã

o 
Pr

et
o

Pi
nd

or
am

a

Pa
riq

ue
ra

M
on

te
 A

le
gr

e

M
oc

oc
a

C
or

de
iró

po
lis

C
am

pi
na

s

50 SPEI  3  Month - December
40

30
20
10

0

–10
–20
–30

–40
–50

C
ha

ng
e 

(%
)

R
ib

ei
rã

o 
Pr

et
o

Pi
nd

or
am

a

Pa
riq

ue
ra

M
on

te
 A

le
gr

e

M
oc

oc
a

C
or

de
iró

po
lis

C
am

pi
na

s

Figure 3. Mann-Kendall trend test for 4-12 time scales. The red circles represent significant decreasing trends at 5% level.

Figure 4. Changes in Dry and wet events.1991-2015 in respect to 1961-1990. The red (blue) bars represent the change in the dry (wet).
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series of October (December) virtually all locations presented 
an increase in the frequency of dry SPEI events (Figure 4, 
red bar). For the 1-month time series, Cordeirópolis is 
the only location presenting a decrease in the frequency 
of SPEI dry events. Naturally, this behavior seems to be 
in disagreement with the significant negative MK values 
found in this location. However, the analysis of the wet 
events (Figure 4, blue bar) indicates that Cordeirópolis 
presented the highest decrease in the SPEI-Wet events 
(from 20 to only 4%). This behavior, also observed for the 
1-month SPI series of Cordeirópolis, led to the significant 
negative MK values observed in this location. Finally, the 
analysis of Figure 4 also agrees with the assumption that 
the evapotranspiration rates have been putting pressure over 
the drought events in the State of São Paulo. This assumption 
is supported by the fact that the changes in the frequencies 
of SPEI-Dry events are higher than the frequencies of the 
SPI-Dry events for all locations, apart from the monthly 
series of Ribeirão Preto. This latter sugarcane producing 
region presents the highest changes to drier conditions 
among all locations. This remarkable regional intensification 
on drought occurrence is of particular concern because, as 
other locations of the State of São Paulo (Marin et al. 2013), 
the sugarcane production in Ribeirão Preto is heavily based 
on rainfed systems. The frequency analysis performed at 
2-month time scales leads to equivalent results as those 
exemplified in Figure 4. As for the 1 and 3-month time 
scale, the frequencies of SPEI-Dry events (1991-2015) are 
higher than the frequencies of 2 and 3-month SPI-Dry 
events (1991-2015) for all locations. 

FINAL REMARKS

This study evaluated trends in drought events that 
may negatively affect the agricultural production of the 

State of São Paulo, one of the most important Brazilian 
agribusiness regions. The study was based on widely 
used probability-based drought indices (SPI and SPEI) 
calculated under a relativistic approach proposed by 
Dubrovsky et al (2008). The use of both indices allowed 
us to conclude that the evapotranspiration rates have 
been putting pressure over the regional drought incidence 
toward more severe conditions. The results also indicated 
that trend analyses based on multi-scalar drought indices 
may be strongly affected by the time scale adopted in 
their calculation. While the analyses performed at 1 
to 3-month time scales revealed significant increasing 
trends in the drought occurrence in all locations of the 
study, the analyses carried out at time scales greater 
than 10 months indicate the presence of no trend in all 
weather stations. The reason behind this feature is that 
the significant changes in the monthly regional patterns 
are limited to a specific period of the year (virtually all 
significant changes were observed in the first trimester 
of the reginal rainy season). Considering that this latter 
period frequently corresponds to critical growth stages 
of several major crops (e.g. Citrus and Sugarcane), this 
increase in the frequency of dry events have enhanced 
the risk of crops failure due to agricultural drought, 
deserving to be considered in public policies such as the 
crop zoning. Our results are also consistent with other 
studies describing a global intensification of drought 
events due to decreases in precipitation patterns and/
or increases in evapotranspiration rates (e.g. Dai 2012). 

ACKNOWLEDGMENTS

The authors thank the São Paulo Research Foundation 
(FAPESP) – Grant 2013/15434-6 – for providing financial 
support for this research.

 Abramowitz, M. and Stegun, I. A. (1965). Handbook of Mathematical 

Function. New York: Dover Publications.

Beddington, J. R., Asaduzzaman, M., Clark, M. E., Fernandez 

Bremauntz, A., Guillou, M. D., Howlett, D., Jahn, M. M., Lin, E., 

Mamo, T., Negra, C., Nobre, C. A., Scholes, R. J., Van Bo, N., and 

References

Wakhungu, J. (2012). What next for agriculture after Durban?. 

Science, 335, 289-290. https://dx.doi.org/10.1126/science.1217941. 

Beguería, S., Vicente-Serrano, S. M., Reig, F., and Latorre, B. (2014). 

Standardized Precipitation Evapotranspiration Index (SPEI) Revisited: 

Parameter fitting, evapotranspiration models, tools, datasets and 



209Bragantia, Campinas, v. 77, n. 1, p.201-211, 2018

Impacts of climate change on drought

drought monitoring. International Journal of Climatology, 34, 3001-

3023. http://dx.doi.org/10.1002/joc.3887.

Blain, G. C. (2012). Monthly values of the standardized precipitation 

index in the State of São Paulo, Brazil: trends and spectral features 

under the normality assumption. Bragantia, 71, 122-131. http://

dx.doi.org/10.1590/S0006-87052012005000004.

Blain, G. C. (2012). Revisiting the probabilistic definition of 

drought: strengths, limitations and an agrometeorological 

adaptation. Bragantia, 71, 132-141. http://dx.doi.org/10.1590/

S0006-87052012000100019.

Blain, G. C. (2013). The Mann-Kendall test: the need to consider the 

interaction between serial correlation and trend. Acta Scientiarum 

Agronomy, 35, 393-402. http://dx.doi.org/10.4025/actasciagron.

v35i4.16006.

Blain, G. C. and Bardin-Camparotto, L. (2014). Detecting trends 

in 10-day rainfall amounts at five sites in the State of São Paulo, 

Brazil. Acta Scientiarum Technology, 36, 685-692. http://dx.doi.

org/10.4025/actascitechnol.v36i4.20513.

Camargo, A. P. and Camargo, M.B.P. (2000). Uma revisão analítica 

da evapotranspiração potencial. Bragantia, 59, 125-137. http://

dx.doi.org/10.1590/S0006-87052000000200002.

Carr, M. K. V. (2012). The water relations and irrigation requirements 

of Citrus (Citrus Spp.): A review. Experimental agriculture, 48, 347-

377. http://dx.doi.org/10.1017/S0014479712000038.

Carvalho, L. M. V., Jones, C. and Liebmann, B. (2013). Extreme 

precipitation events in southeastern south america and large-

scale convective patterns in the south atlantic convergence zone. 

Journal of Climate, 15, 2377-2394.

Centro de Estudos Avançados em Economia Aplicada (2013). GDP 

Agribusiness – Brazil Outlook. Piracicaba: ESALQ, USP.

Challinor, A. J., Watson, J., Lobell, D. B., Howden, S. M., Smith, 

D. R. and Chhetri, N. (2014). A meta-analysis of crop yield under 

climate change and adaptation. Nature Climate Change, 4, 287-

291. https://doi.org/10.1038/nclimate2153. 

Chen, H. and Sun, J. (2015). Changes in drought characteristics 

over china using the Standardized Precipitation Evapotranspiration 

Index. Journal of Climate, 28, 5430-5447. http://dx.doi.org/10.1175/

JCLI-D-14-00707.1.

Dai, A. (2012). Increasing drought under global warming in 

observations and models. Nature Climate Change, 3, 52-58. http://

dx.doi.org/10.1038/nclimate1633.

Dias, M. A. S., Dias, J., Carvalho, L. M. V., Freitas, E. D. and  Dias, 

P. L. S. (2013). Changes in extreme daily rainfall for São Paulo, 

Brazil. Climatic Change, 116, 705-722. http://dx.doi.org/10.1007/

s10584-012-0504-7.

Dubrovsky, M., Svoboda, M. D., Trnka, M., Hayes, M. J., Wilhite, 

D. A., Zalud, Z., and Hlavinka, P. (2008). Application of relative 

drought indices in assessing climate-change impacts on drought 

conditions in Czechia. Theoretical and Applied Climatology, 96, 

155-171. http://dx.doi.org/10.1007/s00704-008-0020-x.

Dutra, E., Pozzi, W., Wetterhall, F., Di Giuseppe, F., Magnusson, L., 

Naumann, G., Barbosa, P., Vogt, J. and Pappenberger, F. (2014). 

Global meteorological drought – part 2: seasonal forecasts. 

Hydrology and Earth System Sciences, 18, 2669-2678. http://dx.doi.

org/10.5194/hess-18-2669-2014.

Guttman, N. B. (1999). Accepting the Standardized Precipitation 

Index: A calculation algorithm index. Journal of the American 

Water Resources Association, 35, 311-322. http://dx.doi.

org/10.1111/j.1752-1688.1999.tb03592.x.

Hao, Z. and Singh, V. P. (2015). Drought characterization from a 

multivariate perspective: A review. Journal of Hydrology, 527, 668-

678. http://dx.doi.org/10.1016/j.jhydrol.2015.05.031.

Hayhoe, K., Wake, C.P. Huntington, T. G., Luo, L., Schwartz, M. D., 

Sheffield, J., Wood, E.,  Anderson, B., Bradbury, J., DeGaetano, A., 

Troy, T. J. and Wolfe, D. (2007). Past and future changes in climate 

and hydrological indicators in the US northeast. Climate Dynamics, 

28, 381-407. http://dx.doi.org/10.1007/s00382-006-0187-8.

Kendall, M.G. and Stuart, A. (1967). The Advanced Theory of 

Statistics. London: Charles Griffin and Company. 

Levis, S., Badger, A., Ren, X., Drewniak, B. and Nevison, C. (2016). 

CLMcrop yields and water requirements: Avoided impacts by 

chossing RCP 4.5 over 8.5. Climatic Change, 1, 1-15. http://dx.doi.

org/10.1007/s10584-016-1654-9.

Lloyd-Hughes, B. and Saunders, M. A. (2002). A drought climatology 

for Europe. International Journal of Climatology, 22, 1571-1592. 

http://dx.doi.org/10.1002/joc.846.

Mannocchi,  F.,  Todisco, F.  and Vergni,  L.  (2009).  New 

methodology for the risk analysis and economic impact 

assessment of agricultural droughts. Journal of Irrigation and 

Drainage Engineering, 135, 643-653.

Marin, F. R., Jones, J. W., Singels, A., Royce, F., Assad, E. 

D., Pellegrino, G. Q. and Justino, F. (2013). Climate change 



Bragantia, Campinas, v. 77, n. 1, p.201-211, 2018210

V. R. Pereira et al.

impacts on sugarcane attainable yield in southern Brazil. 

Climatic Change, 117, 227-239. http://dx.doi.org/10.1007/

s10584-012-0561-y.

Meschiatti, M. C. and Blain, G. C. (2016). Increasing the 

regional availability of the Standardized Precipitation Index: 

An operational approach. Bragantia, 75, 507-521. http://dx.doi.

org/10.1590/1678-4499.478. 

Mishra, A. K. and Singh, V. P. (2010). A review of drought 

concepts. Journal of Hydrology, 391, 202-216. http://dx.doi.

org/10.1016/j.jhydrol.2010.07.012.

Moraes, M. A. F. D., Oliveira, F. C. R. and Diaz-Chavez, R. 

A. (2015). Socio-economic impacts of Brazilian sugarcane 

industry. Environmental Development, 16, 31-43. http://dx.doi.

org/10.1016/j.envdev.2015.06.010.

Nobre, C. A., Marengo, J. A., Seluchi, M. E., Cuartas, L. A. and 

Alves, L. M. (2016). Some characteristics and impacts of the 

drought and water crisis in southeastern Brazil during 2014 

and 2015. Journal of Water Resource and Protection, 8, 252-

262. http://dx.doi.org/10.4236/jwarp.2016.82022.

Palmer, W. C. (1965). Meteorological Drought. No 45. Washington: 

U.S. Department of Commerce. https://www.ncdc.noaa.gov/

temp-and-precip/drought/docs/palmer.pdf.

Ray, D. K., Gerber, J. S., Macdonald, G. K. and West, P. C. (2015). 

Climate variation explains a third of global crop yield variability. 

Nature Communications, 6, 1-9. http://dx.doi.org/10.1038/

ncomms6989.

Rockström J., Karlberg L., Wani S.P. Barron J., Hatibu N., Oweis 

T., Bruggeman A., Farahani J. and Qiang, Z. (2010). Managing 

water in rainfed agriculture-the need for a paradigm shift. 

Agricultural Water Management. 97, 543–550. https://doi.

org/10.1016/j.agwat.2009.09.009.

Rosenzweig, C. and Parry, M. L. (1994). Potential impact of 

climate change on world food supply. Nature, 367, 133-138. 

http://dx.doi.org/10.1038/367133a0.

Rost, S., Gerten, D., Hoff, H., Lucht, W., Falkenmark, M. and 

Rockström, J. (2009). Global potential to increase crop 

production through water management in rainfed agriculture. 

Environmental  Research Letters,  4,  1-9.  http://dx.doi.

org/10.1088/1748-9326/4/4/044002. 

Smakhtin, V. U. and Schipper, E. L. F. (2008). Droughts: The 

impact of semantics and perceptions. Water Policy, 10, 131-

143. http://dx.doi.org/10.2166/wp.2008.036.

Solakova, T., De Michele, C. and Vezzoli, R. (2014). Comparison 

between parametric and nonparametric approaches for the 

calculation of two drought indices: SPI and SSI. Journal of 

Hydrologic Engineering, 19, 1-11. http://dx.doi.org/10.1061/

(ASCE)HE.1943-5584.0000942.

Spinoni, J., Naumann, G., Carrao, H., Barbosa, P. and Vogt, J. 

(2014). World drought frequency, duration, and severity for 

1951-2010. International Journal of Climatology, 34, 2792-2804. 

http://dx.doi.org/10.1002/joc.3875.

Stagge, J. H., Tallaksen, L. M., Gudmundsson, L., Van Loon, A. F.  

and Stahl, K. (2015). Candidate distributions for climatological 

drought indices (SPI and SPEI). International Journal of 

Climatology, 35, 4027-4040. http://dx.doi.org/10.1002/joc.4267.

Thornton, P. K., Ericksen, P. J., Herrero, M. and  Challinor, A. J. 

(2014). Climate variability and vulnerability to climate change: 

A review. Global Change Biology, 20, 3313-3328. http://dx.doi.

org/10.1111/gcb.12581.

United States Department of Agriculture - Foreign Agricultural 

Service. (2015). Global Agricultural Report.

Vera, C., Higgins, W., Amador, J., Ambrizzi, T.,  Garreaud, R., 

Gochis, D., Gutzler, D.,   Lettenmaier, D.,  Marengo, J., Mechoso, 

C. R., Nogues-Paegle, J., Silva Dias, P. L. and Zhang, C. (2006). 

Toward a unified view of the american monsoon systems. Journal 

of Climate, 19, 4977-5000. http://dx.doi.org/10.1175/JCLI3896.1.

Vicente-Serrano, S. M., Begueria, S. and Lopez-Moreno, J. 

I. (2010). A multiscalar drought index sensitive to global 

warming: The Standardized Precipitation Evapotranspiration 

Index. Journal of Climate, 23, 1696-1718. http://dx.doi.

org/10.1175/2009JCLI2909.1.

Vicente-Serrano, S M., Van der Schrier, G., Begueria, S., 

Azorin-Molina, C. and  Lopez-Moreno, J. (2015). Contribution 

of precipitation and reference evapotranspiration to drought 

indices under different climates. Journal of Hydrology, 526, 

42-54. http://dx.doi.org/10.1016/j.jhydrol.2014.11.025.

Wells, N., Goddard, S. and Hayes, M. J. (2004). A self-calibrating 

palmer drought severity index. Journal of Climate, 17, 2335-2351. http://

dx.doi.org/10.1175/1520-0442(2004)017<2335:ASPDSI>2.0.CO;2.



211Bragantia, Campinas, v. 77, n. 1, p.201-211, 2018

Impacts of climate change on drought

Wilhite, D. A. and Glantz, M. H. (1985). Understanding: The drought 

phenomenon: The role of definitions. Water International 10, 111-

120. http://dx.doi.org/10.1080/02508068508686328.

Wu, H., Hayes, M. J., Wilhite, D. A. and Svoboda, M. D. (2005). The 

effect of the length of record on the Standardized Precipitation 

Index calculation. International Journal of Climatology, 25, 505-

520. http://dx.doi.org/10.1002/joc.1142.

Wu, H., Svoboda, M. D., Hayes, M. J. Wilhite, D. A. and Wen, F. 

(2007). Appropriate application of the Standardized Precipitation 

Index in arid locations and dry seasons. International Journal of 

Climatology, 27, 65-79. http://dx.doi.org/10.1002/joc.1371.

Yue, S., Pilon, P., Phinney, B. and Cavadias, G. (2002). The influence 

of autocorrelation on the ability to detect trend in hydrological 

series. Hydrological Processes, 16, 1807-1829. http://dx.doi.

org/10.1002/hyp.1095.

Zarch, M. A. A., Sivakumar, B. and Sharma, A. (2015). Droughts 

in a warming climate: A global assessment of Standardized 

Precipitation Index (SPI) and Reconnaissance Drought Index (RDI). 

Journal of Hydrology, 526, 183-195. http://dx.doi.org/10.1016/j.

jhydrol.2014.09.071.


